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The density functional calculation is performed for centrosymmetric (La—Pm) GaOs rare earth gallates, using a full
potential linear augmented plane wave method with the LSDA and LSDA+U exchange correlation to treat highly correlated
electrons due to the very localized 4f orbitals of rare earth elements, and explore the influence of U = 0.478 Ry on the
magnetic phase stability and the densities of states. LSDA+U calculation shows that the ferromagnetic (FM) state of RGaO3
is energetically more favorable than the anti-ferromagnetic (AFM) one, except for LaGaO3 where the NM state is the lowest
in energy. The energy band gaps of RGaOj3 are found to be in the range of 3.8-4.0 eV, indicating the semiconductor character

with a large gap.
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1. Introduction

Recently, ABO3; perovskites have become very attrac-
tive materials in many areas, due to their electrical proper-
ties such as piezoelectricity, pyroelectricity, ferroelectricity,
and their thermal and chemical stability. The ABOj3 per-

=71 capacitors,

ovskites have been used in many applications:!
piezoelectric sonar, ultrasonic transducers, filters for radio and
communication, pyroelectric surveillance systems, transduc-
ers for medical diagnostics, stereo speakers, lighters, ultra-
sonic motors, etc. The interest in ABO3 perovskites is also
caused by the ease of changing the nature of A and B cations
in this structure and their valence state.!®?! The change in
these elements causes the appearance of new physical prop-
erties such as ferroelectricity (BaTiO3), antiferroelectricity
(PbZrO3), magnetism (LaMnO3, La, /351 /3Mn03), ferro-
magnetism (YTiO3), antiferromagnetism (LaTiO3), and su-
perconductivity (SrTiO3).!1%11]

The electronic structures of perovskites have been stud-
ied experimentally and theoretically for a very long time, such

U2] pneutron diffraction and

as the calculation of energy bands,
inelastic scattering data,!!3! the photoemission spectra,!'#! the
optical spectra, (%) etc.

The orthorhombic perovskites, based on transition met-
als and rare earth elements RMnOj3, have been extensively
studied. For example, Pimenov er al.['® have synthesized

GdMnO3;. Other compounds, such as RMnO3 17-191 have been
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identified. Alonso et al. have determined the structural
and magnetic properties of RNiO3 (R = Sm, Eu, Gd, Dy, Ho,
and Y) perovskites in the orthorhombic structure!?°! using the
x-ray diffraction. In 2002, Piamontese et al. presented the
electronic and magnetic properties of perovskites-type RNiO3
(R = Pr, Nd, Sm, Eu).[2!l

In this work, we studied the magnetic stability and
electronic structures of a series of ortho-rare earth gallates
RGa0Os; (R = La, Ce, Pr, Nd, and Pm), that have been re-
searched experimentally and theoretically, due to their tech-

nological interest. These materials have been analyzed by

5 [22-31

several research group I Theoretically, many calcula-

tions on the electronic structure were performed using differ-

ent methods. 3235

I Our main goal is to achieve a better un-
derstanding of the electronic and magnetic properties of per-
ovskites RGaO3; (R = La, Ce, Pr, Nd, and Pm). On the other
hand, we explain the R cation effect on different physical prop-
erties of these materials.

This paper is organized as follows: Section 2 gives a brief
description of the calculation method. The predicted results
are presented in Section 3 with a discussion. Finally, we give

a summary in Section 4.

2. Calculation method

We performed our calculations within DFT implemented
in the Wien2k code.[*®! Atoms were represented by hybrid

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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full-potential linear augmented plane-wave plus local orbitals
(L/APW+lo) method,?”! where wave functions, charge den-
sities, and potentials were expanded in spherical harmonics
within no overlapping muffin-tin (MT) spheres; plane waves
were used in the remaining interstitial region of the unit cell.
In the code, core and valence states were treated differently.
Core states were treated within a multi-configuration relativis-
tic Dirac—Fock approach, while valence states were treated in a
scalar relativistic approach. The exchange—correlation energy
was calculated using the Perdew—Wang local density approxi-
mation LSDAP® and LSDA+U B (U: Hubbard parameter).
To ensure the convergence of total energy in terms of the vari-
ational cutoff-energy parameter, a very careful step analysis
was done. Then, we used an appropriate set of k-points to
compute the total energy. We have computed equilibrium lat-
tice constants and bulk moduli by fitting the total energy versus
volume to the Murnaghan equation./*”) Standard built-in ba-
sis functions were applied with the valence configurations of
(R : 525p%4f"5d'6s%: 0 < n < 14), (Ga: 3d'%4s%4p') and (O:
2522p?). Total energy was minimized using a set of 36 k-points
in the irreducible Brillouin zone for all studied structures, and
a cutoff energy value of 8 Ry was used. Self-consistent calcu-
lations were considered to be converged only when the calcu-
lated total energy of the crystal converged to less than 1 mRy.
The adopted MT radii were 2.5, 1.95, and 1.6 Bohr, respec-
tively, for Ce, Ga, and O atoms.

We used the local spin-density approximation (LSDA)38!
to describe the exchange and correlation potentials. Since
it is well known that such calculations cannot describe the
strong on-site correlation between the 4f electrons, we added
an effective Coulomb interaction Uer = U—J. The LSDA+U
method essentially consists of identifying a set of atomic-like
orbitals which were treated in a non-LSDA manner (with the
standard double-counting correction!*1). Based on the lessons
from Hubbard model studies, these orbitals are treated with an
orbital-dependent potential with associated on-site Coulomb
and exchange interactions U and J. The meaning of the U pa-

411 who

rameter was discussed by Anisimov and Gunnarsson,
defined it as the cost in Coulomb energy by placing two elec-
trons on the same site. In an atom, the U corresponds to Fy of
the unscreened Slater integrals.[*!! Due to screening, the effec-
tive U in solids is much smaller than Fy for atoms. The U can
be estimated by constraint DFT calculations, where some of
the valence electrons are selectively treated as core electrons
to switch off any hybridization with other electrons.!*!! One
can artificially simulate the addition and removal of electrons
to the atomic shell and observe the change in the calculated to-
tal energy in order to estimate U.gr. We constructed a supercell
and proposed the hopping integrals connecting the 4f orbital
of one atom. The number of electrons in this non-hybridizing

f-shell was varied and Fe(%f was then calculated from
n+1l n n+l n
Fe(%f = &y (2a 2) — &pp (2, E — 1>

n+1 n n+1 n
— -z LN |
SF( ) a2)+£F( ) a2 )7

where €4 stands for the 4f spin-up eigenvalue of the rare
earth atom. The original LSDA+U method!®! is based on
the LMTO basis set, where the individual orbital and hop-
ping terms can be identified; this is not possible within the
LAPW method, so the method of Anisimov and Gunnarsson
cannot be directly applied. Instead, the hybridization can be
removed by putting the f states into the core or by performing
a two-window calculation*?! and then U is calculated from
U —J = FY, where J can be calculated from the atomic val-
ues to a good approximation.

3. Results and discussion
3.1. Magnetic phase stability

In this part, we study the favorable magnetic configura-
tions of these systems. For this, we prepared four possible
independent spin configurations for our pérovskites RGaOs
(R = Ce — Pm). Figure 1 shows the magnetic configurations
considered in the ortho-rhombic structure, including the ferro-
magnetic state (FM), and the three antiferromagnetic phases
AFM-(A, C, and G). Our purpose is to calculate the total en-
ergies of each magnetic configuration using the LSDA+U ap-
proach (U = 0.478 Ry3) to establish a comparison between
the NM, FM, and AFM phases. Using the optimized atomic
structure, orthorhombic Pnma, of RGaO3 perovskites (R =
Ce — Pm), total energies of all magnetic configurations, ferro-
magnetic (FM), and the three antiferromagnetic configurations
were calculated according to the volumes by both LSDA and

b

s
co—ea

Fig. 1. (color online) Magnetic configurations in the orthorhombic
structure, including: (a) ferromagnetic state (FM), and the three anti-
ferromagnetic phases AFM-[(b) A, (c¢) C, and (d) G] using LSDA and
LSDA+U.
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Fig. 2. (color online) Total energies of the tested magnetic: ferromagnetic (FM) and the three antiferromagnetic configurations calculated
according to the volumes by LSDA (left column) and LSDA+U (right column). (a) and (b) LaGaO3, (c) and (d) CeGaOs, (e) and (f) PrGaOs,
(g) and (h) NdGaOs, (i) and (j) PmGaOs.
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LSDA+U approximations, and are plotted in Fig. 2. It results
that the non-magnetic (NM) state of the LaGaO3 compound is
the most stable compound using the LSDA+U approach, since
the ground state energies of the two phases NM and FM (with
and without polarized spin) are identical, as shown by the su-
perposition of the two curves in Fig. 2. It is well known that
standard approaches such as LSDA cannot describe the strong
correlation between the 4f electrons, hence, it is necessary to
include the effective coulomb interaction Ugs = U —J. The
obtained results by both approaches clearly show that the FM
configuration is the most stable compound forRGaO3 com-
pounds (R = Ce — Pm). Note that the obtained magnetic mo-
ment values are purely predictive.

3.2. Determination of structural parameters

Figure 3 shows the equilibrium lattice parameters a, b,
and ¢ of RGaO3 (R = La—Pm) perovskites in the orthorhom-
bic phase, calculated by LSDA and LSDA+U. Our results
show that LSDA calculations underestimate the equilibrium
volume Vjy and overestimate the bulk modulus By. From this
figure, the variation of By as a function of rare earth elements
presents a strange behavior. We notice that the application of
LSDA+U overestimates the lattice parameters compared with
that obtained by LSDA, which is mainly due to the Hubbard
repulsive potential U. We also note that the volume decreases
along the series La—Pm, contrary to the bulk modulus that
increases since it is inversely proportional to the lattice pa-
rameter. Hence, it is very clear that the LSDA+U approach
provides results much better by comparing with the exper-
imental data. LSDA calculations show that volumes differ
from the experimental values of 3.18%, 3.25%, 3.25%, 3.96%,
and 2.98%, respectively, for La—Pm, (see Table 1). The
LSDA+U treatment of f localized electrons of our systems
allows us to successfully reproduce all the structural proper-
ties (lattice parameters, bulk modulii, and internal parameters)
by comparing with experimental values. Therefore, the main
effect of the Hubbard correction is to prevent the participa-
tion of 4f electrons to the bonding: 4f states are pushed from

the Fermi level towards lower and/or higher energies. Taking
into account the correlations between the 4f electrons in the
electronic structure of our perovskites, the LSDA+U approach
shows a real improvement compared with all approximations
based on the homogeneous electron gas. The experimental
volume is well reproduced, like other properties related to the
total energy as the bulk modulus. These first results, if they
fail to be categorical about the behavior of 4f electrons of the
ferromagnetic perovskites, indicate that at least part of them is

localized.
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Fig. 3. (color online) Equilibrium lattice parameters a, b, and ¢ of the
FM perovskites RGaO3 (R = La — Pm) in the orthorhombic phase cal-
culated by LSDA (a) and LSDA+-U (b).

Table 1. Volumes, lattice parameters a, b, and ¢, bulk moduli B, and their first derivatives for the ferromagnetic RGaO3 compounds in
the orthorhombic structure using LSDA and LSDA+U approaches and compared with other experimental results.

Compound LaGaOs;
Ere LSDA
VIA3, a,b,c/A V =1228.88,a=5.451, b=1.702, c = 5.450
By/GPa, B’ By = 208.83 GPa, B' = 4.3782
atomic site/Wyckoff multi- X y z
La/4c 0.526967 0.25 0.493345
Ga/4b 0.5 0 0
Ol/4c 0.989373 0.25 0.570139
02/8d 0.779864 0.037245 0.220641
Ex LSDA+U /U = 0.478 Ry
VIA3, a,b,clA V =233.70,a=5.478,b =7.757, c = 5.498
By/GPa, B’ By = 201.6260, B' = 4.4334
atomic site/Wyckoff mult- X y z
La/4c 0.519784 0.25 0.497119
Ga/4b 0.5 0 0
Ol/4c 0.994665 0.25 0.550894
02/8d 0.775922 0.026756 0.224245
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Table 1. (Continued).

Compound LaGaOs3
experiment
a,b,clA a=>5.524181p =7.7741831 ¢ = 5492143
atomic site/Wyckoff mult- X431 y#3l 743
La/4c —0.0041 0.0168 0.25
Ga/4b 0.5 0 0
Ol/4c 0.0669 0.4942 0.25
02/8d —0.2701 0.2704 0.0356
V =235.89,[%1 4 = 5,524,144 p = 7,774,144 ¢ = 5492 [44]
VIA3, a,b,cIA V =1234.88,221 ¢ = 5,513,221 p = 7.764,22) ¢ = 5.486,12%]
VIA3, By/GPa V =235.1,141 By = 193.00,3) By = 208.00,[43]
a,b,clA a=>5522147p =7772,147 ¢ = 5.491147]
atomic site/Wyckoff mult- x4 Y71 21471
La/4c —0.0036 0.0172 0.25
Gal4b 0.5 0 0
Ol/4c 0.055 0.495 0.25
02/8d —0.72 0.281 0.029
Theory
VIA3,a,b,clA a=5.4651481 p =7.737,1481 0 — 5 56431
Compound CeGaOs3
Ey LSDA
VIA3, a,b,c/A V =225.29,a=>5431,b=17.703, c = 5.384
By/GPa, B’ By =214.97, B =4.1188
atomic site/Wyckoff mult- X y b4
Celdc 0.536938 0.25 0.490347
Ga/4b 0.5 0 0
Ol/4c 0.986090 0.25 0.576397
02/8d 0.786874 0.040302 0.213933
Ex LSDA+U /U = 0.478 Ry!3”
VIA3, a,b,c/A V =228.84,a=5.484, b =7.656, c = 5.449
Boy/GPa, B’ By = 205.5269, B' = 4.8929
atomic site/Wyckoff mult- X y z
Celdc 0.528176 0.25 0.493496
Gal4b 0.5 0 0
Ol/4c 0.986861 0.25 0.572666
02/8d 0.774374 0.0397469 0.226000
experiment
VIA3, a,b,c/A V =233.24,1991 g = 5.484, 1491 p = 7.747,149 ¢ = 549014
atomic site/Wyckoff mult- x* y* Fad
Celdc 0.0276 0.25 0.9954
Ga/4b 0.5 0 0
Ol/4c 0.4895 0.25 0.0889
02/8d 0.2807 0.0318 0.7277
VIA3, a,b,c/A V =233.39,0% 4 = 5.490,0% p = 7.748,130] ¢ = 54850501
atomic site/Wyckoff mult- X0 y130l 71501
Celdc —0.0059 0.0276 0.25
Ga/4b 0.5 0 0
Ol/4c 0.067 0.494 0.25
02/8d —0.289 0.275 0.07

VIA3, By/GPa

V =233.61,1%1 By = 177.00,145] By = 198.00!4!
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Table 1. (Continued).

Compound PrGaOs3
Exe LSDA
VIA3, a,b,clA V =1223.29, a = 5.446, b = 7.646, c = 5.361
By/GPa, B’ By = 209.3834, B' = 4.5635
atomic site/Wyckoff mult- X y z
Pr/4c 0.542878 0.25 0.489765
Ga/4b 0.5 0 0
Ol/4c 0.982514 0.25 0.579866
02/8d 0.791401 0.042261 0.208937
Eye LSDA+U/U=0.478 Ryd[3!
V/IA3, a,b,clA V =1227.53,a=5.482,b="17.665,c=>5414
By/GPa, B’ Bo=204.9649, B'=3.9714
atomic site/Wyckoff mult- X y z
Pr/4c 0.539468 0.25 0.490524
Ga/4b 0.5 0 0
Ol/4c 0.984795 0.25 0.573871
02/8d 0.785868 0.040409 0.214800
experiment
a,b,clA a=5.45551p =7.727,51 ¢ = 549051
atomic site/Wyckoff mult- x5 yB1 2B
Pr/4c —0.00742 0.03522 0.25
Ga/4b 0.5 0 0
Ol/4c 0.0758 0.4848 0.25
02/8d —0.2868 0.2871 0.0404
VIA3, a,b,clA V =230.72,2% g = 5.449,1221 p =7.710,122! ¢ = 5.493[22]
a=>5.462,0"p=7740,b1 ¢ = 5493551
VIA3, By/GPa V =231.4,1%1 By = 182.00,) By = 220.00143]
theory
VIA3, a,b,c/A a=5.401,1"81 p =7.669,1481 ¢ = 5 557148
Compound NdGaO3
Ex. LSDA
VIA3, a,b,clA V =221.83,a=15.433,b="1.616, c = 5.360
By/GPa, B' By = 210.4290, B' = 4.9390
atomic site/Wyckoff mult- X y z
Nd/4c 0.542550 0.25 0.490296
Ga/4b 0.5 0 0
Ol/4c 0.981360 0.25 0.580836
02/8d 0.793412 0.042701 0.206972
Eye LSDA+U/U=0.478 Ryd*
VIA3, a,b,clA V =225.74,a=5.479, b =7.619, ¢ = 5.407
By/GPa, B’ By =212.8751, B' = 3.5546
atomic site/Wyckoff mult- X y z
Nd/4c 0.543171 0.25 0.489357
Ga/4b 0.5 0 0
Ol/4c 0.982900 0.25 0.578921
02/8d 0.789498 0.042595 0.210862
experiment
a,b,c/A a=5.395,%1 b =7.660,1%! ¢ = 5.4701>?]
atomic site/Wyckoff mult- X321 yB2 132
Nd/4c 0.49089 0.04268 0.25
Ga/4b 0 0 0.5
Ol/4c 0.7098 0.2092 0.5426
02/8d 0.0803 0.0181 0.75
a,b,clA a=>5.405,52 p =7.679,5% ¢ = 5.4751521
atomic site/Wyckoff mult- X2 yb21 7132
Nd/4c 0.49092 0.04142 0.25
Ga/4b 0 0 0.5
Ol/4c 0.7107 0.2097 0.5422
02/8d 0.0800 0.0174 0.75
a,b,clA a=5.427,531 p =7.707,131 ¢ = 5.497153
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Table 1. (Continued).

Compound NdGaO3
atomic site/Wyckoff mult- xB3 yB33l 2153
Nd/4c —0.0091 0.04142 0.25
Gal4b 0.5 0 0
Ol/4c 0.0800 0.4826 0.25
02/8d —0.2893 0.2903 0.0422
VIA3, a,b,clA V =229.11,22 ¢ = 5.418,12% p = 7.693,2%! ¢ = 5.495[2%]
a=5.428,1461 p = 7,729 1461 ¢ = 5 493 46]
V/A3, By/GPa V =231.00,[*) By = 189,00, By =214,00[43
theory
VIA3, a,b,cIA a=5.390,1%1 p = 7,658,181 ¢ = 5.556[%%]
By = 186,504
Compound PmGaO3
Ey LSDA
VIA3, a,b,c/A V =220.30, a = 5.436, b = 7.588, c = 5.341
By/GPa, B’ By = 207.1398, B' = 4.9886
atomic site/Wyckoff mult- X y Z
Pm/4c 0.545001 0.25 0.489756
Ga/4b 0.5 0 0
Ol/4c 0.980098 0.25 0.582616
02/8d 0.796408 0.042915 0.203991
Eye LSDA+U/U = 0.478 Ry!®!
VIA3, a,b,clA V =223.77,a=5.473,b="17.628, c = 5.358
By/GPa, B’ By = 214.3356, B' = 4.4313
atomic site/Wyckoff mult- x y z
Pm/4c 0.547594 0.25 0.489086
Ga/4b 0.5 0 0
Ol/4c 0.979501 0.25 0.583705
02/8d 0.792644 0.044405 0.207900
experiment
a,b,c/A a=5.396,1p =17.677,51 ¢ = 5.507>]
atomic site/Wyckoff mult- X3 yi3dl ]
Pm/4c —0.01121 0.04765 0.25
Ga/4b 0.5 0 0
Ol/4c 0.08544 0.47598 0.25
02/8d —0.29291 0.28676 0.04473

Using the density functional theory, we have calculated
electronic and magnetic properties of RGaO3 perovskites (R =
La — Pm) in the orthorhombic structure using LSDA and
LSDA-+U+SO approximations.

4. Partial and total densities of states

The calculated total (DOS) and partial (PDOS) densi-
ties of states with R-s/p/d/f, Ga-s/p/d, and O-s/p states for the
RGaOs3 perovskites (R =La — Pm) are shown in Figs. 4 and 5.
We note that LSDA gives a bad description of the Fermi area,
which is largely dominated by the R-f localized states. There-
fore, all our materials are found to be metallic except the NM-
LaGaO3 compound that has a semiconductor character using
the three approaches (LSDA, LSDA+U, and LSDA+U+SO0).
Total densities of states plotted in Fig. 4, show a great topolog-
ical similarity of the electrons distribution in conduction and
valence regions. Therefore, the density of states can be divided
into three regions separated by a gap. From the PDOS, we
can identify the character of each region. The lower energies

around —15 eV are derived from R-p, O-s, and Ga-d states,
with a small contribution from Ga-s/p states in both spin di-
rections (up and down). The second region from —8.0 eV to
the Fermi energy (Er) is derived from R-f states and O-p states
of majority spin with a mixture of R-s/p/d, Ga-s/p/d, and Oxy-
gen states. From ~ 4 eV, the bands come from R-d/f with a
mixture of Ga-s/p, R-s/p, and O-s/p states in both directions of
the spin. Hence, it is very clear that the valence band maxi-
mum is mainly derived from R-f and O-p states with a small
contribution of R-s/p states, while the conduction band mini-
mum is dominated by R-d/f states with a small contribution of
O-p and Ga-s/p states (see Fig. 5). When the spin—orbit inter-
action is taken into account (by the LSDA+U+SO approach),
along the axis (001), the 4f orbitals are slightly modified; 4f
spin states become larger and the energy shift between the
centers becomes wider. The total magnetic moments of the
unit cell of our materials, shown in Table 2, and are decom-
posed into atomic spheres contributions. For all approaches,

the magnetic moments are strongly localized in the rare earth
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element sites, with negligible contributions of gallium (Ga),  calculated values of the magnetic moments are purely predic-

oxygen (O) atoms and the interstitial region. We notice that  tive. From Fig. 6, the magnetic moments increase from Ce

using LSDA, LSDA+U, and LSDA+U+SO approaches, the

(4f") toward Pm (4f*) using these approximations.

Table 2. Total magnetic moments (ug) and band gap energies (E;) for RGaO3 perovskites (R = La — Pm) using different approximations.

Ex. (M/R)/ug (MIT)/ ug Direction EyleV
LDA - - T—T E, =3.94923
LaGaO; LDA+U - - T—T E, = 3.68888
LDA+U+SO T—T E, = 3.68726
LDA 0.9593 3.9906 -
CeGaOs LDA+U 0.9854 4.0041 T—T E, 1=3.81529 E, |=3.83622
LDA+U+SO 0.9877 3.9999 T—T E, 1=3.81341 E, 1=3.69803
LDA 19715 7.9879 - -
PrGaO; LDA+U 1.9866 8.0007 T—T E, 1=3.8942 E, |=3.94676
LDA+U+SO 1.9853 7.9981 T—T Ey 1= 3.84168 E, |=3.88137
LDA 3.0006 12.0035 - - -
NdGaO3 LDA+U 2.9926 11.9987 T—T E, 1=3.96875 E, |=4.01297
LDA+U+SO 2.9878 11.9930 T—T E, 1=3.93188 Ey |=3.95254
LDA 4.0427 16.0412 - - -
PmGaO; LDA+U 3.9986 16.0006 T—T E, 1=4.023 Eg |=4.06848
LDA+U+SO 3.9941 15.9942 T—T Eg 1= 4.01265 Eg | =4.17249
o] JESDA T TLaGaOs 10] L/Sj/ﬂ CeGaOs 101 TM PrGaOs
1
IS ARV | 2E WS B I 0
e e N S
1 1
—201 ! —101 ! —10- !
101 M LSDA+U _ 1031 [FSPA+U ] _ 103 [Lspa+u ‘
7 ‘ ‘
2 - : -"\
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A -10] 2 101 ‘ Q—IO-
. /’l " 10- M\ SDA:;]”F / \JW " JWM
0 0 0
] ] . b
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Fig. 4. (color online) Calculated total densities of states (DOS) for RGaO3 perovskites (R = La — Pm) using LSDA, LSDA+U, and

LSDA+U+SO0: (a) LaGaOs, (b) CeGaOs3, (c) PrGaOs3, (d) NdGaOs, and (¢) PmGaOs.
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Fig. 5. (color online) Calculated partial densities of states (PDOS), using LSDA+U~+SO, with R-s/p/d/f, Ga-s/p/d and O-s/p, for RGaO3
perovskites (R = La — Pm): (a) LaGaOs3, (b) CeGaOs, (c) PrGaOs, (d) NdGaOs, and (e¢) PmGaOs.

50 %Bﬁ . 5. Electronic charge density

5 U

g 125 = LDAIU +S0 In this part, we calculated the distribution of the valence

g charge density of the orthorhombic RGaO3; (R = La — Pm)

e 10.0 perovskites in the (100) plane succeeding in both spin direc-

;ﬁ;n 7.5+ tions and by using LSDA+U+SO. Due to the similarity of

B 5o the charge density results of the studied systems, we presented

g Lol only the charge and spin densities of the CeGaO3 compound,
as shown in Fig. 7(a). There is a charge transfer from metallic

04 ool R R |

atoms (R and Ga) to the nonmetallic one, since the oxygen is

Ce Pr Nd Pm

Fig. 6. (color online) Calculated values of the magnetic moments of (Ce, Pr,
Nd, and Pm) rare earth elements using LSDA, LSDA+U, and LSDA+U+SO.

more electronegative than these elements. This charge transfer
between the cation and anion increases with the electronega-

017101-9



Chin. Phys. B Vol. 26, No. 1 (2017) 017101

tivity difference increasing. It may be noted that there is an
increase in the electronic charge distribution in the O sites,
while it decreases in R and Ga sites. This charge rearrange-
ment reflects the electronegative nature of O and explains the
ionicity of the bonding. The charge density shown in Fig. 7(a)
indicates the predominant covalent character of the established
chemical bonding between the O atom and that of Ga, accom-
panied by a charge transfer from Ga toward the nonmetallic
atom, which means a degree of ionicity in the bonding. This
is due to the hybridization effect between the Ga-d states and
O-p states. The R—O bonding in RGaO3 perovskites seems to

have an ionic character. Figure 7(b) shows the spin density
(difference between spin-up and spin-down electron densities)
in a plane perpendicular to the axis of symmetry containing R,
Ga, and O atoms. The spin density of gallium and oxygen in
the spin density vicinity of rare earth atoms is of the opposite
sign (not shown in Table 2). From this figure, it becomes clear
why the magnetic moments of atoms are negligible and neg-
ative and the origin of magnetism comes from the rare earth
element R, since the spin density has a spin magnetic moment

mainly due to 4f orbitals.

(b)

Fig. 7. (color online) (a) Charge density of the CeGaO3; compound, (b) spin density of CeGaOs3, in a plane perpendicular to the axis

of symmetry containing R, Ga, and O atoms using LSDA+U+SO.

6. Conclusion

To conclude, no ab-initio calculations at present, to the
best of our knowledge, have allowed the study and exploita-
tion of the electronic and magnetic properties of RGaO3 per-
ovskites. Therefore, it would be worth taking into consider-
ation the strongly correlated 4f electrons using the LSDA+U
approach. The application of this approximation led to two
major advances. (i) The experimental volume is reproduced as
well as other properties related to the total energy like the bulk
modulus. (ii) The LSDA+U approach shows that RGaOs per-
ovskites are indirect gap (T — I') insulators with values in the
range of ~ (3.68,4.00) eV. Using both LSDA and LSDA+U
approaches, the calculated magnetic moments are purely pre-
dictive. Spin—orbit coupling is taken into account to better
treat 4f-R bands. Experimental investigations should be quite
interesting. The theory efficiency in research of the ground
state is again demonstrated, so the calculation tool used in
this work is helpful to predict new structural, electronic, and
magnetic properties, which exhibit a significant contribution
in several application fields.
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