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Some ferromagnetic alloys which adopt the perovskite or double-perovskite structure exhibit some remarkable properties, such as electro
magnetic effects, charge and orbital ordering, dielectric and magnetoresistance effects in the same time. These phenomena are related
to both electrical conductivity and spin orbit orientation. In order to optimize and explore the structural, magnetic and electronic properties
of Ba;xGd(RuG; alloy, we investigated here the first-principles calculations using the generalized gradient approximation (GGA+U+SO)
as implemented in the Wien2K package. The concentration classification of,8d,RuG; alloy with (x = 0, 0.125, 0.25, 0.5, 0.875, 1)

is given. In this work, we have identified features such transition phases, spin ordered and charge conduction that enable a priori of both
crystal structure and magnetic behavior prediction. OurB&d,RuG; alloy is a half-metallic in the cubic phase and a Mott insulator for

x = 0.875 and semiconductor for = 1 in the orthorhombic phase. The Ba,Gd,RuG; alloy therefore undergoes a transition between a

cubic phase and another orthorhombiaat 0.5. Itis clear that at this point our alloy (BaGdh.sRUGs) is at the same time FM and AFM

A-type, in another way, we can say that A-AFM and FM configurations coexist in our alloys. In the case of . @& GgRuG; alloy, we

can see that the total magnetic moment increases linearly with the concentratigiisce it has passed from 15.98 for z = 0 to 39.95

uB for z = 0.5, this is valid in the cubic phase. That is related to a heavily magnetic moment of spin in the Ru atom which increases also
linearly with increasinge, while the magnetic moment of Gd decreases slightly. In the orthorhombic phase, its value remains zero regardless
of the concentration because we are in an antiferromagnetic (AF) configuration. The collaboration of the 3d-Ru and 2p-O states is suggestet
to play an important role for the ferromagnetism in the considered alloy. These orbitals were the most regular in the two bands respectively:
the conduction band and the valence band in the two phases given here (cubic and orthorhombic). We also note the mixed collaboration o
the states 3d-Ba. On the other hand, the contribution of 3d-Gd states was only effective in the band of conduction, at the time when that of
the 4f-Gd states was noticed especially in the orthorhombic phase.

Keywords: Perovskite; alloy; transition phases; GGA+U+SO; electromagnetic effects.

DOI: https://doi.org/10.31349/RevMexFis.67.061002

1. Introduction last works. BaRu@ was given to gather with SrRuCand
BaRuQ, oxides. These materials adopt different structures
(Cubic (Pm-3m), Four-Layered hexagonal 4H (P63/mmc),

and two-Layered Hexagonal (2H) (P63/mmc), orthorhombic

Perovskites-type oxides have been extensively studied. Th%nma) as given in Ref. [15]. This work has proved that only

represe_nt an |mport§1nt clasg of_materlals of great technic aRuQ oxide stabilized in the (2H) phase and showed a fer-
values in many device applications. Most of them show . ; . :
romagnetic role. We recall that during our previous publica-

some excellent properties such as colossal magnetore5|ts— - . . .
) . . __fions in which we have studied the optoelectronic and mag-
tance [1], sensors and catalysts [2], multiferroic devices

[3], ferromagnetic [4], ferroelectric capacitors [5], ceramic hetic prqpert|es of BaRufand BaRug; the results obtained
fuel cells [6] and other properties [7,8]. In this work, we have affirmed that the BaRy@vith cubic structure and space

are interested in the BaRuolytype known for its adop- group Pm-3m was a half-metallic ferromagnetic [17] and the

tion to different crystal structures. These structures canG dRu@ with orthorhombic structure and space group Pnma

e Hexagonali 210, nexagonal G 1) exagonal 0K % STl anfenonegrele Aupe L) More
[12], rhombohedral-9R [13] or cubic Pm-3m [14,15]. We P P prop

are interested also in the ortho-perovskite GdRuRat it to give them exceptional properties. For this reason, we have

. . realized an ab-initio predictive study of the heterovalent al-
adopts an orthorhombic structure with space group an% Gd,Ba,_,RUO; in which, we will explain the crystal
[16]. These functional perovskite materials that exhibit a y L i P y

: : S . structure changes by Gd-substitution in Ba site, the physi-
wide range of electrochemical properties including ferroelec- . . . .
al mechanism for suppression of ferromagnetism and finally

tricity, ferromagnetism, magnetoresistance and spin-orbit eft : . : . X
. . ferromagnetism and antiferromagnetism coexistence induced
fect have attracted a considerable attention last years. In pars

ticular, BaRuQ perovskite oxide was studied carefully in our >’ Gd-doping.



2 A. LABDELLI AND N. HAMDAD

Similar studies have been carried like that of Kobayashi The exchange-correlation potential was treated with the
al. [19] who have shown that the mechanism of the extraordi{ GGA+U+SO) approximation [24]. This method is applied
nary Hall effect in the system Ba, Sr,RuQ; is basically the to enhance predictions of structural, electronic and mag-
same as that of the ordinary ferromagnetic metals. They haveetic properties of the Gda, _,RuQ; alloy taking into ac-
also inferred that the difference of the Fermi surface resultingount electronic correlation and spin-orbit coupling (SOC).
from the different layered-structure yields the distinct mag-The Hubbard formalism [25] was used to treat the strong
netic and transport properties of the system B&r, RuO; Coulomb repulsion between the localized electrons-Ri
[20]. On the other hand, Xet al., have asserted that the and Gd-4f.

Snr_,La,RuG; gives a FM ground state &t < =z < 0.25, To model our GgBa; _,RuG; alloy, we have used two
coexistence of an A-AFM state and a FM statecat 0.5  supercells2 x 2 x 2: one is cubic (parent structure of
and A-AFM state att = 1 [21]. In the present work, we the BaRu@ compound [17]) (Fig. 1a) and the other is or-
describe the electronic structure parameters in order to idethorhombic (parent structure of the GaRu&@mpound [18])

tify the role of strain in influencing oxide electromagnetic (see Fig. 1b), each havirsggz Gd atoms, 81 — =) Ba atoms,
properties driven by the d-Ru and p-O states using 5 differen8 Ru atoms and 24 oxygen atoniis< = < 1).
concentrationss{ = 0.0, 0.125, 0.5, 0.875, 1.0). We have treated the electronic states of the atoms Gd
(4f'5d'6¢%), Ba(6%), Ru (4d 5s') and O (23 2p*) as con-
figurations of valence states and adopted as muffin-tin (MT)
radii the values of 2.4, 2.2, 1.8 and 1.6 Bohr for respectively
Ab-initio calculations of GgBa; _,RuQ; alloy (z = 0.0; Gd, Ba, Ru and O elements. The number of plane-wave en-

0.125; 0.5; 0.875; 1.0) have been performed within Den-£rgy cutoff RMT*KMAX was 8.0. The magnitude Gmax and
sity Functional Theory (DFT) implemented in the electronicthe cut-off energy were chosen to be 12 an@l Ry. Total
structure calculation code Wien2k (OK, 0 Gpa) [22] basedenergy was determined using a set of 68 k-points in the irre-
on the hybrid full-potential LIAPW#o method [23]. In this ducible sector of th&rillouin zone equivalentto & x 3 x 4
method the unit cell is divided into non-overlapping muffin- grid of Monkhorst-Pac26] mesh for 40 atoms cubic and
tin (MT) spheres, inside of which the basic functions are ex-0rthorhombic structures. The energy selected was 0.0001Ry
panded in spherical harmonics functions and the basic fundduring self-consistency cycles. We recall that all the calcu-

tions in the interstitial region, outside the MT spheres, ardations were completed with the¢ubbardU = 6 eV applied
plane waves. on the Gd4 f and Ru3d orbitals.

2. Computational method

Y

@©Ba @Gde O@Ru 1 .

FIGURE 1. A 40-atom Crystal structure for: a) the cubic BaRu€@mpound and b) the ortho-perovskite GARuO
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PREDICTIVE STUDY OF FERROMAGNETISM AND ANTIFERROMAGNETISM COEXISTENCE IN ... 3

TABLE |. Calculated structural parameters made for the 5 concentrdtishg < 1 in Vegard’s law using the GGA+U+SO approximation
(U=6¢eV) of Gd.Ba; —,RuGO; alloy for the ferromagnetic Cubic (FM) phase and the antiferromagnetic (A-AFM) orthorhombic phase.

Alloy Concentration “x” af) b (A) c(A) Vol (A%)
0.000 8.0897 / / 529.4162
0.125 8.0021 / / 512.4033
Cubic 0.500 7.9730 / / 506.8335
0.875 7.9437 / / 501.2663
1.000 7.934 / / 499.4323
GdzBalszUO‘g
0.000 11.9669 15.2003 10.4770 1905.7712
0.125 11.9384 15.3672 10.5673 1938.6745
Orthorhombic 0.500 11.8361 15.8461 10.8234 2029.9939
0.875 11.7337 16.3251 11.0795 2122.3206
1.000 11.6996 16.4847 11.1649 2153.3117
3. Results and discussion .
> -@ - Orthorombique
<2 —4@— Cubique
3.1. Structural stability > 4_’\ q
o) o
In general, perovskites oxides adopt the cubic phase with :E 27 \
(Pm-3m) space group, this structure has a three-dimensionaé-’ o> —@ ¢ *—4
net of corner sharing (BO3) octahedral witiF#Aions in Y 2 Phase cubique Wbique
twelve-fold cavities between the polyhedral as represented in =
. A . . o= -4 - D580 Y ’W 2 0
(Fig. 1). We know that the A and B ions in these perovskite -g Pw 4 ~0,,4" \C
oxides are very flexible and can be varied to related struc- S 61 o
ture (Hexagonal or orthorhombic phases, ect.). Inthe current S -8 -
paper, we studied the cubic phase with five different concen- ‘g 104
trationsx in comparison with orthorhombic phase. Table | &
12

shows the results of the calculated structural parameters car
ried out for the 5 concentrations & 0; 0.125; 0.5; 0.875; 1)
in Vegard’s law using the structural data of the parent com-
pounds BaRu@[17] and GdRu@ [18] with the GGA + U +
SO approach (U = 6 eV). We can see that wheincreases
the cell volume decreases linearly in the cubic phase and in-
creases linearly in the orthorhombic phase. This has an exur alloy (Gd 5Bay sRuQ;) is at the same time FM and AFM
planation: to preserve electrical neutrality, the’Rions in ~ A-type, in another way, we can say that A-AFM and FM
GdRuC must replace the Rt ions in BaRuQ after substi- configurations coexist in our alloys. It should be remem-
tuting B&* by Gd**. As the ionic radius of Ru3+ (0.7,Z°X) bered that the cubic equilibrium energy is taken as a refer-
is larger than that of Rt (0.63,&), the cell volume system- ence. We note that in our last work [17], the orthorhombic
atically increases with the increase=ofn the orthorhombic GdRuQ, (Pnma space group) is considered to be a wide-
phase and decreases systematically with the increasénof band gap semiconductor, for this oxide the A-AFM phase
the cubic phase as long as the ionic radius ot G(D.94A) is more stable than others (FM, C-AFM, and G-AFM). The
is smaller than that of B (1.35A). cubic BaRu@ oxide (Pm3m space group) is found to be Fer-
Figure 2 shows the variation of the equilibrium energyromagnetic (FM) in different scientific works (experimental
of the Gd,Ba;_,RuQ; alloy as a function of the concentra- and theoretical) [15]: Y. J. Soret al, [19] and J. Amet al,
tions z in cubic and orthorhombic phases. It also indicates20] had noted that cubic BaRy®@emains metallic down to
a structural stability of this alloy between the ferromagnetic4-2 K. However, the ferromagnetic transition temperattire
cubic structure (FM) and the antiferromagnetic orthorhombids 60 K.
structure (AFM) A-type. The GdBa,_,RuG; alloy there- Eeva-Leenat al.,[21] investigated by transmission elec-
fore undergoes a transition between a cubic phase artion microscopy the LgsBay5CoQO;: perovskite alloy for
another orthorhombic at = 0.5. Itis clear that at this point  which they confirmed that the considered 0.5 concentration

T T T T T T
0,000 01125 0,250 0,375 0500 0,625 0,750 0875 1,000
Concentrations "x" dans GdyBaj_yRuO3

FIGURE 2.Structural phase diagram of the (Rbk, . RuO; alloy.
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4 A. LABDELLI AND N. HAMDAD

allows a ferromagnetic character and noted also that the lat: = 0.5, while in the orthorhombic structure, it appears
ter develops strain fields and, consequently, local lattice disclearly that the concentrations decreased from= 0.0 to
tortions which explain the high coercivity of this hard ferro- x = 1. Table | has given us the results of the structural
magnet HC = 4.2 kOe) compared to the other two phasesparameters performed for the 5 concentrations =z < 1
which can be considered as soft ferromagnété’(~ 0.5to  in Vegard's law using the GGA+U+SO (U = 6 eV) approx-
0.8 kOe). imation. These 2 results allowed us to study the magnetic
The value of 0.5 concentration is the common point be-stability for which we considered two magnetic states: the
tween the two phases studied here (cubic and orthorhombiclerromagnetic state (FM) which is taken as energy reference
This type of alloys is also given by J. G. Cheenal, [22], and the antiferromagnetic state (AFM).
they noted that ferromagnetism and its evolution in the or-  For the concentrationsz = 0, z = 0.125 andz =
thorhombic perovskite system ;Sr,Ca,RuG; is correlated (.5, we have studied the ferromagnetic (FM) configuration
with structural distortion. All these results can explain ac-and the 3 antiferromagnetic (AFM) configurations of the
curately the coexistence of the FM and A-AFM behaviorsGd,Ba, _,RuQ; alloy. For the concentrations = 0.875
in the supercell of GgBa;_,RuGQ; alloy considered in the andx = 1, we have also studied four configurations: antifer-
present work. The origin of these two different behaviorsromagnetic A-type (AF-A), C-type (AF-C), G-type (AF-G)
is due essentially to the ferromagnetic character which existand the ferromagnetic state (FM).
naturally in the cubic BaRugdesignated with (Pm-3mspace e remark that the concentration of 0.5 is the result ob-
group); on the hand we found also the antiferromagnetic Atained, after the optimization of the total energy as a function
type character given by the orthorhombic (Pnma space grougy the concentrationsz” using the GGA+U+SO approach
GdRuQ oxide. This result is consolidating in the following (U = 6 eV), is shown in Fig. 3 which clearly shows that the
part by the the optimization of the total energy as a functiorferromagnetic state (FM) is most suitable for the concentra-
of the concentrationsz” using the GGA+U+SO approach tjons in the cubic phase while the AFM A-type configura-
(U = 6 eV) where the two-character FM and A-AFM is also tjon is favoured for the rest of the concentrations of the alloy
present. Gd,Ba; _,RuG; in the orthorhombic phase.

3.2. Magnetic stability
3.3. Magnetic properties

The structural phase diagram of the B, _,RuQ; alloy
shown in Fig. 2 revealed that this alloy is stable in the cu-Table Il includes the results of the magnetic moments (in
bic structure for the concentrations= 0; z = 0.125 and  Bohr magneton) of the GdBa, _,RuG; alloy using the GGA
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FIGURE 3. Magnetic phase stability of the GBa; —,RuO; alloy in cubic and orthorhombic structures with the GGA + U + SO approxima-
tion. The ferromagnetic configuration is taken as a reference.

Rev. Mex. Fis67 061002



PREDICTIVE STUDY OF FERROMAGNETISM AND ANTIFERROMAGNETISM COEXISTENCE IN ... 5

TABLE Il. Results of the magnetic moments (in Bohr magnetds), of the Gd.Ba; —.RuO; alloy using the GGA+U+SOC approximation.

Magnetic moments

Concentrations uCell (ug) wGd (uB) wBaug) uwRU (up) winterst. (ug)
0 15.99 / 0.00043 1.27 1.90
0.125 21.98 7.00 0.00056 1.33 2.10
Gd.Bai—.RuG; 0.5 39.95 7.00 0.00061 1.35 191
0.875 0 6.99 0.00064 1.39 0.025
1 0 6.99 / 1.40 0.37

+ U + SOC approximation. It is clear that the origin of mag- correlated properties with increasingas correlation effects
netism comes from the two atoms, gadolinium and rutheis in proportion to an interaction strength to a bandwidth.
nium, this is mainly due to the orbitals Ru-3d and Gd-4f. The In orthorhombic phase, Fig. 4b) shows that the
values of the magnetic moments were around LB/&atom  Gd,Ba; _,RuO; alloy behaves as beingMott insulator for
for Ru and 7uB/atom for Gd in the case of the parent per- x = 0.875. The suppression of ferromagnetism was at the
ovskite compounds BaRuy@d17] and GdRu@ [18]. origin of the displacement of the valence band towards the

In the case of our GBa; _,RuG; alloy, we can see that conduction band. Figure 4b) shows also a semiconductor be-
the total magnetic moment increases linearly with the conhavior of our alloy (GdRu@) with 1.57 eV direct gap at the
centrations %" since it has passed from 15.98 for z = 0 Y point of the Brillouin zone forz = 1. This result is in good
to 39.95uB for z = 0.5, this is valid in the cubic phase. agreement with another theoretical calculation [18].
In the orthorhombic phase, its value remains zero regardless Figure 4c) and 4d) give us precise details of the elec-
of the concentration because we are in an antiferromagnetitonic states of the Ba ,Gd,RuGQ; alloy in the cubic and
configuration. Table Il also shows how the magnetic momenobrthorhombic phases:
of Gd decreased from00 for x = 0.5 t06.99 for x = 0.875 Whenz = 0 (absence of Gd atoms), the B Gd,RuG;
andz = 1, making it clear that the values of the magneticalloy is quite simply the parent perovskite compound
moment decrease and tend to be stable according to the phad3@RuG. Our analysis shows that in its valence band which
transition that the alloy may undergo. The magnetic momenextends from-7 eV to the Fermi level, the contributions are
of spin of the Ru atom increases also linearly with increasinglominated essentially by a hybridization of the 3d-Ru and
x, as opposted to that of Gd, which decreases slightly. Th@p-O states. Note that an insignificant contribution from the
same case of spin of the Ba atom. 3d-Ba states should be noted. In the conduction band, the
contribution comes mainly from 3d-Ru states in the interval
(0 to 5.2 eV) and 3d-Ba states in the interval (5.2 to 7eV).
These results are valid for the 2 channels (spin-up and spin-
3.4.1. Density of states (DOS) down).

Regarding the concentratian= 0.125 (presence of one

Figure 4 represents the total and partial densities of stateSd atom), the DOS of our Bar5Gdy.125RUO; alloy shows
(DOS) of the perovskite Gda; _,RuG; alloy in the cubic  that in the valence band, the hybridization of 3d-Ru states
(Fig. 4(a,c)) and orthorhombic (Fig. 4(b,d)) phases for allwith 2p-O is dominant with an advantage to 3d-Ru states
concentrations: (0 < =z < 1). Let’s discuss all observed from —1.6 eV to the Fermi level. Note the existence of 2
changes due to the Gd/Ba substitution. It should be remenpeaks at-0.4 eV and—0.1 eV in the “spin-down” configu-
bered that throughout this analysis, we focus on the DOS imation. In the conduction band, the contribution of the 3d-Ru
the vicinity of the Fermi level. and 3d-Ba states in the interval (0 to 5.2 eV) remains un-

In cubic phase, as shown in Fig. 4a), for= 0, x = 0.25  changed in the 2 spins compared to the concentratien0,
andx = 0.5, we notice from the majority and minority-spin however the 4f-Gd and 3d-Gd states contributed effectively
that our alloy exhibits a half-metallic character. It is clearin the intervals (1.6 eV to 2.8 eV) in the spin-up and (2 eV to
that the difference between these results lies in the positiod.8 eV) in the spin-down.
of the Fermi level which varies with the gadolinium substitu- Whenx = 0.5 (Bay.5Gdy 5RuGs), the contribution is
tions: the bandwidth below Fermi level decreases linearly asimilar compared to the previous case £ 0.125) except
x increases. The bandwidths of TDOS in Fig. 4a) are 0.58 e\that there has been a narrowing of the conduction band re-
0.63 eV and 0.82 eV at = 0.00,0.125 and 0.5, respectively. sponsible for the increase in the gap and the fusion of the 2
This would suggest that G8a;, _,RuO; has more strongly peaks into one.

3.4. Electronic properties

Rev. Mex. Fis67 061002
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FIGURE 4. Total density of states of the GBa;_.RuQO; alloy in a) the cubic and b) orthorhombic, phases using the GGA+U+SOC
approximation for all concentrations(0 < x < 1).

This is valid in spin-up. In the spin-down, there hasn't been In the case of the concentraton = 0.875

a big change apart from merging the 2 peaks into one in th€Ba, s75Gdy.25RUG;) for the orthorhombic phase, the con-
valence band. In general, the contribution of states 4f-Gdribution of the 4f-Gd states is predictable in the intervals (-7
remains unchanged in the conduction band. we notice thaV to -5 eV) of the valence band and (2 eV to 3.4 eV) of the
it is dominant in relation to the other elements (Ru and O)band conduction. Hybridization of 3d-Ru states with 2p-O
although the Ba element also underlines an important contriis dominant in the valence band to Fermi level. It continues
bution. in the conduction band up to the point 0.8 eV. Note the pres-

Rev. Mex. Fis67 061002
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ence of a peak at point 1.2 eV. From this point, up to 5 eV, alosely to their element’s composition/concentration or tran-
collaboration of 3d-Ru states is dominant. It is followed by sition phases. These three factors at the same time reveal
domination of the 3d-Gd states until the end of the conducether specific and unique properties as magnetoresistance,
tion band. dielectric, conductivity, charge spin order and many others.

Finally, when we replace 8 atoms of Ba by as manyWe investigated in current work the structural, magnetic and
atoms of Gd ¢ = 1), we fall back on our parent compound electronic properties of Ba ,Gd,RuG; (» = 0, 0.125, 0.25,
GdRuQ. Itis clear that the contribution of the states 4f-Gd, 0.5, 0.875, 1) based on generalized gradient approximation
3d-Gd and 2p-0O remains identical to the previous concentradlGGA+U+SO) by first-principles calculations. It was been
tion. The change lies in the decline of the 3d-Ru states affound that the Ba_,Gd,RuG; alloy is a half-metallic in the
Fermi level with the appearance of a peak at the point -1 e\tubic phase, and, Mott insulator far = 0.875 and semi-
in the valence band and the narrowing of these states in theonductor forz = 1 in the orthorhombic phase. The current
conduction band. That allowed the appearance and confirmaesults reveal that both FM and A-AFM coexist in our consid-
tion of the gap calculated in the band structure. erable Gg ;Bay sRuG; alloys. The GdBa; ,RuG; alloy

In summary, we can say that the collaboration of the 3dtherefore undergoes a transition between a cubic phase and
Ru and 2p-O states was the most regular in the 2 bands r@nother orthorhombic at = 0.5. We predict also this phe-
spectively: the conduction band and the valence band in the20menon in all concentration classification € 0, 0.125,
cubic and orthorhombic phases. We also note the mixed cof-25, 0.5, 0.875, 1) given here for Ba,Gd,Ru0; alloy be-
laboration of the states 3d-Ba. On the other hand, the contrfause it appears clearly that the collaboration of the 3d-Ru
bution of 3d-Gd states was only effective in the band of con-2nd 2p-O states is plays an important role for the ferromag-
duction, at the time when that of the 4f-Gd states was notice@etism in the considered alloy. Also, we found that both the
especially in the orthorhombic phase. The mixture betweefotal and Ru magnetic moments increases linearly with the
the 3d-Ru states and the 4f-Gd states makes the coexisteng@ncentrations £” while the magnetic moment of Gd de-

of the two characters Ferromagnetic (FM) and (A-AFM).  creases slightly, which means that despite the change in the
concentration (growth or decrease) for 2 elements in this al-

loy does not influence the magnetic behavier, the coexis-
4. Conclusion tence of the two configurations FM and A-AFM at the same
time is due especially to the contribution of the d-Ru states
Perovskite (ABO3), double-perovskite structures and theiwhich play the most important role to show the electromag-
alloys exhibit several desirable physical properties relatedetic properties in our Ba . Gd,RuO; perovskite alloy.
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