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DFT studies of BaTiO3

The structure of stable phases is investigated using first-principle calculations based on the functionals: LDA,
GGA and newly developed general-purpose heavily constrained and appropriately normalized meta-GGA-
functional (SCAN). The purpose of this study is to theoretically study the atomic displacements and band gap
of the cubic, tetragonal, orthorhombic, rhombohedral perovskite phases for the comparison LDA, GGA-PBE
and meta-GGA functionals using the density functional theory method. The obtained data of the density of
states (DOS) showed that the values of the band gap energies are underestimated, and the DOS values show
that the upper part (valence band) mainly consists of O 2p orbitals, the lower part (conduction band) consists
of Ti 3d orbitals. The rhombohedral phase has a mixed composition of Ti states in the conduction band with a
greater degree of 3d-2 than 3dxy. The values of the energies of the band gap (E¢qp) and the density of states
show reasonable agreement with experimental and theoretical data. The LDA functional and, to a lesser
extent, the GGA - PBE functional can also provide fairly accurate information about atomic displacements in
these crystals. The values calculated by the SCAN functional do not differ much from the GGA and LDA
functionals.

Keywords: perovskite, unit cell, density of states, distortion of atoms, band gap, first-principle calculations,
density functional theory, plane waves, space group.

Introduction

Barium titanate - perovskite was discovered half a century ago, but due to its unique crystal structures,
physical and chemical properties, the material still attracts a lot of attention of researchers. In addition,
barium titanate has a high dielectric constant, and their excellent piezoelectric and ferroelectric properties are
also known. Over the past decade, it has become one of the important materials with excellent dielectric,
ferroelectric and piezoelectric properties, due to which this type of material has great capabilities, which
allows them to be used in the production of electronic devices. It is one of the most thoroughly studied cubic
perovskites, and has paraelectric properties at high temperatures and has a simple cubic perovskite structure.
Most of the ABO; type perovskites have the same stable phases at different temperatures.

Perovskites are complex oxides, mainly of the composition ABOs, where A is a divalent metal, and B is
a tetravalent (transition) metal. Perovskite is the object of scientific research in connection with promising
electrical, magnetic, photoelectric and redox properties [1-4] for energy production (SOFC — solid oxide fuel
cell technology) [S5]. Perovskites can exist in various phace modifications, which generally exhibit different
properties. The number of phase modifications depends on the specific combination of A and B cations [1,
6]. Many perovskites, specifically, demonstrate the presence of other phases. The highly symmetrical cubic
phase of the Pm-3m crystal is also stable at high temperatures and demonstrates a series of three phase
transitions with decreasing temperature: tetragonal /4/mcm at 393 K, orthorhombic Amm2 at 278 K and
rhombohedral R3m at 183 K, as shown in Figure 1.

Over the past 20 years, several first principles calculations have been carried out, in which more
attention was paid to the structural and electronic properties of the four phases [7-10]. The theoretical study
of this perovskite still requires detailed analysis, since it does not show the same result compared to
experimental data and still remains an object research. Experimental data [11] showed band gap widths of
about 3.7 eV for the cubic phase and 3.9 eV for the tetragonal phase. In general, density functional theory
(DFT) will be applied with a combination of different approximations to describe the structure of the
perovskite band gap. The method is distinguished for describing the wave function and allows us to
determine the energy state of the system, which includes the stationary Schrodinger equation. In this paper,
the width of the forbidden zone with three different functionals is calculated: LDA, GGA and meta-GGA.

72 BecTHuk KaparaHgmHckoro yHusepcurteTa



DFT studies of BaTiO3

Since phases other than the cubic phase have an internal degree of freedom, some of them must be
optimized. Thus, DFT calculations are carried out with high accuracy to precisely obtain ferroelectric phases.
Minimization is not required for a cubic structure. The tetragonal structure was optimized by changing the
coordinates of the ions, since the symmetry (distortion in the z direction) allows optimization in a fixed c/a
ratio, while maintaining a fixed volume. Then, using the optimized coordinates of the ion particles, the rela-

tion (maybe the ratio) % was optimized at a constant volume. Thus, the relation Ti(l/2, 1/2,1/ 2+AZT1‘) ,
0, (1/2,1/2,A20]), o, (1/ 2,0, 1/ 2+AZOZ) it has been optimized while minimizing. The lattice parameters were
also optimized in the orthorhombic phase: a, b, ¢ and Ti(1/2,0,1/2+Az,) 01(0,0,1/2+Az,))
02<1/2,1/4+Ay02’ 1/4+A202). Lattice ~ parameter a (a=b=c), angle o« (a =f= 7/) A
Ti (1/2+Ax, 12+ Axy, 1/2+Axn.) O(1/2+ Ax,,1/2+Ax, 0+ Az,) Wwere optimized values for the rhombohedral
phase. The atomic positions are shown in Table 1.

Calculation methods

Calculations of the electronic structure were carried out by the density functional method in the basis of
plane waves, as implemented in the VASP program code [12, 13]. The method of projection attached waves
(projector augmented wave — PAW) was used [14]. LDA [15, 16], GGA with PBE [17], and SCAN [18]
meta GGA [19, 20] were used for comparative analysis. The cutting energy of plane waves in all calculations
was 520 eV. The partition of the inverse space was chosen using the Monhorst—Pack scheme in the form of
an 8x6x6 grid for the orthorhombic phase, 8x8x8 for the tetragonal and rhombohedral phase. Levels were
considered as valence states.

Results and discussion

The coordinates of the location of the atoms of the unit cell BaTiO3, tetragonal, orthorhombic, and
rhombohedral, cubic phase are given in Table 1.

Table 1
Coordinates of the arrangement of atoms in the unit cell BaTiO, .
Cubic phase Tetragonal phase Orthorhombic phase Rhombohedral phase (R3m) | Ref.

(Pm3m) (P4/mmm) (Amm2) SG-160

SG-221 SG-99 SG-38
Ba:1a (0,0,0) Ba:1a(0,0,0) Ba: 2a (0,0,0) Ba:1a (0,0,0) [8]
Ti:1b(Y2:1/251/2) | Tiz1b(1/2,1/2,1/2+Az,,)  |Ti:2b(1/2,0,1/2+ Az;,) | Tizla(l/2+Ax, 12+ A, 12+ A, ) |[8]
0:3c(1/2;1/2;0) 0, :1b(1/2,1/2,AZO) 01:2a(0,0,1/2+Az,)) | 0:3b(1/2+Ax,, 12+ Ax, 0+ Az, |[8]
— 0,:2¢(1/2,0,1/2+ Az, ) 02:4e(1f2,1/4+ ty 4+ 02,,) | — 8]

The atom Ba is located in the position (0,0,0), 7i(1/2,1/2,1/2+Az,) and O, (1/2,0,1/2+AZOZ) are
distortions of Ti and O atoms in a tetragonal structure. In an orthorhombic structure 7i(1/2,0,1/ 2+Azn)
01(0, 0,1/ 2+AZOI) and 02(1/2,1/4+Ay02’ 1/4+A202) are distortions of Ti and O atoms. In a rhombohedral
structure Ti(l/ 24 Ax,1/2+Ax,, 1/ 2+Axn) and 0(1/ 2+ Ax,,1/2+ AxO’AzO) are distortions of Ti and O atoms [8].
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a)

Figure 1. Unit cells BaTiO3 in cubic, tetragonal, orthorhombic and rhombohedral phases

Table 2
Calculated volumetric properties of the unit cell BaTiO; tetragonal, orthorhombic and rhombohedral phases

Our results Other theoretical data [7] Experimental | Ref.
data
LDA | SCAN | PBE LDA PBE
Cubic phase
a A 3,95206  |4,03462 4,03661  [3,922 4,008 4,03558 [8]
bandgap
Eo(e) 1,08 1,09 1,08 1,93 1,87 3,2 [7]
Tetragonal phase
a, 3,937 4,011 4,008 3,911 3,967 3,997 [8]
c A 4,031 4,157 4,188 3,967 4,232 4,0314 [8]
Az 0,0203 0,0169 0,0182 0,0154 0,0335 0,0203 [8]
Azo, -0,0258 -0,0392  1-0,0409  |-0,0210 —0,0431 -0,0258 [8]
Azp; -0,0123 -0,0227  1-0,0238  |-0,0138 —0,0183 -0,0123 [8]
bandgap
Eo(eV) 2 2,4 2 1,95 1,95 3,4 [7]
Orthorhombic phase
a A 3,934 3,997 3,9954 3,911 3,955 3,9828 [8]
b, A 5,6269 5,7843 5,7989 5,566 5,778 5,6745 [8]
c A 5,6411 5,8239 5,8397 5,576 5,836 5,6916 [8]
Azyi 0,0122 0,0157 0,0158 0,0102 0,0253 0,0170 [8]
Azo, -0,0140 -0,0197  1-0,0205  |-0,0109 —0,0173 -0,0110 [8]
Ayoz 0,0043 0,0073 0,0071 —0,0010 —0,0113 0,0061 [8]
Azp; -0,0156 -0,0231  |-0,0228  |-0,0155 —0,0300 -0,0157 [8]
bandgap 2,1 2,2 2,5 2,121 2,563 -
Eq(eV)
Rhombohedral phase
a A 3,9659 4,0702 4,0739 3,931 4,053 4,0036 [8]
a, deg 89,9039 89,7579 89,7568 89,92 89,65 89,840 [8]
Axp -0,0099 -0,0143  |-0,0138  |-0,0073 —0,0190 -0,0120 [8]
Axo 0,0097 0,0142 0,0142 0,0101 0,0129 0,0116 [8]
Azo 0,0152 0,0244 0,0233 0,0144 0,0248 0,0195 [8]
bandgap 2,2 2,2 2,5 2,234 2,796 -
Eq(eV)
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Figure 2. GGA density of states for the phase BaTiO; (a) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral
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Figure 3. SCAN density of states for the phase BaTiOs (a) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral
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Figure 4. LDA density of states for the (a) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral phase of BaTiO;

Based on the first-principle calculations, the calculation of the BTO was carried out using the GGA -
PBE, LDA, SCAN functionality for four modification of the perovskite structure. The obtained calculated
values were compared with the experimental results. The lattice parameters @, b, ¢ and the band gap are
given in Table 2, the sequence of the arrangement of atoms are given in Table 1. For the rhombohedral
phase, the angle of the lattice a is also shown. As can be seen from Table 2, the calculation using the PBE
functional makes it possible to more accurately predict the cubic properties of BTO compared to other
functionals [7]. When calculating with the PBE functional, one can see the correspondence between the
experimental results’ values of the lattice constant. The three ferroelectric phases of the BTO, as shown in
the theoretical work [7], are calculated by the same DFT method. In these works, the structural properties of
ferroelectric phases are considered. Table 2 shows a comparison of the results obtained with other theoretical
values calculated with different functionals [7] and using experimental data for the crystals under study.
LDA calculations [7] coincide with experimental data for BTO. On the other hand, as expected, the LDA and
PBE functions significantly underestimate the band gap width. It can be seen that all DFT calculations do not
estimate the band gap width, as shown in Figure 2. One of the shortcomings of the density functional theory
method is inaccurate prediction of the free or excited state of semiconductor systems and dielectrics [10].
The calculated values by the SCAN functional do not differ much from the previous two functionals.

The band gap width is closely related to the difference in energy level between the valence band (VB)
and the conduction band, which can be caused by structural distortions in the material.
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Zone structures of the BTO using the functionals: PBE, LDA and SCAN for the four phases of BTO
indicate that the energy of the band gap of the cubic structure is equal to: Pm3m 1.08 eV (LDA) and 1.09 eV
(SCAN), 1.08 eV (PBE), tetragonal structure P4/mmm 2 ¢V (LDA) and 2.4 ¢V (SCAN), 2 ¢V (PBE),
orthorhombic structure 4mm2 2.1 eV (LDA) and 2.2 eV (SCAN), 2.5 ¢V (PBE), and rhombohedral structure
R3m 2.2 eV (LDA) and 2.2 ¢V (SCAN), 2.5 ¢V (PBE). Analyses of band structures and density of states
(DOS) using the PBE, LDA and SCAN functionals for the four phases of BTO showed that the values of the
forbidden zones are underestimated. A general analysis of DOS projected onto atoms and orbitals is
presented in Figures 2-4. An analysis of the density of DOS states shows that the upper part (valence band)
mainly consists of O 2p orbitals. The lower part (conduction band) mainly comes from Ti 3d orbitals in all
phases.

The conduction band for the tetragonal phase using the PBE, LDA and SCAN functionals consists of Ti
3d states, as well as the orthorhombic phase. The rhombohedral phase has a mixed composition of Ti states
in the conduction band with a greater degree of 3d,, than 3d,y. The projected state densities (PDOS) on atoms
and orbitals are shown in Figure 2-4. The values of the band gap energy (Egp) calculated using the PBE,
LDA and SCAN functionals, as well as available theoretical and experimental data are shown in Table 2.
The calculated values show reasonable agreement with previous theoretical results.

Conclusion

In this paper, the structure of stable phases is investigated using first-principle calculations based on the
functionals: LDA, GGA- PBE and meta-GGA. When analyzing the electronic structures, the energies of the
band gap were determined for the cubic structure: Pm3m 1.08 ¢V (LDA) and 1.09 ¢V (SCAN), 1.08 eV
(PBE), for the tetragonal structure: P4/mmm 2 eV (LDA) and 2.4 ¢V (SCAN), 2 ¢V (PBE) for the
orthorhombic structure: Amm2 2.1 eV (LDA) and 2.2 ¢V (SCAN), 2.5 ¢V (PBE) and for rhombohedral
structure: R3m 2.2 ¢V (LDA) and 2.2 ¢V (SCAN), 2.5 ¢V (PBE). The data obtained for the density of states
(DOS) showed that the upper part (valence band) mainly consists of O 2p orbitals, and the lower part
(conduction band) comes from Ti 3d orbitals. The thombohedral phase has a mixed composition of Ti states
in the conduction band with a greater degree of 3d,, than 3dx,. The values of the energies of the band gap
(Egqp) and the density of states present reasonable agreement with experimental and theoretical data. The
deviation in the theoretical calculations of the lattice parameters carried out in [7] using the LDA and PBE
functionals in comparison with the results of the experimental study is 3 %. The deviation of calculations
with our theoretical calculations using the LDA and PBE functionals was approximately the same as the
authors [7], while the calculation with the Scan functional showed 0.02 % compared to the experimental
result.
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T.M. UnepOGaes, X.E. 3okueBa, @.V. AdGyona, A.Y. AdyoBa, C.A. Hypkenos, I'.A. Kanrarait
BaTiO; 6oiibinma DFT 3eprrey.epi

TypaxTs! (a3anapaslH KYpBUIBIMBL (QYHKIIHOHAIIBIK (QYHKIMSIIapFa HETi3/eNTeH alFallKbIIPUHIUITI ecen-
Teynepliy kemerimMeH 3eprrenreH: LDA, GGA »xoHe ®aKbIHIa 93ipJIeHIeH oM0Oe0ar KaTThl IIEKTENTeH XKOHE
colikecinme HopMmananran Meta-GGA ¢ynkunonanst (SCAN). Bynm »KyMBICTBIH MakcaThl THIFBI3IBIK (yH-
KIMOHAIBI TEOPHsCHl 9ficiH Koinmana otelpeil, LDA, GGA-PBE xone mMeta-GGA (yHKIHMOHANAPBIH ca-
JBICTBIPY YLIIH KyOTBIK, TETParoHajIbabl, OPTOPOMOTEI, POMOO3APIIIK IEPOBCKUT (hazanapbIHbIH KPHCTaIAaFbl
aTOM KOOP/IMHATTAPBIHBIH ©3repici MEH PYKCaT eTIIMEreH ayMaKThl TEOPUSIIBIK TYPFBIIaH 3epTTey. AJIbIHFaH
Ky#nepaiH ToIFeABIFB (DOS) nepexrepi THIMBIM calblHFaH aliMakKTa >HEPTHsl MOHIHIH TOMEHJETEHiH; ai
DOS monzepiHiH xoraprsl 0ediri (BaleHTTiK aymak) HeriziHeH O 2p-opOuTanbaapblHaH, TOMEHT1 Oeiri (eT-
kisrimTik aymak) Ti 3d opOutansmapbslHaH TYpaTHIHBEIH KepceTTi. PomOosnpimik daszama 3dxy-re Kaparanna
3dz ynkeH mepexeni eTK3rimTik aymarbiHaa Ti xyinepiniy apamac Kypamsl 6ap. Pykcar erimmeren aymak
(Egap) 7xoHE KYHIEPIIH THIFBI3ABIFBI SKCIIEPUMEHTTIK KOHE TEOPHSIIBIK MOTIMETTEpPMEH COHKECTIriH Kepce-
teni. LDA ¢ynkmmonanaersl xoHe a3 popexene GGA-PBE ¢(yHKnnmoHamIBIFEl 1a OCBI KpHCTANJAapIaFbl
aTOM/IBIK OPBIH aybICTHIPYJIAp TYpPAJIbl XKETKUTIKTI 1o1 aknapaT oepe anaapl. SCAN (yHKUMACHIHAH ecenTen-
ren mouaep GGA xone LDA ¢dyHKIMsIapbiHaH a3 epeKIeeHe .

Kinm co30ep: IepoBCKUT, KapamaifbiM YSIMIBIKTAp, KYHICPAIH THIFBI3AbIFEI, AaTOMIAPABIH BIFBICYBI, THIIBIM Ca-
JIBIHFaH aiiMaK, AIFAIIKBITPHHIHNTI €CenTeyIep, THIFbI3ABK (OYHKIMOHATIBIHBIH TEOPHSCH, )Ka3bIK TOJIKBIH-
Jap, KeHICTIKTIK TOII.

T.M. UnepOGaes, XK.E. 3akueBa, ®.Y. AdGyona, A.Y. AdyoBa, C.A. Hypkenos, I".A. Kanrarait

DFT uccinenosanust BaTiO3

CrpykTypa cTabHIBHBIX (ha3 HCCIIeJ0BaHA C OMOIIBIO IEPBOINPUHIMIIHEIX PACYETOB HA OCHOBE (DYHKIHOHA-
no0B: LDA, GGA n HenaBHO pa3pabOTaHHOTO YHUBEPCAIEHOTO CHIIBHO OTPaHHYEHHOTO U COOTBETCTBYIOIIHM
o0Opazom HopManu3oBaHHOTO MeTa-GGA-¢pynkuuonana (SCAN). Llensio qaHHON paOOTHI SBIAETCS TEOPETU-
YEeCcKOoe HCCIEA0BaHNE aTOMHBIX CMEUICHUIl M IIMPUHBI 3alpPelIeHHON 30HBI KyOM4YecKo, TeTparoHanbHOH,
opTopoMONUECcKOH, poMOo3IprudecKoit (a3 mepoBckuTa Ui cpaBHeHus QpyHkimoHatoB LDA, GGA-PBE u
Meta-GGA ¢ UCTonb30BaHUEM MeTo/la TeOpHH (YHKIMOHANA TUIOTHOCTH. Ilomy4yeHHbIe NaHHbIE TUIOTHOCTH
coctossHuit (DOS) nokasanu, 4To 3HAUEHHs YHEPTHM 3ANPEIICHHON 30HBI 3aHIKEHHBI, a 3HauyeHnss DOS yka-
3BIBAIOT, YTO BEPXHsIS YacTh (BaJIeHTHas 30Ha), B OCHOBHOM, coctouT u3 O 2p-opOuTtaneif, HIXKHAS 4acTh
(30Ha mpoBoUMOcTH) — U3 3d-opOutaneir Ti. PomGosnpruieckas ¢a3a UMeeT CMEIIaHHBI COCTaB COCTOSI-
Huil Ti B 30He NPOBOAUMOCTH C OOBbIIEH CTENEHbIO 3d:2, UeM 3dyy. 3HauCHUs DHEPIrui 3anpelieHHOH 30Hbl
(Egap) ¥ TNIOTHOCTH COCTOSIHUH TTOKA3bIBAIOT Pa3yMHOE COTJIACHE C HKCIICPHIMCHTAIBLHBIMH U TEOPETHIECKUMHI
nanubivu. Oynkuuonan LDA u, B MeHbiueii crenenn, pynkuuonan GGA-PBE rtawke mMoryt nate gocratod-
HO TOYHYIO HH(GOPMALMIO O CMEIICHUAX aTOMOB B 3THX KPUCTaUIaX. 3HAUCHHs, PACCYMTAHHBIE 1O PyHKIHO-
Hainy SCAN, maio yem orminyarorest ot pynkiuonanos GGA u LDA.

Kniouesvie crosa: mepoBCKUT, HIIEMEHTApHAs siuelka, INIOTHOCTh COCTOSTHUH, HCKa)KeHHUE aTOMOB, 3alpelleH-
Hasl 30Ha, MEPBONPHUHIUITHEIE PacdeThl, Teopus (YHKIMOHATA IUIOTHOCTH, INIOCKHE BOJHBI, IPOCTPAHCTBEH-
Hasl TpyIIa.
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