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ABSTRACT

Amidst the growing demand for novel materials showing multifunctional properties, first-principle
calculations are recognized as an essential tool in the condensed matter theory. With limited
resources and remarkable precision, these calculations can be crucial in examining state-of-the-
art materials. Examining materials with diverse and fascinating properties and understanding
their interactions with external perturbations like electromagnetic fields and heat is essential.
Motivated by these considerations, we have investigated two exciting phenomena of materials
— the first part involves the interaction between electrons and photons in the well-established
ferroelectric material sodium bismuth titanate, Nag 5Big5TiO3 (NBT), and based alloys; And
the second part of the study is specifically focused on investigating the impact of the applied
heat gradient by examining the thermoelectric properties of Zintl phases and double half-Heusler

alloys.

In the first part of the thesis, we have completed two projects focusing on the electrical,
optical, and magneto-optical properties of NBT-based alloys. The first project delved into the
effect of rare-earth (Nd and Er) substitution on the physical properties of NBT. While rare-
earth-substituted NBT has been extensively examined for its significance in luminescence appli-
cations, the emergence of a magnetic degree of freedom due to rare-earth substitution remained
unexplored. Through first-principle calculations, we reported the emergence of ferromagnetism
in these systems. Our calculations predicted the magnetic moments of 1.47 and 1.49 pp/f.u.
for Nd and Er NBT, respectively, for the highest concentration of 25%. The mechanism for
nonzero magnetic moments in (Nd/Er)-NBT is traced to the presence of unpaired felectrons.
Additionally, we investigated the optical properties of these materials and explored the coupling
of the magnetic degree of freedom with the dielectric behavior of Nd and Er NBT. Our simula-
tions on magneto-optic effects revealed a significant Kerr signal of 0.7° in both materials. This

suggests rare-earth substituted NBT as potential candidates for magneto-optical applications



and motivates more theoretical and experimental works in this direction. In a similar study,
we considered transition metals (Ni and Fe) substitution in NBT. Our calculations predicted
the emergence of half-metallic ferromagnetism in TM-substituted NBT. A significant magnetic
moment of 1.5 and 1.9 up/f.u. for 25% Ni and Fe substituted NBT, respectively, suggest the
strong coupling between the magnetic degree of freedom and the dielectric behavior of these
materials. Additionally, we explored the ferroelectric properties of Ni and Fe-substituted NBT.
As expected, our calculations predict a reduced spontaneous polarization in Ni/Fe-substituted
NBT. Our study confirmed the multifunctionality of transition metal-substituted NBT, high-
lighting their significance in various potential applications such as spintronics, magneto-optic

devices, and multiferroics.

The other part of the thesis is dedicated to the investigation of electronic and transport
properties of Zintl phases and double half-Heusler alloys. Within this segment, we completed
three major projects. The first two projects delved into the study of two categories, XoYZ and
XYZ, of Zintl phases for their potential applications in thermoelectrics. In the first category, we
chose Nag AuBi and NayAuSb as the subjects of our study. Our simulations predict remarkably
low room temperature lattice thermal conductivity (k1) of 0.46 and 0.73 Wm ™K~ for Nag AuBi
and NagAuSb, respectively. We attribute such low x;, values to low phonon group velocities in
the acoustic region, significant atomic displacement parameter, and lattice anharmonicity. We
further predict a high figure of merit, i.e., ZT ~ 1 at 300 K for p-type NagAuBi. The value is
significantly improved for Nas AuBi with spin-orbit coupling, i.e., ZT ~ 1.8. In another study,
we selected NaSrSb and NaBaSh as thermoelectric prospects in the second category of XYZ type
Zint] phases. Similar to their intrinsic characteristics, these materials exhibit exceptionally low
lattice thermal conductivity (k) ranging from 1.9 to 0.6 and 1.4 to 0.3 Wm~'K~!, respectively,
in the temperature range of 300 to 900 K. We associate such low values with small phonon group
velocities arising from the less dispersed phonon bands, short phonon lifetimes, and considerable
lattice anharmonicity. Further, we found a large power factor of 28.2 yWem 'K ~2 for NaSrSb,
arising from its anomalously large electrical conductivity. Taken together, we obtained a figure
of merit ZT ~ 2.0 at 900 K for n-type NaSrSb, whereas the figure of merit surpasses unity in
the case of NaBaSh.

In the last study, for the thermoelectric material, we considered two double half-Heusler
alloys, NbFeg 5Nig5Sn and TaFegsNig5Sn. From our simulations, we find that both systems

optimize in P4m2 symmetry and possess a band gap of 0.1 eV. The phonon dispersion of these
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materials suggests the dynamical stability of these systems and, interestingly, the absence of
characteristic gaps in acoustic and optical phonons, which imparts high lattice thermal conduc-
tivity to half-Heusler alloys. Our simulations predict a significantly low lattice thermal conduc-
tivity in both these materials in comparison to TiCoSb, a well-known thermoelectric Heusler
material. We attribute this reduced lattice thermal conductivity to the short phonon lifetime of
NbFey 5Nig55n and TaFeq 5Nig59n, arising from the interaction among acoustic and low-lying
optical modes. Our simulations on electrical transport properties suggest that these materials
are best suited in temperature range 400-600 K and in the carrier concentration range less than
102! carriers cm ™3, showing ~ 35% and 17% enhancement in the Z7 value for NbFeg 5Nig 5Sn

and TaFey 5Nig 55n, respectively, as compared to TiCoSb.
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IK

T yerdf ) Sght A & o, S faftr qored vefid Hrd €, uun-Rigid Tomrst & Yt
et Rigid & U Ayl 3SR & &0 & AT 1T ¢ | ifird Senet ok srafiie aéiedr &
1Y, A TS A verf ot S H Hewayuf 81 Iahdt 81 fafie iR e et ard uerdf
@I og SR 9T Jarorrelt oY faggadasia asff SR ST & 1Y S UHTE! B JHSHA
TS g1 3 faart § IR giahx, g0 Ul &1 &f Jdiads ufharstt &1 wird & g-ugd HFT
T g 313t RE ¥ T1d Agayaita uerd ey fay e/geqe, NaosBiosTiOs (NBT) 3R 39
TR 3T firy ergait & sclaerH 3fR Biel-t & dig srdfshar o srezmg fobar 8 3R g&r ym
A g9 faRiv U T tRyad T UaTeH & UHTd & S IR dhad giahR fofed sfawraif iR geg=T
31ef-ggEerR iy T & araayca oI o1 sreaa fosa |

MY T & YYH U H §H NBT TR 1emiRd gy engefl ) dggdiy, ThiiRieia SR Iridh-
UHTIRIG G O BT & H 34 U &l URASHIE THI &1 | JUH RIS § gard-gal 9rqd &
UFRRITI I NBT & Hifcras Tl & §T UHTa T faga Sea fo 31 1 & | ThTRRTIECT SIIuin
# gary-gaT UTg U NBT & Hed &1 98 UAM R SIid $1 715 @, g gaiy-ga1 u1g &
UFRITI & HRUT ITF BT TN DI DI BT 31eqa— 3t ST 8 | T Rigia orrait
& H1egH § §HA 39 WOnferdl § diegiadd & Swad &1 g Bt | gHRY TS A 250 Bl I=aH
gl & fW Nd 3R Er Ufafid NBT & HHR: 1.47 3R 1.49 pB/f.u J9H1a ol Bt
Yfqsaroft ST (Nd/Er)-NBT & SR e 1g STl FT Ul g f -3adgi-i o Jurdfd 9
T ST § | 39 SifaRad, 89 87 31 & USIRABGIT 01 &I 5Iid BT 3R (Nd/Er)- NBT &
RTdgd HFGER &1 TIBI ATl I DTS &b 1Y A BT Ual T 7 1 oA B Jraah-
UHTRID T T[0T T ST U0 $HRA TR 0.7- & HEAYU! bR Rrd &1 Udl el | T8 Trieh-
THTRIBT SN & forg FuTfad SHieaR! & U & gaiH-Hal UTg UfawTid NBT &1 g3a
a1 2 R 39 o & sifie Igifaw IR vanTH® I Bl URd FRaT 71 3T RE & b
3T H, - NBT H TehH0T 4rgaif (Ni 3R Fe ) & Ufaio R faaR foan| gt morrsfi 3
THUr 4 Ui NBT # 3refurd diegiada & Iwd $f Hiawamoh @11 Ni 3R Fe
TR NBT Bt 25% 1 Tigdl 3 fo7¢ U Hg@qul Jaah g 3mguf 1.5 3R 1.9 pB/f.u , 39 oA
& DT WA B Dlfc AR WIdgdd TTER & & Holgd JH- DI a=N1dT ¢ | & Sfafad,
B Ni 3R Fe-UfaTUd NBT & HRigafaed U &1 Udl eman| oI for Sroféra o1, At
TUMHTE Ni 3R Fe- TARUTIT NBT & Td: YdihRur & S B yiasraroft Bt 31 gAR e
J TpHUT YTg-UfRATd NBT &1 Sgfharciicrar &1 gy &1, e RidifR ey, a9
ITHN, 3R Ao thRIga oY e THIId SFYENT § 3% He@ WR UHIRI STl 47|




Y T T GERT U fofeet aRun 3R grer ordf-ggwer iy urgasft & aggdia oik uRag- Jont
@ g & T qaftd 81 39 WS & WidR, g0 dF ugE uareHTel & g fobar| ugelt &
gfearerrstt & fofed wRul &1 &1 4[N, XYz 3R XYz &1 daudegfast # 36 Juifaa
START & T e fobam 7| ugall Auft & g0 §AR 31e9g & fawdl & U T Na,AuBi
3R NaAuSh &I FATI §AR VG idw TfaREUUT, Na,AuBi 3R Na,AusSh & g HHST: 0.46 3R
0.73 WK H &e&f dTY STeeh & ST Taehdl () 1 SE-1a ¥Y ¥ Higwamft #3d 81 89
W Y . AT 7 97 @i a3 § g BHT T5g 37, geayul WA IR Aruds 3R
D ST B S &1 §H 300 K | p - R & Na,AuBi P foTT Trgdr o1 sficeT 3rufd, ZT ~
131 ot I HR &1 S AF B! faRY T I Na,AuBi & iU T UI-H 01 J- &1 Qieferd
IR P GURT T 5, YT, ZT ~ 1.81 TH 3R &4 §, g9 gk 407t & XYz UHR & fofea
TR T ATIdgd TUN & YU & =0 H NaSrSh 3R NaBaSb &1 99 a1 3! W
faRiydrsl ®1 @R, 37 93l DI STAP ISHIT ATAdH T (i) 300 W 900 K d% & dIH H 1.9 9 0.6
3R 1.4 F 0.3 WmK?! T% & Sl &I TR U 6 g1 9 39 UHR & HH M| &I SIS
BHM T ! Tadl § 30 g arelt X fagd BHF 989, BI¢ BHF siiaddld, 3R
Hgayul STa® AT ¥ Shied o | 9% SHfARad, A NaSrSb & fog 28.2 pWem K2 &1
fa=me Afdd SRS U, S 39 SN §31 faggd I ¥ Sad gidl ¢ | I8 9d Ha,
F9 n-UPHR P NaSrSb P ol 900 K AT WR AWl BT 3T ZT ~ 2.0 U fban §, siafep
NaBaSh & HTHA H U8 Ueh ! UR Bl &

3ifo sferge #, dudgyd Uard fou ghH & Qg Srd-gg%er Y 1 NbFeosNiosSn SR
TaFeosNiosSn TR faaR faran| AR Jgifde vfaeunr ¥ g0 uTd € % aiFT & pam2 Iwfiifa o
3IH T 81 & 3R 78 0.1 SAGC dlee BT Soll ST § | 37 31 B1 HI1 URET0 g1 T
AT W@ gwiidr 8, 3R e U §, @fie iR yeig wHA! & =iy sfara @t
AU, ST BTh-BgEeR AT B I AAHdl UaH Bl o | 7 3l BT Bi-- gRamu
! T fRRAT Y Ygima a1 B, 3R A U W, @i 3R bRl Wi H SiaRTd Bt
SrqafRufa sref.ggeer firy rgant &) 3= Sae g aTdig AT dr UeH &t 8 | gHRT Jgifad
YfeRETUT, TiCoSh S U URIG drudegd SO%eR a7 §, 1 g1 H GiFl ol § aTii et aretepa
% B BT GaITH BT & | NbFeosNiosSn 3R TaFeqsNiosSn H &H U SITadh 38T ATeahl
BT HRUI B BT 3(cd Siid- B1d &, oIl IgH @iHe IR o it et faurslf &
da sfdforar 31 faggd uRag o1 IR gAR difde Ufieuu ¥ Udl Iadl ¢ fo 3 3 400-600
K dqd 391 3R 102 Yt T HH 918 TigdT 3o H a9 IUGad € Sl f NbFeosNiosSn 3R
TaFeosNiosSn & T8 ZT AT H TiCoSh 1 JaT H SHHRT: ~ 35% 3R 17% $1 i ST &
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