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Abstract

The structural, electronic, optical, elastic and thermodynamic properties of three
principal representatives of spinel oxides SnMg,0O4, SnZn,O, and SnCd,O, have been
investigated using the Full Potential Linearized Augmented Plane Wave method (FP-LAPW)
within density functional theory. The structural parameters, including the lattice constant (a),
the free internal parameter (u) of the oxygen atom, the bulk modulus (B) and its pressure
derivative (B") of the considered compounds, calculated using both the local density (LDA) and
generalized gradient approximations (GGA) to the exchange-correlation potential, are
consistent with the available literature data. The electronic properties, including the band
structure, density of states and charge-carrier effective masses, of the studied materials are
explored in detail using, in addition to the LDA and GGA-PBE, a new form of the GGA
proposed by Engel-Vosko; named the GGA-EV, which is known by its improvement of the
bands gaps. The results obtained for the band structure using GGA-EV show a significant
improvement over other theoretical works and are closer to the experimental data. Optical

functions, including the dielectric function (¢), the refractive index (n), the extinction
coefficient (k), the reflectivity (R), the linear absorption spectrum («) and the electron energy-
loss (L) are calculated for the energy range 0-30 eV. The origins of the peaks and structures in

the optical spectra are determined in terms of the calculated energy band structures. For a good
description of the mechanical behavior of the studied compounds, we have first calculated

theirs single-elastic constants (C,). The obtained numerical values of c, have been then used

to estimate the elastic anisotropy, verify the mechanical stability of the spinel structure, and
also to calculate the sound waves velocities along the principles crystallographic directions.
Based on the Voigt-Reuss-Hill method values, we have investigated the elastic properties of
the polycrystalline phase of the considered compounds, including the bulk modulus B, shear
modulus G, Young modulus E and Poisson’s ratio ». The elastic properties have been
completed by calculating the isotropic acoustic wave velocities and Debye temperature.
Thermal and pressure effects on some macroscopic properties of SnMg,0O4, SnZn,04 and
SnCd, 0O, are predicted using the quasi-harmonic Debye model in which the lattice vibrations
are taken into account. We have computed the variations of the lattice constant (a), bulk
modulus (B), volume expansion coefficient (o), heat capacities (Cy and Cp) and Debye

temperature (4,)versus pressure and temperature in the ranges of 0 —30 GPa and 0 —1600 K.

The results of the present study are compared with the available experimental and theoretical

data in the scientific literature to test the reliability of our results.
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Figure 1: A schematic representation of the cubic spinel structure of SnM,04. The oxygen
atoms (red spheres) occupy the corners of the octahedral and tetrahedral; Sn and Mg are at the
centres of the tetrahedral and octahedral, respectively.The origin of the unit-cell is chosen at

the B (i.e., Sn) position.
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\/

Figure 1.1: Flow chart for iterative solution of the Kohn-Sham equations.
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Solving Kohn—Sham equations aldi-¢ia ¢S < alaa Jgla -l (5 giwall 4.1

) S G gl A3 e el s B (a1 LR L ey oL S Yl

b= CoPE (1.20)
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Generalized Gradient Approximation aazall z jaill cu 85251
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A gall J)sall il piislatall cpila (8 Qs (e e 8 e
| dalaiall 84, 5 S Ay e sell JIgally 4y 5 juaall 4y ladll Jlgall 1
1 Adkaiall A 4 sisal) =) 501 2
Saguf(rEN L) r<R,
= Im

o(r) = 1 ) (2.1)
EZCG exp(i (K +G).F) rell
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MT spheres S

MT spheres

(44

Figure 2.1: Distribution of chemical unit cell spheres: muffin tin region (1) and interstitial

region (I1).
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53 U8 (Ryp) Ciishae 5 S S ot 5 (1 s ey shl A2 ol ) By 51 Al

Initialization 14=%) gzl 12 2.6.2

By oLs 5 o s Asbee Ja B cldandly il JS juinats il 138 o sk
e Ll Ll el (e Al Aot (i @13 %y 310 el
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Al Gale Jlaaiad
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LSTART gl 24.2.6.2
RN

KGEN gl »5.2.6.2
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LSTART (s 8 sall 5 4 ,All 43U (40 daital) SCF (1A bl ) 5 dglad 40l 631 48U Al

SCF calculation SCF 392 312) 3,6.2
WS A8 ColE a8y cApulud) Al 2y 5 KIV) AEESH o 48U Canas Al jall 028 b
A Ao Al el ) Jlasindy Sl 5 (35800 o Liail)
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WIEN2K gl das d3aj ) sa 2.2 JSAN (i
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NN
LAPWO

SGROUP . 4

SYMMETRY

A 4

LAPW?2 MIXER

LSTART

1

KGEN

Convergence ?

DSTART

Figure 2.2: The structure of the program WIEN2K.
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OsSE A piall Gal Al O bl L ilaad GGAJ) 5 LDA J) o8 () :GGA-EV < S -
il (e Sy aal ()65 A8 w) gal Laid (Jladant LagiST 5 e yaill sl ae uS s 1) 438) 5ia
2=l @llia 5 Ul Al ol 5 Apulul) Ala) dallead Sial liia s LagsY aal )y 138 5 iy jal)
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Figure 2.3: Convergence of the total energy of SnMg,0, function of the number of k-points
in the irreducible Brillouin zone using LDA.
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Figure 2.4: Convergence of the total energy of SnMg,0, function of the number of cutoff

parameter R < K using LDA.
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Al ANalt 4 i) el A1 1 3
4k 4 (S (AB,0, sl dpall Gld danSall dalall Adlindl LS pall ) sl
Fd3masbadll 3 e 3l & cdal yie 435 CI(FCC : Face —centered cubic) e sx sl 3 38 yee 4u2Sa
SNMg,0, S sall gl Z0ad 2,6l dadl 1.3 JSA Jiay [1] Eslll Jshaall 3 227 &8 ))
Al Adlind) o) pall A0 61 AN (g giad Al Apalal) Al o) sall Ay 5Ll Al 23 gai€
552806 Jis M ¢i B (5S 16 5 A lisilS 8 5 0 (sl 32 1< ABO, iy 3o 8 e dsalall
el ead 64 ) (1/8) 0 A lisrlSl Jadi daSall dpaladl Adliand) ol sall b s i) oy
Clflaa) Blaii [2] 7 shand) dplal 5 5ad 32 AI(1/2) Caai B i il Jadi s (A oz shall
laae LAY lislSa) llia A0a Tanal jlisall a8 salls anSall cildlinndl 205315 5L Jals el 3
Ll A OsilSll adse (5S35 43m i Hhl cald V) oliblSie il Las 5 340 5Y) 434l
oY) Ll e JLia) s 3z shall Ay y 5 ad algn B ()5S 53m (el el <l 4
CasSd adge Jadi A U5l ;L LS el N a5 685 3m il el el ddail)
5 16d (0.5,0.5,0.5) adsall Jady B oslSll 5 8a(0.125,0.125,0.125) (Wyckoff position)
Leiad () 5S5 5 0 s BN AaY) cen U Eune32e (U, u,u) @ sall (b & gali O il Y]
U dad 3 355 Laie [2]0.25 A3 sbose (5585 (U, ) Wil Liad el 0,27 50.24 O 3 seana 33l
S A gohadl Ll ssadl aas 3Ll ) (g3 Laa[111] olad¥) 3 A G588l Ge O 0¥ iy
il 55 c43m bl o) ladl sl Al 8 Wl Bz shadl 40l 8 il ana lials
o3 b ()5Si Ujgen Aalliall 4adl) 5 ¢O (u,uu) 5 B(5/8,5/8,5/8) <A(0,0,0): L LS 4, )3l

.0.375%, Jlue Al
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Figure 3.1: A schematic representation of the cubic spinel structure of SnM,0O,4. The oxygen

atoms (red spheres) occupy the corners of the octahedral and tetrahedral; Sn and Mg are at the
centres of the tetrahedral and octahedral, respectively.The origin of the unit-cell is chosen at
the B (i.e., Sn) position

a, o sl A8 s Jadi A 5 o Sabiad) o) sl Alla 8 Ay sl Al < lae apasd Jal e
Al ol phadll L) ¢ BY Jaaall il afidia 5 B bl Jalaas s A3l Jaladll

« 0.92V,

expt

<0.96V,

expt

« 0.94V,

expt

0.9V, rpsaall dal e dalud) N 2 A8l Lva

<1.04V,

expt

«1.02V, V. ¢ 0.98V,

expt expt expt

«1.08V,

expt

<1.06V,

expt *

50 A dany 110V,

ulul) Aa) aaal A€ 2SN A8 cllua 5 i @lld axy aas JS dal e uaasY)
:[3] (Murnaghan s equation of state (EQS)) (i) sad Aladl dlalaas

38



Structural Properties 4 sl Gal &l CUEY Jiadl)

_ BY (g1 Yo ) (%)
Etot(v)_Eo(O)_FM{B(l Vj+(Vj 1] (3.1)

Ll AN anarvg L (GSbiadl o) sl Alla) Lpulul) Alall 48 sl B Jaraall Aol Afidie
O s Al Aulu) Al SN ) Ey 5 oSl ¢ ) sl Al

B:V[aZE] (3.2)

ov?

ee BN A8l <) 55 2.3 JSAN (L GGA 5 LDA JI (e S Jleindy Silal) o2 caci il
e L@ 5 LDA J) i Jlexials Bl g sumsa € all b)) B8N aas
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Figure 3.2: Total energy versus primitive cell volume for SnMg,04, SnZn,04 and SnCd,04

using the LDA.
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Table 3.1:Calculated lattice constant (ap, in A) internal structure parameters (u), bulk
modulus (Bo, in GPa) and its pressure derivative (B) for the SnMg,04, SnZn,0O, and
SnCd,0,4 compounds, compared with available experimental data and previous theoretical

calculations.

SnMg;,0, SnZn,0y4 SnCd,04

Present Expt. Others Present Expt. Others Present Expt. Others

ag 8709" 8.600° 8.566" 8.785" 8.657° 8.631°  9.335" 9.143% 9.134°
8.557° 8.639° 8.777" 8.569° 8.650° 85500  9.112% 9.1519 9.120
8.635"  8.525¢ 8.610' 8.688' 9.177"
9.174

u 0.2557" 0.2500*° 0.2583°  0.2555" 0.265° 0.258° 0.250"  0.267% 0.251°
0.2575% 0.2600° 0.2582°  0.2574% 0.265° 0.258 0.249%  0.258° 0.250'

0.260"  0.256¢ 0.265' 0.255%

0.255¢
By 151.48" 135.49  150.95* 168.9 193.4 124.19°
182.928 162.66°  191.78° 161.87°8
B 4.881" 4.31¢ 4700 40 40 45517
4.8938 4.43° 4,948 4,998

A Present work using GGA; B Present work using LDA; °Ref. [4]; "Ref. [5](FP-LAPW-
LDA); © Ref. [6]; ¢ Ref. [7]](PP-PW/LDA-GGA); ¢ Ref. [8]; " Ref. [9] (FP-LAPW-
LDA); ¢ Ref. [10]; " Ref. [11]; ' Ref. [12]; | Ref. [13] ](Crystal09-B3LYP); ¥ Ref. [14].
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pl) G el GOAYT Galaty Y A el @l 5 Ladlls G el G315 1.3 Jsaadl G
¢SIMg,0, LS yall g Ay yshll Aal Cylil Ay il 4l 5 1 lle 8 lgle Jeasiall
5 GGA J) & Jlaainls et Jill e <200 51.4% ¢1.2% 25> & SnCd,0, 5 SnZn,0,
Gl Badl LS, DA J) 8 Jleatindy s Al e ¢ 0.4% 5 —1.1% <-0.5% s &
Cum ¢ Jagl 51 5 Jalil () g€ Al i Jlaniod Va8 A8Ll) ) il g Lindls (p )
w5 ogls @E e LDA J) Jlediul Uadls g ol DAY Hid Y
—03% 5 —0.8% ¢—0.2% <3 4 LDA J cuysi X cplaxics [5](Wei and Zhang)
Lol Aal @l a8 al s il e ¢SnCd,0, 5 SnZn,0, ¢ SnMg,0, LSyl
s 5 a,(SnMg,0,) <a,(SnZn,0,) < a,(SnCd,0,) (i il e dus aall ls -l
«SnB,0, (B:Mg,Zn, Cd)<lsSyall & B 30 ki caal all 4acla)) Sa W
Se pailiid g SV JAalal Jaleddl W (RY =1.30A) < (R =1.31A) < (R™ =1.48A)
Jalre Gady Lagd 4y a3 bl d 02 5 Y u(SnMg,0, ) > u(SnZn,0, ) > u(SnCd,0, ) : Sl sl
S yall lae L SNCd,0, 5 SNMQ,0, (S sall 4uailly B Lariall duilly 4filie 5 B LabruaiVl
Jalral dlian 3 5 65 [14] Al 4 2l il aa W g2 188) 53 Wil (381 535 SNZN,0,
Gl 5% [13 <7] SnZn,O, s SNMQ,0, S el adlly B' Jazall nally 4didia 5 B Lleaty)
A sall 43y Hla Jlaxindy SIMQ,0, S all Adlid) Clluall =il ae Y siee W) 58 Lililoa il
sgaclua g uld ) g 8 (pseudopotential plane - wave (PP —PW)) S & saSl aa 4 siuall
Doty ¥ dua ALl 4 plaal) sl g sl o MU 3 6l a3 WS [7](Reffas et al)
[13](Gracia et al.) esiclue o Lul 8 &8 (e LDA J) Jleaiuly Uil G il GURY)
S 5all 0.636% 23 o8 B L) Jalaal (Crystal09-B3LYP) (A s¥) (sabaall 44yl Jlaxinily
il e SnCd,0, 5 SnZn,0, «SNMg,0, LS yall B Labiiai¥l Jalas o (=8l SnZn,0,
oo G5 A A 5 ad mSall oY) (& B (SnMg,0,) > B, (SnZn,0,) > B, (SnCd,0, ) 1l

(B, &V, )V, 5 B, s b 5 yaall 2830l
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oY) Jalaall g Ay o) ASA) s o Sl g paugd) Jardal) il sl 22,3

GLS el o (Sea¥) A Jaladdl 5 a4l Al cul @l jad Glesy B
& Aliaall 5 DA cu)f Jleatinly Sl g )aell Jazizall a0 SnCd,0, 5 SnZn,0, <SnMg,0,
Laall eld ) ae 4,5l A Gl (el 33 JSA i il e 43 5 3.3 JKAY)
¢SNMQ,0, <bS jall hxuzall elii ) ae W) LA aaas (alls ey 13 5 Siilin g )
Lacall 30b) ae S QR Jebed) w343 JSA cpw SnCd,0, 5 SnzZn,O,
Y (533 Laa [111] ola3¥) 8 S GslSN (e O ) i U e ) 555 Ladie | Sl 5 ]
i, (B =Mg,Zn, Cd) B z skl Sl 3 gad aan lali 5 Sn 7 shull ool a8 aan ol )
daall (edsa G P L@A\@u‘;’\ﬁw Jaleall 5 g 4ol A0ET cull Gl et 44Dl
DS e A4

3.4
u(P)=u,+qP+rP? (34

{a(P) = a,+ a P+ P’
A ASS WA (B 1) =Ll s (a s q) Rl biall Gl of 2.3 Jsaall (g

AN L jall 5 ) SNl Jalaal

Table 3.2: Calculated linear and quadratic pressure coefficients of the lattice constant a,
(a(P) = a,+ a P+ P?and internal parameter u u(P) =u, +gP +rP?) for SnMg,0,, SnZn,0,
and SnCd,0, .

a(10° A/GPa) B0~ (A/Gpa)’) q(10°GPa’)  r (10" GPa®)

SnMg,0, -1423 11.858 5.6347 -6.9955
SnZn,04 -1411 10.860 5.5278 -1.2427
SnCd,04 -17.44 14.902 3.9659 -1.086
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Figure 3.3: Lattice constant-pressure relation (a— p) ; the solid line is a quadratic least-

squares fit: a(P) = a,+ a P+ P? using the LDA for SnMg,0,, SnZn,0, and SnCd,0,.
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Jall s Jad ) (valence band maximum (VBMa)) 38Kl Ly i 4l
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s Al JB) il Cilail el 38 8 4 saall gl 1)l (e Bas) 5 48U 5 gad 2xs S8 5 5 (polacall
ol Sl 5 Apadd) LOAN Jie 45 SV 56l (e 2l aiall J8 ) Glall dadla
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Figure 4.1: First Brillouin zone of the FCC lattice, the high symmetry points are indicated.
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Sl ,8 A0 Jleatinaly dus el LS pall (e (Al S je JS1 A8l o)l Lies 6]

dsay L ¥ GGA-EVJ 5 GGA-PBEJ ¢«LDAJN ly & a5 Ll ji-dalii (gl
Cilig b a8l AN iy il Jleninly lede Jeasid) 48l Ll ys alae 3 cild 8
Al Ll i Jaxd ) 44 534 24 JSEVL mase sn LS AL pil e ad 8 daal
AUl &l g0 alf Jany 521 1.4 Jsaall s GGA-EV Jl 5 LDAJ (o8 Jlaxinds Lale Jaasiiall
Blse 2l (0 GGA-EV J) cu i sy S Al S by 81l Jleatiny Lale Juasiall
Jal) Jay pi yad g GAlSHl Jay p Aad (je DS aia gy, GGA - PBE Jls LDAJ) (o &k 45 jlia 43Ul
Ll dil &) ge 3 sall a3 () e Ja lee )5k dihie 8 T Adaiall (diy A g jaall o) sall
SW-W 5 KK 5 X-X 5 L-L s T-I 3 bl Z8lall ail 9o aad 1.4 Jgaal) Gadly o173 e
Ne (Uper Valence Band Width (UVBW)) 585 Ly 3 el (aase 5 KT s LT 3 dka il
J' 5 GGA-PBEJ ¢LDAJ <ly &l Jleaiuly (P =0 GPa) psaall (Siiliv g juell )
[2 1] & kil w3l a4 lae SPCd,0, 5 SnZn,0, «SnMg,0, Adtnudl ol sll GGA-EV
A g 2all 3l gall A8 il gal Ay 2l all e (I 3 )LEY) o dpalall Gl sdiall 858 sl
Jalll ()5S n Tudah Bl all 2 snnal) 21 5aY) Ay jla Jlanily Ay guanal) Z8UA ail gl Lindh (381 555
ol Alertall A8l Clluall #505 ae Ysde )5 GGA-PBEJly LDAJ Ly & s
ALl ail gl (e Guny GGA-EV Jl cu o 1.4 dsaall e Wls jelay [2 1] ey &l
ala prd a8 .GGA-PBEJ' s LDAU PP iy S Al o dodb Wl daluy)
Sl il s AT A S5 e e el aie ulll) ALl

.E,(SnMg,0,) > E,(SnZn,0,) > E,(SnCd,0,)
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5 IV Gl 530 )l Sl

Table 4.1: Some direct (-, L-L, X-X, K-K, W-W , in eV) and indirect (K-, L-T", in eV) band

gaps and UVBW (upper valence bandwidth, in eV) for SnMg,04, SnZn,04 and SnCd,0,.

K-I' L-I' T-T L-L X-X K-K W-wW UVBW
SnMg,0,4
Present
Eg (0) (LDA) 4473 3.963 2.086 4.201 4.841 4706 5.020 5.735
Eg (0) (GGA) 4468  3.927 2.019 4132 4775 4643 4.940 5.553
Eg (0) (GGA-EV) 4986 4499 2823 4.691 5.284 5.151 5.418 5.257
Others 2.470°
1.850°
SnZn,0y4
Present
Eg (0) (LDA) 3.592 2844 0542 2953 3.822 3.709 4.008 7.066
Eg (0) (GGA) 3.633 2.863 0.439 2948 3.813 3.723 4.020 6.424
Eg (0) (GGA-EV) 4.075 3.374 1.155 3.450 4.242 4156 4.424 6.365
Others 0.500°
SnCd;04
Present
Eg (0) (LDA) 3.717 2708 0.230 2.792 3.876 3.796 4.139 7.528
Eg (0) (GGA) 3.284 2380 0.008 2.465 3.492 3.387 3.654 7.174
Eg (0) (GGA-EV) 3.713 2909 0.735 2.984 3.903 3.805 4.038 7.224
Others 0.170°

2Ref.[1] (PP-PW, LDA); °Ref. [1] (PP-PW, GGA); °Ref. [2] (FP-LAPW, LDA).
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Energy (eV)

Figure 4.2: Electronic band structure of the cubic spinel SnMg,04 along the high-symmetry
directions in the Brillouin zone, calculated using the LDA and GGA-EV. The Fermi level is

shifted to zero.
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Energy (eV)

Figure 4.3: Electronic band structure of the cubic spinel SnZn,04 along the high-symmetry
directions in the Brillouin zone, calculated using the LDA and GGA-EV. The Fermi level is

shifted to zero.
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Figure 4.4: Electronic band structure of the cubic spinel SnCd,O, along the high-symmetry
directions in the Brillouin zone, calculated using the LDA and GGA-EV. The Fermi level is

shifted to zero.
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ve pod o o o ol 5 B il (B=Mg, Zn, Cd) Cua SnB,0, <l el dluls 3 C
dad pmidiiagle 5 JEl) Jay b a8 e Sl (g e0 JAY) gad SN oy yi e ady T Adadil
S all o sall wie A8l aile Gl aa g (3) [7-3] T-T 3 bl dpulul) 48l aile
YW ) ganl SNCA,0, <Sall A Snzn 0, <SS all (e 5 SnZn,0, <S Y SnMg,0,

il Je ¢SnCd,0, 5 SnzZn,0, 4 4d 5 3d

54



Electronic Properties 43 9 S al A il HlI Jaadl)

50

SnMg, O,

40 F BV3

30

20

TDOS (States/eV)

PDOS (States/eV)

1.6

0.8F
G.UFAI A Mﬂ

=20 -15 -10 -5 0 5 10 15

Energy (eV)

Figure 4.5: Site and angular momentum decomposed DOS for the cubic spinel SnMg,04.

The Fermi level is set to zero.
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Figure 4.6: Site and angular momentum decomposed DOS for the cubic spinel SnZn,04. The

Fermi level is set to zero.
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Figure 4.7: Site and angular momentum decomposed DOS for the cubic spinel SnCd,0O4. The

Fermi level is set to zero.
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Table 4.2: Calculated effective masses of the electron (m.), the heavy hole (m;, ) and the
light hole (m; ) (in units of free electron massm,) for the SnMg,04, SnZn,04 and SNCd,04

compounds, using the GGA-EV method, compared with previous results.

SnMg204 SnZn,04 SnCd204
Mass effective

Present Present  Others Present Others
(m;/mo)rrx 0.35 0.23 0.188°? 0.20 0.141°2
(m:/m,). 0.37 0.25 - 0.22 -
(m /m).,, 2.62 1487 - 32.44 ]
(my/m,)., 6.83 2.82 - 2.40 -
m,, /m,
( / )”‘ 0.46 1.44 - 1.11 -
(m,/m,),.

0.39 1.24 - 0.68 -

2Ref. [2] (FP-LAPW; LDA).
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& SnCd;204 5 SNZn,04 «<SNMQ20, LS jall Silin g ynell lasiall aa (K- LT) 3l
Lzl & E, daldall Ll s Gl i Aaidle G 2l 30GPa ) 0GPa (e b Jlaa
Gua E (P)=E,(0)+aP+AP? :dS&ll (e Al Al (e 2paa 35S P Soilin g jaedl
34 Jsall s o sseall il vie e giedl Bl E (0) 5P e de siedl B E (P)

3 ¥ ae de giaall Ll a8 3 5104 59.4 ¢ 8.4 JSEY) Gad L B s o oo IS A sesal) Al
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Table 4.3: Calculated first- and second-order pressure derivatives for the SnMg;Oq,
Snzn,0, and SnCd,0, compounds, using the GGA-EV method. E, (P)=E, (0)+aP+ SP?,

EgineV,ain 107%eV (GPa)’l, £in10*eV (GPa)’Zand UVBW is the upper valence band

width in eV
K-T L-T TI-T L-L X-X K-K W-W UVBW
SnMg,0,4 o 542 506 454 4740 5.40 5.08 531 2.30
-5.64 -472 -422 -330 -429 -358 -3.65 -2.96
SnZn,04 o 359 3.17 1900 3.36 3.89 390 392 1.78
-2.86 -247 -1170 -2.78 -3.23 -345 -3.15 -2.10
SnCd,04 o 422 347 297 3.44 3.99 409 3.97 1.54

-332 -213 -182 -183 -227 -294 -156 -2.17

SnMg, O, I

Band gaps (eV)

Pressure(GPa)

Figure 4.8: Pressure dependence of direct (I'-I', L-L, X-X, K-K, W-W) and indirect
(K -T', L -T') energy band gaps for the cubic spinel SnMg,O,. The solid lines represent the
quadratic fit function.
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Figure 4.9: Pressure dependence of direct (I'-I', L-L, X-X, K-K, W-W) and indirect
(K -T', L -T') energy band gaps for the cubic spinel SnZn,0O,4. The solid lines represent the
quadratic fit function.
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Figure 4.10: Pressure dependence of direct (I'-I", L-L, X-X, K-K, W-W) and indirect
(K-I', L -T') energy band gaps for the cubic spinel SnCd,O,. The solid lines represent the
quadratic fit function.
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Figure 5.1:Interactions of electromagnetic radiation with matter-absorption, reflection,

transmission.
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Table 5.1: Calculated static dielectric constant &,(0), static refractive index n(0), first energy
for which dispersion is null {E(n = 1)} and pressure coefficient of refractive index n(0) of

SnMg,04, SnZn,04 and SnCd,04. Energy values are in eV, g (0)and n(0)are dimension

less.

1 dn

Systems £,(0) n(0) E(n=1) ——(10°(GPa)™)
n, dp

SnMg,0,4 2.990 1.720 15.13 -3.889

SnZn,04 4.042 2.020 12.19 -4.170

SnCd,0,4 4.382 2.090 14.77 -4.240

Ll aland) DA g () ALail o ) Cinda () 50 Calisne Liie Jual apas Jal (g
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[N

%
.
E*
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Figure 5.2: Calculated imaginary part of the dielectric function for the cubic spinels:

SnMg,0,, SnZn,04 and SnCd,0, at zero pressure and at 50 GPa.
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Figure 5.3: Calculated real part of the dielectric function for the cubic spinel: SnMg,0O,,

SnzZn,04 and SnCd,0, at zero pressure and at 50 GPa.
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Table 5.2: Peak positions of the ¢,(w) together with the dominant interband transition

contributions to every peak and their location in the Brillouin zone for SnMg, 0O, .

Optical structures Dominant interband transition contributions
Structure Peak position Transition Region Energy (eV)
Eo 2.82 (V1-Cy) r-r 2.82

(V2-Cy) r-r
(V3-Cy) r-T
Ex 4.73 (V1-Cy) L-I'-X 4.69
(V2-Cy) I-X 4.78
(V3-C1) L-I-X 4.66
E> 5.28 (V1-Cy) W-L, I'-X, W-K  5.40
(V1-Cy) W-L, I'-X 5.22
(V2-Cy) I-X, W-K 5.44
(V3-C3) W-L, T-X-W-K  5.32
Es 5.78 (V1-Cy) W-L, I'-X 5.52
(V2-Cy) W, I-X, W 5.43
Eq4 6.35 (Vs-Cy) W-L, I'-X 6.24
(V6-Cy) W-L, I'-X, W-K  6.46
Es 8.47 (V1-Cs) L- I-X 7.94
(V2-Cs) W-L-T'-X 7.86
(V3-C3) W-L-T-X, W-K  7.77
Ee 9.83 (V13-Ca) W-L-I'-X-W-K 951
(V13-Cs) L-I'-X 9.36
(V14-Cy) W-L-T-X-W-K  9.23,9.36, 9.45
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E; 10.12 (Vs-Cy) W-L-T-X 10.44
(Vo-C») W-L-T-X 10.35, 10.51
(V12-Ca) W-L,[-X, W-K  10.94
(V13-Cs) W-L, X-W-K  10.54, 10.63
(V14-Cs) W-L, X-W-K  10.38

Es 11.20 (V10-C3) W-L-T-X-W-K  11.03, 11.22
(V10-C4) W-L-T-X-W-K  11.30, 11.57
(V12-C4) W-L,I-X 11.00
(V1,-Cs) W-L-T, X-W  11.43, 11.55
(V14-Ce) W-L-T, W-K  11.03, 11.08
(V14-C7) W-L-T-X 10.90, 11.36

Eo 12.20 (Vs-Cs) W-L, X-W-K  12.83
(V10-Cs) W-L, T-X 11.88, 12.11
(V12-Cs) W-L, X-W-K ~ 11.90
(V1-Ce) W-L-T-X, W-K  12.12, 12.45

E1o 13.71 (Vs-Ca) W-L- T-X 13.33, 13.48
(Vo-Ca) W-L-T-X-W 13.25
(Vo-Cy) W-L-T-X-W-K  13.27
(V11-Cs) W-LI-X-W-K  13.98
(V11-Co) W-LT-X-W-K  13.89

=M 14.60 (Ve-Cs) L-T-X-W 14.61

Ex 14.90 (Vs-Co) W-L-T-X 14.96, 15, 15.06
(Vo-Co) W-L-T 14.89, 14.94
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Table 5.3: Peak positions of the &,(w) together with the dominant interband transition

contributions to every peak and their location in the Brillouin zone for SnZn;0,.

Optical structures Dominant interband transition contributions
Structure Peak position Transition Region Energy (eV)
Eo 1.20 (V1-Cy) r-r 1.20
(V2-Cy) r-r
(V3-C1) r-r

E1 3.50 (V2-Cy) W-L, I'-X 3.45
(V3-Cy) W-L, I'-X 3.48

E, 4.52 (V1-Cy) W-L, I'-X-W 4.74
(V1-Cy) W-L, I'-X 4.36, 4,29
(V2-Cp) W-L, W-K 4.47
(V3-Cy) W-L, I'-X-W-K  4.34
(Vs-Cy) W-L, I'-X 4.50, 4.59

Es 4.87 (V1-Cy) W-L, X-W 4.74
(V1-Cp) W-L, X-W-K 4.92
(Vs-Cy) W-L, I'-X, W-K  5.00
(Vs-C») W-L, I'-X 4.94,5.03

E4 5.86 (V4-Cy) W-L, I'-X 5.76

Es 6.15 (V1-C3) W-L-T'-X 6.37
(V2-Cs) W-L-T'-X-W 6.50
(V4-Cy) W-L, I'-X-W-K  6.09, 6.15, 6.17

Es 7.17 (V10-Ca) W-L-I'-X-W-K  7.45
(V13-Cs3) W-L-T'-X 7.33
(V13-C4) L-T-X 7.47
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E;

Eo

E1o

Eu

En

E1s

7.33

7.99

8.76

9.06

10.75

11.88

12.95

(V10-Cy)
(V12-C3)
(V13-C3)
(V13-Cy)

(V10-C4)
(V10-Cs)
(V12-C3)
(V12-C4)
(V13-Cy)

(Vs-Cs)
(V10-Cs)
(V10-C7)

(Vs-Ca)
(Vs-Cs)
(Vo-Ca)
(V10-Cv)

(Ve-Ca)
(Vo-Cv)
(Vo-Cs)
(Vo-Co)
(Vu-Cu)
(V11-Cy2)

(Vs-Cy)
(Vo-Co)
(V11-Cis)
(V11-C1a)

(Ve-C7)

W-L-I'-X-W-K
W-L-T'-X, W-K
W-L-T'-X

W-L-T'-X-W-K

W-L-I'

L-I'-X
L-I'-X-W
W-L-I'-X-W-K
W-L-I'-X-W-K

L-I-X
W-L, X-W-K
W-L-T" -X

W-L-T"' =X, W-K
W-L-T' -X-W

W-L-T" =X-W-K
W-L, I' = X-W-K

W-L-T' -X-W-K
W-L-T' =X-W
W-L-T' -X-W
W-L-T' -X
L-I-X

W-L, I'-X-W-K

W-L-T'

W-L, I' =X-W-K
W-L-I'-X-W-K
W-L-T-X

W-L-T' -X-W-K

7.45,7.60

7.58

7.33
7.62,7.74,7.83

8.18
8.18
7.87
8.14, 8.23, 8.34
8.09

8.69
8.93
8.56, 8.60, 8.66

9.37,9.42
9.20, 9.89
8.86, 9.09, 9.12
9.07,9.14

10.24,10.72, 11
10.24, 10.35
10.35, 10.60
10.94

10.46, 10,76
10.90, 11,05

11.05, 11.64
11.26, 11.44
11.45, 12.25
12.00, 12.06

12.36, 12.58
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(V6-Csg) W-L-T' -X-W-K  12.30, 12.41
(V6-Co) W-LT -X-W-K  12.99, 13.07
(Vo-Cio) W-L-T —X-W-K  12.80, 12.93
(V11-C14) W-L-I'-X-W-K  12.37
(V11-C1s) W-L-I'-X, W-K  12.49

Ei4 13.65 (Vs-Co) I -X-W-K 13.22,13.50
(V6-C1o) W-L, I' -X 13.81, 13.99
(Vo-C13) L-T'-X 13.27

Eis 14.58 (Ve-C11) W-L-T -X-W-K  14.27, 14.52

=T 14.80 (V6-C12) W-L-I' -X-W-K  14.66, 14.80
(V6-C13) L-TI 15.23
(V7-C13) W-L, X-W-K 14.60

Ei7 16.00 (V6-C13) W-L-I' -X-W-K  15.70, 16
(V6-C14) W-L-T' -X-W 15.94
(V6-Cs) W-L-T -X-W-K 16,22, 16,44
(V6-Cis) W-L-T—X-W-K  16.43, 16.72
(V6-C17) W-L, X-W 16.60, 16,70
(V7-C14) W-L-T' -X-W 15.26, 15.43
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Table 5.4: Peak positions of the &,(w) together with the dominant interband transition

contributions to every peak and their location in the Brillouin zone for SnCd, 0.

Optical structures Dominant interband transition contributions
Structure Peak position Transition Region Energy (eV)
Eo 0.70 (V1-Cy) r-r 0.70
(V2-Cy) Ir-r
(V3-Cy) r-r

=1 3.04 (V1-Cy) W-L, I'-X 3.44
(V2-Cy) W-L, I'-X 3.004
(V3-Cy) W-L-T'-X 2.97,3.04

E, 4.05 (V1-Cy) W-L, I'-X 4.30
(V1-Cp) W-L, I'-X 3.80
(V2-C») W-L, T'-X, W-K  4.09
(V3-Cy) W-L, I'-X-W-K  3.98

Es 4.45 (V1-Cy) W-L, I'-X 4.30
(V1-Cy) I-X-W-K 4.50
(V2-Cy) W-L, I'-X 411
(V4-Cy) W-L-T'-X 4.54
(Vs-Cy) W-L, I'-X 4.56, 4.70

E4 5.55 (V1-C3) W-L-I'-X, W-K  5.53,5.72

Es 6.30 (Vs-C1) W-L-T'-X 5.99
(Vs-C») W-L-T'-X 6.77,6.81

Es 7.31 (Vs-Cy) W-L, I'-X, W-K  7.40
(Vs-Cy) W-L, I'-X-W-K  7.60
(Vo-C3) W-L, I'-X, W-K  7.28, 7.36
(Vo-Cy) W-L, I'-X-W-K  7.60, 7.78
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E; 8.40 (Vs-Cs) W-L-T-X-W-K 856, 8.71, 8.98
(Vg-Cs) L-T-X 8.13
(Ve-Ca) W-L-T-X, W-K  7.91, 8.30
(Vg-Cs) L-I-X 8.42
(Vg-Cs) L-T 8.55

Es 8.62 (Vs-Ca) W-L-T-X-W-K  9.05, 9.18
(Vg-Cs) L-I-X 8.21
(Vg-Cs) W-L-T-X 8.77,8.94
(Vg-Cs) W-L-T-X 8.65, 8.83

Eo 10.09 (V7-C1) W-L, T-X, W-K  10.66, 10.74
(V7-Ca) W-L, T-X-W-K  10.85, 10.94
(V5-Cs) W-L, T-X 10.05
(Vs-Cs) W-L-T-X 10.06
(Vs-C7) W-L-T-X 10.46, 10.08
(Vs-Co) L-I-X 10.97

Exo 11.22 (Vs-Cs) W-L, X-W 10.95
(Vs-C7) W-L, T-X 11.10
(Vs-Cs) W-L,I-X-W 10.94, 11.08
(Vg-Co) W-L-T-X 10.97, 11.11

Eu 11.67 (Vs-Cs) W-L, X-W 11.35
(Vs-Cs) W-L, T-X 11.34, 11.50

Ex 12.62 (V7-Cs) L-I-X 12.45, 12.52
(V7-Ca) W-L-T-X 12.80, 12.99
(V7-Cs) L-I-X 12.91
(V5-Co) r-X-W 12.30

E1s 13.41 (V7-Cs) W-L-T-X 13.35, 13.57
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(V7-Cs) L-T-X 13.12

Eus 13.94 (V7-Ce) W-L, T-X 13.80
(V7-C7) W-L-T-X 13.86, 13.90

Es 14.76 (V6-Cs) W-L-T, X-W-K  14.71, 14.74
(V6-Co) W-L-T-X-W-K  14.93, 15.18
(V6-C10) W-L-T-X-W-K  15.38, 15.54
(V7-Cs) W-L, X-W 14.25, 14.29
(V7-C7) W-L, X-W-K  14.47, 14.53

E1s 17.34 (V6-C11) W-L-T-X-W 16.61
(V6-C12) W-L-T-X-W 16.62, 16.68
(V6-C13) W-L-T-X 16.80, 16.98
(V6-C14) W-L-T-X-W-K  17.49
(V6-Cis) W-L-T, X-W-K  17.89, 18.09
(V6-C16) W-L-T-X-W-K  17.95, 18.26
(V6-C17) W-L, W-K 18.31
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Photon energy (eV)

Ex(»)

Transition energy (eV)

Figure 5.4: The decomposition of the imaginary part of the dielectric function into band-to-
band contributions (top panel) and the transition energy band structure (down panel) for

SnMg,0, .
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Figure 5.5: The decomposition of the imaginary part of the dielectric function into band-to-
band contributions (top panel) and the transition energy band structure (down panel) for
SnZn,04.
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Photon energy (eV)

Transition energy (eV)

Figure 5.6: The decomposition of the imaginary part of the dielectric function into band-to-
band contributions (top panel) and the transition energy band structure (down panel) for
SnCd,0g.
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Absorption coefficient yalaia¥) Jalra 2,25
vie fan Al pabaia¥) diie 385 du g jaall o gall Galiaial) il 7.5 JSEll Jia
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e bbbl Ay g IV YY) g pabaia¥) dfie T, -7, 38kl Al &) ge Ji&S
Jiul 8 daalue JEY) gn—s e Jlall VAl sas gilSill hay yd el 80— p A srdiadl YA
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Figure 5.7: Absorption spectra of the spinel oxides SnMg,0O,, SnZn,04 and SnCd,0, as

calculated using the EV-GGA functional.
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Refractive index and Extinction coefficient 2seid) Jalaa g JLuSiyl 44 2325

K(0) (lsall HlSaY) Jelas) 2 gedd) dalasa 5 (@) S Jelae Callal 8.5 J<a
5 SnZn,0, SNMQ,0, LSall n(0) Skl HLSYI Jalae af (S5 Ausyaall o gall
die 1,96 dedll alal g6l Aia 3 ae () JWSSY) Jalae 2l 3 15 Jsaall SNCd,0,
e 2,64 5 SnZn,0, <S4l & 2,30V Adlhll die 228 «SnMg,0, S ! 4 9.30eV ALkl

.SnCd,0, «Sall 4 1.53ev 48kl

Energy (eV)

Figure 5.8: Refractive index n(e) and extinction coefficient K (@) spectra for the cubic

spinel SNnMg,04, SnZn,04 and SnCd;,0,.
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Reflectivity and Energy loss function 4w g St 48Ual) g lud dllag (ulsa) Cish 4.2 5
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Figure 5.9: Optical reflectivity R(e) and electron energy-loss function L(w) spectra for the

cubic spinel SnMg,0,.
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Figure 5.10: Optical reflectivity R(w) and electron energy-loss function L(w) spectra for the

cubic spinel SnZn,04.
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Figure 5.11: Optical reflectivity R(e) and electron energy-loss function L(w) spectra for the

cubic spinel SnCd, 0.
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Figure 5.12: Pressure dependence of the static dielectric constants £(0) and static Refractive

index constants n(0) for the cubic spinels SnMg,04, SnZn,04 and SNnCd,04.
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Figure 6.1: Force exerted on the faces of a cube of an unit volume, in a body subject to

homogeneous constraints.
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Figure 6.2: Stress compounds in the plane passing through the middle of the cube and
parallel to the C level (X;-X3).
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Ay Uje can o gl 138 Jin o pil) Ji (Lol Lgaay ) anal) <53 358 i) il
O3S AL 5 anaal) 45 50 2 9an Hglad g | S O sSu o il G810 Al aleaY) ()5S Leie
Jia . oa Al slga) 4l 3) die o gl J8 Llall Ladl go ) anad) 3 0528 Y (o 1 sSe e
1] (S8l G ey o gl s

91



Elastic Properties a5 yall Gal s (ualud) Juasll

5mS e A A o8 il Cnd Jiany G sl ¢ all o gl Adlaldl Al jall gl

) camall o 55 e Leh 55 pde (i Jibe 4 54 IS Cililaa) dae Ty ji aeall 0 585 (il 5 L

A gie ) Al e Aagi pall A 35 S lBlaad Apailly o sl anall Jalis cilaly 33 a8

daie ol die By 4 Qladgall (Dais QU B 5 A anall Bhadi ) gm)y 3.6 JSAI 5 sl
o 5l day AP 4+ AU gy Ar o8l J i) ad all

X1

Figure 6.3: Illustrates tow points of the body A and B, which occupy sites under

deformations.
@) AU#0 o5l Jag i 5 DlEiie awall 5o uany YV anall Ll JS AU20 oS 136 o
omeadl Balas e ddais 4)f 1= U(xl,xz,x3) -abdlaay) Al #4 3Y) o

AL Y U 2L g lad LS e ol Lgd ) o o) Al 4l o o yay alaiiall o gl
s o ol ddadll elli lilaa) ae Llad sl Ll (g

Uy =€, X +€,X; +€,5X;
Uy =€y X +€,X, +6,5%, (6-4)
U = €31 X +€5,X, +E55X%;

3
u; =Y ex (i=12and3) (6.5)
=1

92



Elastic Properties a5 yall Gal s (ualud) Juasll

ies JSAT o8 N (pelad LS ja by i g ol gl 5 ) 1 e

€1 € 6
(eij ) =€y €, €y (6-6)
€1 €p €y

glad GlS o gad i 3 pprall Glaly 1Y) Yiaa jealic 48 el g 5 juall Slaly BY) SYies oo
o i — L5V
o sdiall anall JAla u, 5 U, culala\_;S)d\ sad 33 ‘Us(Xl,Xst) 9 uz(xl,xz,xs)cul(xl,xz,xs)

(5 sby Lalaiie W 55
lim| 2 | = 9% (X oyl e osiii ) (6.7)
% —0 Axl axl
lim | AY% | = M (Xy sl o o5 ) (6.8)
=0 AX, | OX,
lim| &Y% |- M (X3 ss—aall oot (6.9)
x>0 AXy | OX,
Au, :%Ax1 +%Ax2 +%Ax3 (6.10)
0%, oX, OX,
Au, :%Ax1 +%sz +%Ax3 (6.11)
o0, oX, OXq
Au, :%Ax1 +%Ax2 +%Ax3 (6.12)
oX, OX, OX,
(S EVNIP
e, = M (i, j=1,2 and3) (6.13)
oX;
4l g
ell e12 e13
[e] =€ €n €y (6.14)
e31 e32 e33
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1

1 1 1
€ E(elz + e21) E(eﬂ + e31) 0 E(eIZ _e21) 5(913 - e31)
1 1 1 1
[e] = _(ezl + elZ) €5 _(ezs + esz) _(ezl _elz) 0 —(623 - esz) (6-15)
2 2 2 2
1 1 1 1
E(e31 + e13) E(esz + e23) €1 E(e31 - e13) E (e32 - e23) 0
(eij): (eij+ eji)+(eij _eji) (6.16)
N
(‘c"ij) = (eij +eji) (6.17)
(a’ij) = (eij_eji) (6.18)
(gij) s laliiad) yiedll
(i;t J) dua (a)ij) oa Hlaliial) aia aial)
& b &3 &y & &3
‘gij‘ =|fa &n Ex|T|én &n fx (6.19)
€1 & &y €13 & 33

aladl dg—a il_80 6

ey g pall dn sy Line Jas Jalisall Slga ) ady ol 13) L sSe )5Sy amaall o 5 o U S0
Ll Gy s3alall g o8 e adiey aall 1 5 o sSe e o sdill (S A pall 2a

Ay ae caalite o pill b Llae Jas ol (A g yall 2 g3n Gaia ) 3l Cila plal) e
ol e Com sl anmall Slga il Janing Lbiall ol sall QleY 5 ddad A8y 4l (ol
e dian S ja ga ek dpaliia (5 5S5 pmanll Jalis (g Al 8 5 0 sl Sian LS e talea YU
Lﬁ‘ c(@uu.u&d\j)
& =§Sijklffkl (L sSaall s () 5ilE) (6.20)
M}Sl Lﬁ}L"“:’ Sijkl O lalaal) dae 63‘9&;2\.2..\»3‘;9 @}Lﬁbh\}ds GLL\\}[JLM:\Mﬂdwa:JA E)
5) Ao gaall A3y yall @ elas ansi (i, j,k and | variable 1, 2 and 3) S, < elaall 5 48 sicas
raad G sSaall g (58 (e 5 (A3 s pall il 58
Ojj :kZI:Cijklgkl (Doa o 58) (6.21)
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:JGal) Jas e
017= Ci111611 +Cii1p€1p +Ciins iz + Crint €13 T Cring Epp +Ciing €0z + Crizi€ar (6.22)
G AOlall Dy je iSlalas 48 shan oanii (i, j,k and | variable 1, 2 and 3) C,, 4 siadll
.81 Waae

dea¥) 5o piill Siae LBLEH icall e GRS 5 Alkie &5l COlelae JS Caad oK1
Ll (ke C 5 As all Elalas Ui shian Jra

Sijkl = Silkj’ Cijkl = anp (J = k)

_ (6.23)
Sijkl = Skjil' Cijkl = ijil' (' = I)

(6><6) 36 (gxg) 81 (3 435 yall W lalaa 48 giinal Aldiial) jialiall 2ae JI85 ClED]) oda
ot Tk Jaddin geani s, af IS Ol gl s paie
(LL=XX, 22 = X,X,, 33=X;X5, 23 =X, X;, 31= X%, 12 =X, X,)
Jlatial i 5 Y &g yall Clalaa O 5yt 5 0dlel 5 ) gaall ity I A pe
(e Jalae 21 () 36 (10 220 Jasgy Sy 5 (i S KI)
Godn C 5 S mabail) A dageall aiied 4y yal) O lalae b shiae AL Cas
(ki) s (i) Cmdy IS peaing U el lu da 5 €y 5 S el Al Aaall

n jim h\}eﬁ.}

Tensor (ij,KI) |11 |22 |33 |23 [32 |13 |31 |12 |21
Matrix (1,LJ) |1 |2 |3 |4 |4 |5 |5 |6 |6

ém\d&d\‘ﬁ_\c g:[g] jGZ[O‘] °}~“—‘S\jﬁl-@A\}”<ﬁ_"\5 . um)ﬁg_u;_a

O
o,
O Op  Op3 0, Og Oj o
3
[o]=|0n 0, o0y |=(0)=|0s o0, 0,|= . (6.24)
4
O3 Oy Oz 05 O, O3 o
5
o
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11 &

& ESG 585 &,

&y & &y 1 1 c
[e]=]| € €n &5 |=()= P b ; (6.25)

€13 & 33 1 1 ‘

56 o6 & &

1 b LS (gtiaall adetlly ansall ) apanll S adetlly 5 Bbaal) e

Sijg =Smy Simandn=1,2or 3 (6.26)
1 . _

Sii :ES”‘” Simorn=1,2o0r3 (6.27)

Siiu :13mn Simandn=4,50r6 (6.28)
4

- Al el ((saieal) audailly comsall ) sl AU aidaills (21.6) 5 (20.6) <Y alel) Al e

e=S.o. (i,j=1,2, ..., 6) (6.29)

/I

o=Cie, (,j=1,2, ..., 6) (6.30)
LSy A8 Lisdaas Y alaall o34

(511"922'533 "923"931'512) = (0-11’0'22!0'33 ’0'23!0'31!0-12) (6.31)

o, Chu Cp, Cy Cy Cy Cyfs
0, Co Cp Cp Cu Cp Cy|l &
o5 | _ Ca Cpu Cyu Gy Ci Cyu|l & (6.32)
O, Cl 4 C24 C34 C44 C45 C46 &4
oA Cs Cpx Cy Cp G Cy |l &
(o ClG Cze Cge C4e C56 C66 &6
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0§, daloe
& Su Su S Sy S Sifow
&, S, Sp Su Sy Si Sy |0
& |_| S Su Sy Su Si Sy || o (6.33)
&y 514 824 534 S44 S45 S46 0,
& Sis Sy S Si Sy S || o
&g Si6 S Sw Su Ss Se )\ 0%

dasall 3 lal) A g g cMlalaa 3.6
Shli de alade) 21 o J8 06 o oS Asiad) 25 el O laa ) Cul 6 2ae )
Cagt CipeCpqy danSall 258l ld il sll) &g pe ol adh Alilse S lalae 433 2a 58 5 550l

Saat 512‘511J‘

n S, S, 00 0
S, S, S, 0 0 O
5|8 S2 S 0 0 0 6.3
! o o §, 0 O .
o o o0 s, O
0 0 0 0 S,
¢, ¢, C, 0 0 O
c, C, C, O 0 0
c, C, C 0 0 0
(Ci' ) — 12 12 11 (635)
! 0 0 o C, O 0
0 0 0 o ¢, O
0 0 0 0 C..
LAl o < (@Lml\ Jilaiall Jass 5l )bl dlilaiall 3 ) gLi) da 2
1
Cag = E(Cll - C12) (6.36)
Spq = 2(511 - S12) (6.37)

97



Elastic Properties

C11 — S11 + S12
(811 - S12)(811 + 2812)
C.= _812
12
(811 - S12)(811 + 2812)
1
C 44 = S_
44
811 _ C11 + C12
(C11 - ClZ )(Cll + 2C12 )
S = met
(Cn - ClZ )(Cll + 2C12 )
1
Su= C
44

2] 2 el alkaill Jal e

C; A el s lual Jale Cisla (go A jal) Ay sl 038 Uil 5 8 Lilexiud 23

idlall g ds gUaall 45 g pall CDalaa oy 48Nl 4.6

(6.38)

(6.39)

(6.40)

(6.41)

(6.42)

(6.43)

45 g yall Cul g bt Alantial) 48y 3l 5.6

SO AaaSal) 3 cla gl AV AKH A8ULY <)yt e C; Ay yall DOl ald [3]

O Gy zliag ol dgipat] Ci¥alee SO zlisg 13¢] «Cpy, Cop, Cug A5 A5 30 S lalas

Al Adal) b dalin cilgy o

(S (e Niaay e e o sl Eian € —C,, Galelaall G A Gl dal e 1

5 0 0
e=|0 -5 0
52

0 0 (1_52)

E(6)=E(-6)=E(0)+ (C11 - C12)V52 +0 [54]

(6.44)

bl o gl -5

) AEll (38 5 ALK A8 e o sl 138 sl

(6.45)
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An gfia el ALY Al 3K AsU)) :E(0)

4] Tlally Ayl e (g TpnSall 5 il 2
B =%(C11+2C12) (6.46)
A ol Al Jebes s RS 8 2

(el galal alea) Gubas €, Jalaall Cny 3

0 2 o
2
— s
£=153 0 0 (6.47)
2
0 5_2
(4-07)
) JSAIL AL sale ] ey (531
S o o
2
- 5
e=10 5 0 (6.48)
52
(4-5%)
(I AEMa) (38 5 A B 5 caleaY) 138 ey
E(5) =E(~5) = E(0) +%c44v 5% +0[5'] (6.49)

49.6 546.6 ¢45.6 DYl (1o 43 5 pall D lalaa ad &) HAdul (Sa

il 428U 6.6
daall galal) 5 umall alga¥) Ol i ae 408N A8 O 123 6.6 5 5.6 4.6 JSIY) (i
i il Je ¢ SnCd,0, 5 SnZn,0, «SNMQ,0, Adlinudl 3l gall e (Guladll
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Figure 6.4: The variation of total energy as a function of orthorhombic and monoclinic stress,
applied for SnMg,04 using the LDA (a) and the GGA (b).

—— Stress orthorhombic -1.036 - —— Stress orthorhombic
1916 | Stress monoclinic —— Stress monoclinic
(@ I (b)
-1.038 |-
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Figure 6.5: The variation of total energy as a function of orthorhombic and monoclinic stress,
applied for SnZn,0,4 using the LDA (a) and the GGA (b).
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—— Stress orthorhombic - — Stress orthorhombic
-1.194 | ; - i .
—— Stress monoclinic Stress monoclinic
-1.160 |-
€) (b)
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€ 1200 & -1.164 |
s 5
e @
= =
@ 1202 - & 1166 |-
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i -1.170 |-
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Figure 6.6: The variation of total energy as a function of orthorhombic and monoclinic stress,
applied for SnCd, 04 using the LDA (a) and the GGA (b).

Lg2 ABlatial) ol g1 g Adg yal) il 651,66

5 SnZn,0, «SnMg,0, <l sl C,, 5 C, ¢Cy, A pall COlas ad 1.6 Jsaall oy
GAluld 328 Y LDAJN 5 GGAJ) )8 5 dale 44 Hha Jleaaiuly lglea @ ) SNCAL0,
A5 all S abaal Al il 358 Ladlily Wi lial €,y 5 Cpp¢Cyy A gall S alaal Ay jai
4k Juerinly Akl Cliluall =5 ae Y s 1) 5 Lolblua (381 55, [5] ié SpMg,0,, S sl
<l 3aas . [5] (pseudo - potential plane - wave (PP — PW)) 4 sissall z) 5a¥) aa a3lSH) () s
Cpy 25 al) Jaloa Lal Al 4 ) gLl lalai¥) (38 5 ola¥) galal Jara (K15 ) 51 daslia C
3 gall 4y 55 A sgn iy Laa C Aad (o 0 (ddl €, A o LaaDl | adl) o ] da glia) pah
oLtV salal Jadiay Lags oy A5 lia Lailly A 5l

s Ay ([6] 0 pall B g S5 Sm S g2 Fllaialy iyl (i Jalaa Jai
7] A AERL iyl Jebacal) 138 a4 e 22l (g

2C44
C11 - C12

2 5l dpalal daily aliall ABLQ ) s sl i sl e &yl ol Jalae 330

4 gunall ) (i | S pal) Jilaill pae da o Gy 3aa gl e A g el bl Jalaa Cal jadl laia g

A=( ) (6.50)
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Jsalb dag yeall 5 SNCA,0, 5 SNZn,0, «SNMg,0, Adlinwll 3 gall A 45 pall b Jalaal
a8 (g ge (it 3l sal) 03] () cBas) ) (e A ) €16
Table 6.1: Elastic constants Cj; (in GPa), shear modulus G (in GPa), Young’s modulus E (in

GPa), Poisson’s ratio77, Lame’s coefficients A and x (=G) (in GPa) and B/G ratio for the

SnMg,04, SnZn,04 and SnCd, O, materials at the equilibrium volume.

SyStem Cu Cuw Cu G= u E 77 A A B/G

SnMg,04
LDA 289.04 13524 7540 75.99 200.72 0320 135.84 0.98 2.45
GGA 238.71 10745 7191 69.32 18041 0300 10498 1.09 2.18
LDA [5] 228.00 132.00 102.0 75.40 196.10 0.301 113.70 2.13 2.17
GGA[5] 180.00 107.00 90.00 62.70 162.20 0.294 89.800 2.46 2.10

SnZn,04
LDA 250.75 161.36 42.74 4351 12133 0.39 162.15 095 4.39
GGA 186.66 13359 5752 4216 11574 037 12316 216  3.58
SnCd,04

LDA 227.10 128.69 4855 48.81 133.03 0.36 128.95 098 3.31
GGA 168.32 100.74 53.14 4431 118.72 0.34  93.72 1.57  2.78

5 O RSl sl 8 SalSaal) SN las 58 C,y 5 Gy eCy As pall iyl 8 (3
:[9 <8] (Born and Huang) & s
C,-C,>0;C,>0;C,>0;(C,+2C,)>0 (6.51)
Ayl 3 pall LSSl )Y e Jy 13
dlall salal) da glae Lty A (B) abcai¥) Jalas b (S «C, 45 yall Cul ¢ (e B
5l aa sl e Al A8 jall Adiall saldl daslie ity 531 (G) Ul Jalae 5 anall sl
Ja-us - Gly i Jleaiuly aaall (G d g0 A G o0l anlay (62
AUl SlEMal) Jleaioly daaSall 3 oLl adll Julae Gl (84 [12-10] (Voigt — Re uss — Hill)

1 . .
G, = g (C,-C,+3C,) (Csd u ) (6.52)
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5 4 3 .
G, (C,-C,) i Cu. (00 cuo—30 ) (6.53)
Gy =5 (G, +G,) (U 5 (6.54)

o=l A Caay A (E) @ dalas s (8 «G gl alas 5 B Blaail) Jalas (e WU
oAV i 8 o sl R e slad¥) Gl SleaY) s e oladl o sl Ay ye
ea) o atlll gkl o gl o oaa ) SLaSEY 0 sl At damy 3 (1) sl 53 Jelna

- ) Y Jlasinly s

g__9CB (6.55)
G+3B

77:1 (3B-2G) (6.56)
2| (3B+G) '

B}L&SJM&M}\,J# LsAYQE\A\&Ak_}LAuSA.\“cn u}u\}d&\&a} E @ﬁ&hw\é%ﬂj

salll
E
_ 6.57
Hoen) (6.57)
he—ME (6.58)

(1+n)(1-27)

S yall 38 giall 4, plal) pelil) Adb ; SAN Adllal) A5 5 pall gl 53 A gsnall 2l 1.6 J sl (a smy
58 slall Ag L) 4y pdaall el 5 Uil G (380 53 @llia ()] JaaS [5] SnMg,0,

5 () LSV day yus A sall G Sasaills ey (oS 7353 [13] (Pugh) ¢ 52 8
1) B/G el Jalee Ao Jabaacai¥l Jalra (g Gopnsil 48 yoay @lld 5 (Al Ganoall ALIEN ) gl
1.75 s 8 <l 13 Wl dcall) o) gall pacm salal) Casiiat (Sa 1,75 4l (e Jdef danall ¢l
3 sall Gyl Sy 4l (1.6 Jsandl) cliboall =05 Gan | LS dag a3 sall (e Caials
ALl Garall o) G 3ol jad) Cileaall doaloa J81 20all) o) gall o oK3 20al1 3 gl Cpaa A g jaall
Jaai () oSy daalll Aball salall 13 [6] (s e o5 JMA (e delay gl all Laruzall &y
Adlle 4 ) s Clera
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Ala b Ll Gpeals <0 o sl (55 [14] 7= 0.10 0wl 39 Jalaa o lS 13
ol A S yall Wliln 75 5 ([15] 7= 0.25 (smlsr debae Fad (3585 A 51 Ll 55

Al QA G Ak e g o Gle AVa =03 14 i

Debye temperature 6, ¢k 3,0 s 43 ,32.6.6
o Bl SnCd,0, 5 SnZn,0, ¢SNMQ,0, sall O slus 3l Aa ) Cluay Lidd
[16] Aall Jlarinly V4 seall 21 5030 ddass giall eyl

1/3
g, =30 |y (6.59)
Kg | 47V,

Vm K e;;j\ 3da g ‘; LL\‘J..JJ\ Ae n ‘Lﬁ)ﬂ‘ e;;j\ Va cu\.q‘)ﬂ).a Culd kB S i p JUATEN

[L7] Al (e a5 43 gaaall ) 503 ddass giall Aoyl
7
1( 2 1
t |

[4] A shall A sall A pu VA ) da sall Aoy V,

%
V|:(38+4Gj (6.:61)
3p
%
v, :[EJ (6.62)
o,

REVEEN| LN PN, TGN

Akl Ao jully dpmjell de yudly daugidl Aoyl pady led Lgle Juasial) ol Jass
S e (a Op ki 31 s Ao Galini 2.6 Jsandl (8 lus 3 e da )a SIS 5 A suall 7] 5
dsm 3 5 0,(SnMg,0,)> 6, (SnZn,0,)> 6, (SnCd,0, ) :AJull 28Ul a5 A1 N

Ao g Haall AL ) 3ada ¢l iz
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Table 6.2: Calculated mass density p (in g/cm®), longitudinal, transversal and average sound

velocity (V,,V,,V,,, respectively, in m/s) and Debye temperatures (6p, in K) for SnMg,04,

SnZn,04 and SnCd, 0.
System p (@lecm®)  V (mis) V, (m/s) V., (m/s) 0, (K)
SnMg,04
LDA 4.958 7619 3915 4384 586
GGA 4.542 7323 3906 4364 566
LDA [5] 4.960 7303 3897 4355 582
GGA [5] 4.540 6881 3714 4145 538
SnZn; 04
LDA 6.731 6084 2542 2875 384
GGA 6.090 5836 2631 2967 383
SnCd,04
LDA 7.192 5612 2604 2933 367
GGA 6.520 5288 2607 2927 355

& all 71 5aY) 4o 36,6

5l galal ddliaa) 4 ) o) clalai¥) 3 A8 sall 25 Cle s o Jsand) (Say
:[18] (Christoffel) JU sius S Alales da JBA (e
(Cyja-n;-N —pV 25, )u, =0 (6.63)
5 shll gAY &g yall i Niaw S je 1 C,
A sall LTI ol 2
Aa sal) Aadin o)
A geall A sall Ao ju Y
(V) dsase 5 Lol olasV L)) e Laladind oladl (IS 13) (V) 4 sk 45 uall A gall ()5S0
G385 A ghall g e yal) A peall il gl and | La Lasl sladl e Lo gae LaUatind olail oS
AUl 8Bl Al 5 5Ll1 (8 [111] 5 [110] 5 [100] lalady]

(i)  [100]: V' = \/Cn/p and V' = \/C44/p -
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(i) [110]: V** = /(C, +C,, +2C,,)/(2p) , V' =/C,/p and V™ = [(C,,—C},)/(2p) .

(iii) [111]: v\ =/(C, +2C,, +4C,,)/(3p) and V"' =/(C,,-C,, +C,,)/(3p)

5 SNZn,04 ¢SNMQ,0, LS jall 4 jall #15a¥l de jud Lillis =5 3.6 Jsaall adly
¥ LDAJ 5 GGA J (ou 8 Jleainli [111] 5[110] 5 [100] da skl cilalss¥) 885 SnCd,0,
Ao s 85 Ll L il Agum jall 5 Al gl ) 581 e sud A5 il 235
o Y s ) 5 Willas (38155 [5] Lais SnMQ,0, S all Jal (e 45 geall 71 5aY) e yud
& ol 05S5 A skl 21 saY) o JaadU [5] PP—PWJ) 4y sk Jlesindy Al cililal) il
¢SNMQ,0, Aallinnd o) 5all [110] olai¥) (38 5 (il () 55 daa jall &) Y1 5 [100] olas¥I (3

.SnCd,0, s SnZn,0O,
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Table 6.3: Calculated sound velocities (in ms™) at zero pressure along the [100], [110] and

[111] directions, calculated from the elastic constants, for SnMg,04, SnZn,04 and SnCd, 0.

Ssem e ve Ve Ve Ve Ve vy

SnMg,0,4

LDA 7635 3899 7615 3899 3938 7608 3925
GGA 7248 3978 7343 3978 3800 7374 3861
LDA[5] 6781 4536 7541 3111 4536 7778 3648
GGA[5] 6294 4457 7176 2828 4457 7446 3457
SnZn,04

LDA 6103 2519 6079 2519 2576 6071 2558
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Table 6.4: Calculated linear pressure coefficients of the pressure derivatives of the elastic

constants for SnMg,04, SnZn,04 and SnCd;,0y.

SnMggo4 SnZn,04 SnCd204

0B, 5.4910 4.8456 4.9428
oP

oc, 7.5459 6.8886 7.2600
opP

oC,, 4.4635 3.8240 3.7842
oP

oC,, 1.5744 1.5424 1.7261
oP
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Figure 6.7: Single-crystal elastic constants and the bulk modulus (in GPa) as functions of
pressure for the SnMg,04, SnZn,0,4 and SnCd,0,4 compounds.
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Figure 7.1: Lattice constant versus temperature at different pressures (a). Lattice constant

versus pressure at different temperatures (b) for SnMg,04.
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Figure 7.2: Lattice constant versus temperature at different pressures (a). Lattice constant
versus pressure at different temperatures (b) for SnZn,0,.
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Figure 7.3: Lattice constant versus temperature at different pressures (a). Lattice constant

versus pressure at different temperatures (b) for SnCd,O,.
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Figure 7.4: The bulk modulus as function of temperature at different pressures (a). The bulk
modulus as function of pressure at T = 300 K (b) for SnMg,0,.
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Figure 7.5: The bulk modulus as function of temperature at different pressures (a). The bulk

modulus as function of pressure at T = 300 K (b) for SnZn,0,.
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Figure 7.6: The bulk modulus as function of temperature at different pressures (a). The bulk

modulus as function of pressure at T = 300 K (b) for SnCd,04.
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Figure 7.7: Variation of the volume expansion coefficient with temperature (a) and with

pressure (b) for SnMg,04.
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Figure 7.8: Variation of the volume expansion coefficient with temperature (a) and with

pressure (b) for SnZn,04.
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Figure 7.10: Heat capacity Cy as function of temperature at pressure of 0,10, 20 and 30 GPa
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Figure 7.11: Heat capacity Cy as function of temperature at pressure of 0,10, 20 and 30 GPa

for SnZn,04.
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Figure 7.12: Heat capacity Cy as function of temperature at pressure of 0,10, 20 and 30 GPa

for SnCd,0y4.
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Figure 7.13: Variation of the specific heat capacity Cp with temperature at different pressure
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Figure 7.14: Variation of the specific heat capacity Cp with temperature at different pressure
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Figure 7.16: Variation of the Debye temperature with temperature (a) and with pressure (b)
for SnMg,0,.
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Abstract

The structural, electronic, optical, elastic and thermodynamic properties of three principal representatives
of spinel oxides SnMg,04, SnZn,0, and SnCd,0O,4 have been investigated using the Full Potential Linearized
Augmented Plane Wave method (FP-LAPW) within density functional theory. The structural parameters,
including the lattice constant (a), the free internal parameter (u) of the oxygen atom, the bulk modulus (B) and its
pressure derivative (B") of the considered compounds, calculated using both the local density (LDA) and
generalized gradient approximations (GGA) to the exchange-correlation potential, are consistent with the
available literature data. The electronic properties, including the band structure, density of states and charge-
carrier effective masses, of the studied materials are explored in detail using, in addition to the LDA and GGA-
PBE, a new form of the GGA proposed by Engel-Vosko; named the GGA-EV, which is known by its
improvement of the bands gaps. The results obtained for the band structure using GGA-EV show a significant
improvement over other theoretical works and are closer to the experimental data. Optical functions, including the
dielectric function (g), the refractive index (n), the extinction coefficient (k), the reflectivity (R), the linear

absorption spectrum («) and the electron energy-loss (L) are calculated for the energy range 0-30 eV. The

origins of the peaks and structures in the optical spectra are determined in terms of the calculated energy band
structures. For a good description of the mechanical behavior of the studied compounds, we have first calculated
theirs single-elastic constants (C;) . The obtained numerical values of C; have been then used to estimate the

elastic anisotropy, verify the mechanical stability of the spinel structure, and also to calculate the sound waves
velocities along the principles crystallographic directions. Based on the Voigt-Reuss-Hill method values, we have
investigated the elastic properties of the polycrystalline phase of the considered compounds, including the bulk
modulus B, shear modulus G, Young modulus E and Poisson’s ratio 7. The elastic properties have been

completed by calculating the isotropic acoustic wave velocities and Debye temperature. Thermal and pressure
effects on some macroscopic properties of SnMg,0,4, SnZn,04 and SnCd,0, are predicted using the quasi-
harmonic Debye model in which the lattice vibrations are taken into account. We have computed the variations of
the lattice constant (a), bulk modulus (B), volume expansion coefficient (o), heat capacities (Cy and Cp) and
Debye temperature (&, ) versus pressure and temperature in the ranges of 0 —30 GPa and 0 -1600 K. The results of

the present study are compared with the available experimental and theoretical data in the scientific literature to
test the reliability of our results.
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ABSTRACT

The structural, electronic and optical properties of the cubic spinels SnB,04, with B = Mg, Zn and Cd, were
studied by means of the full-potential (linear) augmented plane wave plus local orbitals method within
the local density and generalized gradient approximations for the exchange-correlation potential. The
Engel-Vosko form of the generalized gradient approximation (EV-GGA), which better optimizes the
potential for the band structures, was also used. The results of bulk properties, including lattice constants,
internal parameters, bulk moduli and their pressure derivatives are in good agreement with the literature
data. The band structures show a direct band gap (I'-I") for the three compounds. The computed band
gaps using the EV-GGA show a significant improvement over the more common GGA. All the calculated
band gaps increase with increasing pressure and fit well to a quadratic function. Analysis of the density of
states revealed that the lowering of the direct gap (I'-I") from SnMg,04 to SnZn,04 to SnCd,0,4 can be
attributed to the p—d mixing in the upper valence band of SnZn,0,4 and SnCd,0,4. We present calculations
of the frequency-dependent complex dielectric function (). We find that the values of zero-frequency
limit &;(0) increase with decreasing the energy band gap. The origin of the peaks and structures in the

optical spectra is determined in terms of the calculated energy band structures.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The spinels are crystalline solids well known to mineralogists,
chemists and solid-state physicists. The most abundant spinel
groups, of stoichiometry AB,X,, are those formed by some metals
in oxidation states II-III (Il = Cd, Mg, Mn, Zn; IIl = Al, Ga, In) and
[I-IV (IV = Si, Ge, Sn). X usually stands for oxygen or one chalcogen
[1]. Many of these compounds are semiconductors. In the last few
decades, there has been an increasing interest in understanding of
the physical and chemical properties of the cubic-spinel family, in
particular, since MgAl,0, became a technologically important
compound [2,3]. Spinel compounds have been subject of many
experimental and theoretical works, focusing on the structural
[4-6], electronic [7-9], mechanical [5,6,10-13] and optical proper-
ties [14-17]. They are characterized by a several desirable proper-
ties, e.g. a high melting point, high reflectivity, high strength,
chemical resistively at elevated temperatures and low electrical
loss [17,18] which make them candidate materials for numerous

* Corresponding author at: Laboratory for Developing New Materials and their
Characterization, Department of Physics, Faculty of Science, University of Setif,
19000 Setif, Algeria. Tel.: +21 336925128; fax: +21 336925101.

E-mail addresses: a_bouhemadou@yahoo.fr, abouhemadou.v@ksu.edu.sa (A. Bou
hemadou).

0927-0256/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.commatsci.2011.07.046

applications in geophysics, magnetism, catalysis and environment
[19-23].

The recent growing demand for high-performance and low-cost
transparent conducting oxides (TCO) in optoelectronic devices
such as flat-panel displays, windshield defrosters and solar cells
[24,25] has led to an extensive search for new TCO materials with
higher transparency and conductivity [26]. Among many binary
and ternary oxides, the oxide spinels: SnMg,04, SnZn,0, and
SnCd,0,4 have emerged as promising TCO’s. These materials have
been the subject of numerous experimental and theoretical inves-
tigations [4,26-33]. Experimentally, these three compounds have
been synthesized using many elaboration methods, such as ther-
mal evaporation, high temperature calcinations, sol-gel synthesis,
ball-milling and rf magnetron sputtering [34,31]. These materials
usually exist in either cubic spinel structure or and orthorhombic
structure, according to the growth conditions [31,32,26]. Theoret-
ically, Segev and Wei [26], studying the cation distribution in spi-
nel oxides including SnZn,0,4 and SnCd,0,4, proved that SnZn,0, is
stable in the cubic inverse spinel structure and SnCd,04 is stable in
the orthorhombic structure. More recently, Garcia and co-workers
[33], performed a theoretical study on the pressure-induced phase
transitions in SnZn,04. They proved that this compound is stable in
the cubic inverse spinel structure.

First-principles calculations offer one of the most powerful tools
for carrying out theoretical studies of an important number of
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physical and chemical properties of the condensed matter. It is
now possible to explain and predict properties of solids which
were previously inaccessible to experiments. We therefore think
that it is worthwhile to perform a systematic first-principles study
on the trends of the structural, band structure, total density of
states, charge carrier effective mass, dielectric function, reflectivity,
refractive index and loss function for the family of the cubic normal
spinel oxides SnB,0,4 depending on the type of B element (B are
Mg, Zn and Cd) using the full-potential (linear) augmented plane
wave plus local orbitals (FP-APW + lo) method in order to provide
reference data for the experimentalists and to complete existing
theoretical work on this fascinating class of materials.

The paper is divided in three parts. In Section 2, we briefly
describe the computational techniques used in this study. The
most relevant results obtained for the structural, electronic and
optical properties for the SnMg,0,4, SnZn,04 and SnCd,04 com-
pounds are presented and discussed in Section 3. Finally, in Section
4 we summarize the main conclusions of our work.

2. Computational method

The first-principles calculations are performed by employing
full-potential (linear) augmented plane wave plus local orbitals
(FP-(L)APW + lo) approach [34-36] based on the density functional
theory (DFT) [37,38] and implemented in the Wien2k package [39].
The exchange-correlation potential for structural properties was
calculated using the generalized gradient approximation based
on Perdew et al. (PBE-GGA) [40], while for electronic properties
in addition to that, the Engel-Vosko scheme (EV-GGA) [41] was
applied. In the FP-(L)APW + lo method, the unit cell is divided into
non-overlapping spheres centered at atomic sites (muffin-tin
spheres) of radius Ry and an interstitial region. In the muffin-tin
spheres, the Kohn-Sham wave functions are expanded in a linear
combination of radial functions time spherical harmonics, and in
the remaining space of the unit cell a plane wave basis set is cho-
sen. The basis set inside each muffin-tin sphere is split into core
and valence subsets. The core states are treated within the spher-
ical part of the potential only and are assumed to have a spherically
symmetric charge density totally confined inside the muffin-tin
spheres. The valence part is treated within a potential expanded
into spherical harmonics. The valence wave functions inside the
spheres are expanded up to . = 10. The Sn (4p®4d1°5s525p?), Mg
(2p®3s?), Zn (3p®3d'%4s2), Cd (4p®4d'°5s?) and O (2s%2p°) states
are treated as valence electrons. The Ry values are taken to be
2.2, 1.6, 1.9, 2.2 and 1.2 atomic units (a.u.) for Sn, Mg, Zn, Cd and
0, respectively. A plane wave cut-off Kp.x = 4(a.u.)"! is chosen for
the expansion of the wave functions in the interstitial region. The
k integrations over the Brillouin zone (BZ) are performed up to
6 x 6 x 6 Monkorst-Pack (16 k-points in the irreducible Brillouin
zone (IBZ)) [42]. The self-consistent calculations are considered
to be converged when the total energy of the system is stable with-
in 107> Ry.

3. Results and discussion
3.1. Structural properties

Cubic normal spinels with chemical formula AB,X, have a
closed-packed face-centred-cubic structure, with space group Fd-
3m (#227), and its unit cell contains eight AB,X; unit formulas
(AsB16X32). The 32 anions (X2 anions) occupy the 32e site. The cat-
ions occupy either the tetrahedral 8a site (A™ cations) or the octa-
hedral 16d (B*? cations). There is only one internal parameter u,
which specifies the deviation of the anions in the (1 1 1) direction.
The description of the atomic positions in spinels dependent on

the choice of setting for the origin in the Fd-3m space group. Two
different equipoints with point symmetries —43m and —3m are pos-
sible choices for the unit cell origin. In the ideal spinel with no anion
deviation, ujgea = 0.25 or 0.375 for origins at —3m or —43m symme-
try, respectively [43]. The thirty two X atoms are positioned at the
(u, u, u) positions, the eight A atoms at (0.125,0.125,0.125) and
the sixteen B atoms at (0.5, 0.5, 0.5). Then its crystal structure is
characterized by two free parameters: the lattice constant a and
the internal anion parameter u. In most spinels, u lies between
0.24 and 0.275, if the origin of the unit cell is taken at —3m point
symmetry. The unit cell of the cubic spinel SnZn,0, is depicted in
Fig. 1 as a prototype for the cubic normal spinel family.

We have performed a full optimization of all the free parame-
ters of the space group, the unit cell volume and the coordinate
of the oxygen atom (u). More specifically, we first searched for a
minimum of the total energy with respect to the volume. Keeping
the latter constant, we then searched for a minimum of the total
energy by varying u. The whole process was then iterated until
the total energy was minimized with respect to the two parame-
ters simultaneously. The total energies versus lattice parameters
are fitted to the Murnaghan’s equation of state (EOS) [44] to deter-
mine the ground state properties such as the equilibrium lattice
constant ag, the bulk modulus By and the bulk modulus pressure
derivative B. The calculated structural parameters (ao, By and B’)
of SnMg,04, SnZn,0,4 and SnCd,04 at zero pressure are summa-
rized in Table 1. A detailed comparison is made with the available
experimental data and the previous calculations. There is good
agreement between our results and the available theoretical and
experimental data; the predicted values of a, differ from the exper-
imental ones by not more than 1.7%. As it can be seen from the
data, the aq values of the series SnB,04 phases increase in the fol-
lowing sequence: aop (SnMg,04)<ap (SnZny04)<ag (SnCd,04),
meanwhile the B, values decreases in the following sequence: By
(SnMg,04) > B (SnZn,04) > By (SnCd;,04), i.e. in inverse sequence
to ap - in agreement with the well-known relationship between
By and the lattice constants: By o Vgl, where Vj is the unit cell vol-
ume. The internal parameter u decreases in going from SnMg,04 to
SnZn204 to SnCd204.

Fig. 1. A schematic representation of the cubic spinel structure of SnZn,0,4. Oxygen
atoms (red spheres) occupy the corners of the octahedral and tetrahedral; Sn and Zn
are at the centres of the tetrahedral and octahedral, respectively. (For color
interpretation mentioned in this figure legend the reader is referred to see the web
version of this article.)
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Table 1

Calculated lattice constant ay, internal structure parameters u, bulk modulus B, and its pressure derivative B for the SnMg,0,, SnZn,0, and SnCd,04 compounds, compared with

experimental data and previous theoretical calculations.

SnMg,04 SnZn,04 SnCd,04
Present Exp Others Present Exp Others Present Exp Others
ao 8709” 8.600° 8.566° 8.785% 8.6574° 8.6310° 9.335% 9.143°
8.557° 8.639° 8.777¢ 8.569° 8.650¢ 8.5500¢ 9.1128 9.151f 9.120¢
8.6358 8.525¢ 8.610" 8.688! 9.177%
9.174%
u 0.25574 0.2500? 0.2583? 0.2555" 0.2650? 0.2580° 0.2502* 0.2670° 0.2510°
0.2569° 0.2600° 0.2582¢ 0.2574" 0.2650¢ 0.2580°¢ 0.2491° 0.2580° 0.2500°
0.26008 0.2569¢ 0.2650" 0.2556¢
0.2559%
Bo 151.48% 135.49° 150.954 168.9 193.4' 124.19"
182.928 162.66° 191.788 185.6) 161.87°
B 48817 431¢ 4.700% 4.0 40! 45517
4.8938 4.43¢ 4.948° 4.0 4.998°
A GGA.
B LDA.
2 Ref. [4].
b Ref. [46].
< Ref. [47].
d Ref. [48].
¢ Ref. [26].
f Ref. [49].
g Ref. [50].
' Ref. [51].
I Ref. [33].
i Ref. [33] (cubic inverse spinel structure).
K Ref. [52].

3.2. Electronic properties

Now we discuss our results pertaining to the electronic proper-
ties of SnMg,04, SnZn,04 and SnCd,0,4 via the energy bands, den-
sity of states and effective mass. It is well known that the LDA and
the GGA usually underestimate the energy gap [53,54]. This is
mainly due to the fact that they have simple forms that are not suf-
ficiently flexible for accurately reproducing both exchange-correla-
tion energy and its charge derivative. Engel and Vosko, by
considering this shortcoming, constructed a new functional form
of the GGA which has been designed to give better exchange corre-
lation potential at the expense of less agreement as regards ex-
change energy. This approach, which is called the EV-GGA [42],
yields a better band splitting and some other properties which
mainly depend on the accuracy of the exchange-correlation poten-
tial. On the other hand, in this method, the quantities which

depend on an accurate description of the exchange energy such
as the equilibrium volumes and bulk modulus are in poor agree-
ment with experiment. The calculated band structure profiles
using the PBE-GGA and the EV-GGA for SnMg,04, SnZn,04 and
SnCd,0,4 were similar except for the value of their band gaps which
are higher within EV-GGA. The energy bands of SnMg,0,4, SnZn,0,4
and SnCd,0,4 along the high symmetry directions in BZ at the equi-
librium lattice parameters within the EV-GGA are given in Fig. 2.
Both the top of the valence band (VBM) and the bottom of the con-
duction band (CBM) are located at I" point for the three studied
compounds, making the three compounds to be a direct gap mate-
rial. The calculated values of band gaps for the three compounds
studied herein are given in Table 2, along with other theoretical
results available in the literature. Our calculated direct energy
band gap (I'-T") using the PBE-GGA compare favorably with those
obtained earlier using the same functional [26,44]. However, it is

Energy (eV)

W L r XWK W L

. Lo 8 :
r XWK W L r

Fig. 2. Electronic band structure for the cubic spinel SnMg,0,4, SnZn,04 and SnCd,0,4. The Fermi level is set to zero.
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Table 2

Calculated first- and second-order pressure derivatives of some indirect (K—I", L-I") and direct (I'-T", L-L, X—X, K-K, W—W) band gaps for SnMg,0,4, SnZn,0,4 and SnCd,04.
Eg(p) = E4(0) + ap + (B/2)p?, E4(0), the gap at zero pressure, is in eV, o is in 1072 eV (GPa)~', f is in 10~* eV (GPa) 2.

K-T' L-T r-r L-L X-X K-K W-w
SnMg,04
Present
E¢(0)(LDA) 4.473 3.963 2.086 4.201 4.841 4.706 5.020
E4(0)(GGA) 4.468 3.927 2.019 4.132 4.775 4.643 4.940
E¢(0)(GGA-EV) 4.986 4.499 2.823 4.691 5.284 5.151 5.418
Others[49] 2.470%
1.850%
o 5.42 5.06 4.54 4.740 5.40 5.08 531
B -5.64 —4.72 —4.22 -3.30 —4.29 3.58 -3.65
SnZn,04
Present
E¢(0)(LDA) 3.592 2.844 0.542 2.953 3.822 3.709 4.008
E¢(0)(GGA) 3.633 2.863 0.439 2.948 3.813 3.723 4.020
E¢(0)(GGA-EV) 4.075 3.374 1.155 3.450 4,242 4,156 4424
Others [31] 0.500"
o 3.59 3.17 1.90 3.36 3.89 3.90 3.92
B -2.86 -2.47 -1.17 -2.78 -3.23 -3.45 -3.15
SnCd,04
Present
E¢(0)(LDA) 3.717 2.708 0.230 2.792 3.876 3.796 4.139
E¢(0)(GGA) 3.284 2.380 0.008 2.465 3.492 3.387 3.654
E¢(0)(GGA-EV) 3.713 2.909 0.735 2.984 3.903 3.805 4.038
Others [31] 0.170°
o 4.22 3.47 2.97 3.44 3.99 4.09 3.97
B -3.32 -2.13 -1.82 -1.83 -2.27 -2.94 -1.56
2 Ref. [50].
b Ref. [26].

clear from Table 2 that our calculated band gap values using the
EV-GGA show a significant improvement over the other ex-
change-correlation functional. No experimental data on these oxi-
des are available for comparison with the predicted values.

To further elucidate the nature of the electronic band structure,
we have calculated the total and atomic site projected densities of
states (TDOS and PDOS, respectively) of these compounds. The ori-
gin of energy is at the Fermi level. The main bands, in the energy
range between —8 and 6 eV, of interest for the interpretation of opti-
cal spectra are shown in Fig. 3. In SnMg,0,, the upper valence bands
(between —4.8 and 0 eV) are composed mostly of O-2p states with
small contributions from Mg-3s + 2p and Sn-5p. The replacement
of Mg with Zn (then with Cd) in SnZn,0,4 (SnCd,0,4) brings the con-
tributions from Zn-3d (Cd-4d) electrons to the upper valence band

in SnZn,0,4 (SnCd;04). Instead of the 0O-2p-dominated band in the
SnMg;,04, the zinc 3d band and the cadmium 4d appear inside the
upper valence band of SnZn,04 and SnCd,0,4, respectively, which
hybridize strongly with the oxygen p states. Due to the difference
in the electronegativity between the comprising elements, some
ionic character can be expected. The bonding character may be
described as a mixture of covalent-ionic. A new structure originating
from Zn-3d and Cd-4d appears in the DOS spectre of SnZn,0,4
(between —7.4 and —6.2eV) and SnCd,O, (between —7.7 and
—4.6 eV), respectively. It is therefore expected that changes in the
electronic properties of SnZn,0,4 (SnCd;0,4) as compared to those
of SnMg,0,4 would solely be due to the mixing of the Zn-3d (Cd-
4d) and O-2p orbitals. In the three compounds, the bottom of the
conduction band is predominantly composed of Sn-p states.

30 SuMg204
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Fig. 3. Site and angular momentum decomposed DOS for the cubic spinel SnMg,0,4, SnZn,04 and SnCd;0,4. The Fermi level is set to zero.
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Fig. 4. Pressure dependence of direct (I'-I", L-L, X-X, K-K, W-W) and indirect (K-I", L-I") energy band gaps for the cubic spinel SnMg,0,4, SnZn,0,4 and SnCd,04. The solid lines

represent the quadratic fit function.

Table 3

Calculated effective masses of the electron (m;), the heavy hole (m;,) and the light
hole (m,‘h) (in units of free electron mass mp) for the SnMg,04, SnZn,04 and SnCd,0,4
compounds, using GGA-EV method, compared with previous results.

SnMg,0,;  SnZn,04 SnCd,04
Present  Other [26] Present  Other [26]
m:/mg (T-X) 035 023 0.188° 0.20 0.141
m;/me (I-L) 037 0.25 0.22 -
m;, /mg (T-X)  2.62 14.87 32.44 -
m;, /mo (C-L)  6.83 2.82 2.40 -
mi, /mo (I-X)  0.46 1.44 1.11 -
mi, /mo (T-L)  0.39 1.24 0.68 -

Generally, lowering of the band gap is expected with the substi-
tution of the heavier cations (e.g. Zn for Mg and Cd for Zn) in a ser-
ies of compounds which are structurally isomorphous [55]. The

4+ —atP=0GPa
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_ 2
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calculated results in fact show a lowering of the calculated results
show a lowering of the gap in the following sequence: E4(SnM-
£,04) > Eg(SnZn,04) > E/(SnCd,04) (Table 2). The role of d states
in defining the electronic properties of the II-VI semiconductors
[56], zinc aluminate [4], zinc aluminate, zinc galate [55] and cubic
spinels AB,O4, where A =Si and Ge, and B = Mg, Zn and Cd [57,58]
has been discussed. It has been reported that the p—d hybridization
at I" repels the valence band maximum upwards without affecting
the conduction band minimum. Hence the lowering of the calcu-
lated direct gap I'-T" from 2.823 eV in SnMg,0,4 (EV-GGA result)
to 1.155 eV in SnZn,04 and to 0.735 eV in SnCd,04 can be attrib-
uted to the presence of the 3d and 4d states in SnZn,O, and
SnCd,04, respectively.

In order to investigate the effects of the pressure on the size of
the energy gaps of SnMg,0,4, SnZn,04 and SnCd,0,, the band ener-
gies at selected symmetry points are studied as a function of

 — atP=0 GPa
r —atP=50GPa

SnMg,0,

SnZn,0,

—at P =0 GPa
0 —at P=40 GPa

4 1 1 1
SnCd,0,

(]
—
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—at P =50 GPa
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Imaginary part of the dielectric function, &,

Fig. 5. Calculated real and imaginary parts of the dielectric function for the spinel cubic SnMg,04, SnZn,0,4 and SnCd,0, at zero pressure and at 50 GPa.
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Table 4

Calculated static dielectric constant ¢(0), static refractive index n(0), first energy for
which dispersion is null {E(n = 1)} and pressure coefficient of refractive index n(0) of
SnMg;04, SnZn,04 and SnCd,04. Energy values are in eV, &(0) and n(0) are
dimensionless.

Systems 1(0) n(0) E(n=1) L1107 (GPa) )
SnMg,04 2.990 1.720 15.13 -3.889
SnZn,0,4 4.042 2.020 12.19 -4.170
SnCd,04 4382 2.090 14.77 —4.240

pressure. Fig. 4 shows the plots of the variation with pressure of
the direct gaps (I'-I", L-L, X-X, K-K, W-W) and indirect gaps (K-I",
L-I") for SnMg,0,4, SnZn,04 and SnCd,0,4. All the calculated band
gaps are well fitted to a quadratic function: Eg(p) = Eg(0) + ap + (B/
2)p?, where Eg is the band gap energy, p is the pressure, & and p
are the first- and second-order pressure dependences, respectively.
The calculated values of o and j of the mentioned gaps are given in
Table 2. All the gaps increase when the pressure is enhanced.

The effective charge-carrier mass m* have been evaluated by fit-
ting the valence band (conduction band) to a parabola according to
E =T where m* denotes the charge-carrier effective mass, in a
very small range close to the VBM and CBM in order to guarantee
parabolicity. The evaluated effective charge-carrier masses at the

0 5 10 15 20
Photon energy (eV)
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T point from the band dispersions of the VBM and CBM towards
X and L directions in the Brillouin zone are summarized in Table
3 for the three studied materials. The effective electron mass is
indicated by the under script “e” (m;) and the hole mass by “h”
(mp). In the SnMg,04, SnZn,04 and SnCd,0, cubic spinels, the va-
lence-band maximum is flat, representing the rather large effective
mass for the holes. On the other hand, calculation show that the
electron effective mass is smaller in SnCd,0,4 than that SnZn,0,4
and is much smaller than that SnMg,0,4 (Table 3). Thus our calcu-
lations predict a higher mobility of electrons in SnCd,0,4 relative to
both SnMg,0,4 and SnZn,0,4. The effective mass values in the I" — X
and I" — L directions in the BZ are different, indicating its anisot-
ropy. Note that our calculated electron effective mass values are
slightly larger than those reported by Ref. [26].

3.3. Optical properties

The dielectric function of an anisotropic material is a complex
symmetric tensor. In the limit of the linear optics, in the case of
non-spin polarization, and within the independent particle
approximation, random phase approximation, the imaginary part
of the dielectric tensor can be computed from knowledge of the
electronic band structure of a solid from the well-known relation
[44,59]:

20

==
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1

Transition energy (eV)
=3

w
1

Fig. 6. The decomposition of the imaginary part of the dielectric function into band-to-band contributions (left panel) and the transition energy band structure (right panel)

for SnMg,04.
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Fig. 7. As Fig. 6, but for SnZn,0,.
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Fig. 8. As Fig. 6, but for SnCd,0,.

Table 5
Optical transitions in SnMg,04. The energies are in eV.
Structure Peak position Transitions Energy
Eo 2.82 (Vi-Cy) - 2.82
(Vo-C;) T-T
(V5-C;) T-T
Eq 4.73 (V1-Cq) L-T-X 4.69
(Vo-G) I'-X 4.78
(V3-C;) L-T-X 4.66
E, 5.28 (V1=C1) W-L, I'=X, W-K 5.40
(Vi-G) W-LI'-X 522
(Vo-Cy) I'-X, W-K 5.44
(V5-C,) W-L, I-X-W-K 5.32
Es 5.78 (Vi-G3) W-L, I'-X 5.52
(Vo-C2) W, T=X, W 5.43
E4 6.35 (V5s-C1) W-L, I'-X 6.24
(Ve=C1) W-L, T'=X, W-K 6.46
Es 8.47 (V1-C3) L-T-X 7.94
(Vo-C3) W-L-T"-X 7.86
(V3-C3) W-L-TI'-X, W-K 7.77
Es 9.83 (V13-C4) W-L-T'-X-W-K 9.51
(V13-Cs) L-T-X 9.36
(V14-C4) W-L-T'-X-W-K 9.23,9.36,9.45
E; 10.12 (Vg-Cy) W-L-T'-X 10.44
(Vo-C3) W-L-T'-X 10.35, 10.51
(V12-C4) W-L, I'-X, W-K 10.94
(V13-Cs) W-L, X-W-K 10.54, 10.63
(V14-Cs) W-L, X-W-K 10.38
Eg 11.20 (V10-C3) W-L-I'-X-W-K 11.03, 11.22, 11.31
(V10-C4) W-L-T'-X-W-K 11.30, 11.43, 11.57
(V12-C4) W-L, I'-X 11.00
(V12-Cs) W-L-T', X-W 1143, 11.55
(V14-Cg) W-L-T", W-K 11.03, 11.08
(V14-C7) W-L-T-X 10.90, 11.36
Eo 12.20 (Vg-C3) W-L, X-W-K 12.83
(V10-Cs) W-L, I'-X 11.88, 12.11
(V12-Cs) W-L, X-W-K 11.90
(V12-Cg) W-L-I'-X, W-K 12.12, 12.45, 12.60
E1o 13.71 (Vg-C4) W-L-T-X 13.33, 13.48, 13.50
(Vo—C3) W-L-T-X-W 13.25
(Vog-C4) W-L-T'-X-W-K 13.27
(V11-Cs) W-L, I'-X-W-K 13.98
(V11-Co) W-L, T-X-W-K 13.89
En 14.60 (Vo-Cg) L-T-X-W 14.61
Eiz 14.90 (Vg-Cs) W-L-T'-X 14.96, 15, 15.06
(Vog-Cg) W-L-T" 14.89, 14.94
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Table 6
Optical transitions in SnZn,04. Energies are in eV.

Structure Peak position Transitions Energy

Eo 1.20 (V1-C) T-T 1.20
(V,-Cy) T-T"
(V5-C;) T-T

E, 3.50 (V,-C;) W-L, T-X 3.45
(V3-C;) W-L, I'-X 3.48

E» 452 (V1-C1) W-L, T-X-W 4.74
(V1-C) W-L, T-X 436,429
(V2-C3) W-L, W-K 447
(V3-C3) W-L, T-X-W-K 434
(Vs-C3) W-L, I'-X 450, 4.59

Es 4.87 (V1-C1) W-L, X-W 474
(V1-C,) W-L, X-W-K 492
(Vs-Cq) W-L, I'-X, W-K 5.00
(Vs-C3) W-L, T'-X 4.94, 5.03

E4 5.86 (V4-C3) W-L, '-X 5.76

Es 6.15 (V1-C3) W-L-T'-X 6.37
(V2-C3) W-L-T'-X-W 6.50
(V4=Ca) W-L, T-X-W-K 6.09, 6.15, 6.17

Es 717 (V10-C4) W-L-T'-X-W-K 7.45
(V13-C3)W-L-T-X 733
(V13-C4) L-T=X 7.47

E; 7.33 (V10-C4) W-L-T'-X-W-K 7.45, 7.60
(V12-C3) W-L-T'=X, W-K 7.58
(V13-C3) W-L-T'-X 733
(V13-C4) W-L-T'-X-W-K 7.62,7.74, 7.83

Es 7.99 (V10-C4) W-L-T" 8.18
(V10-Cs) L-T'-X 8.18
(V12-C3) L-T=X-W 7.87
(V12-C4) W-L-T'-X-W-K 8.14, 8.23, 8.34
(V13-Ca) W-L-T'-X-W-K 8.09

Eo 8.76 (Vg-Cs) L-T'-X 8.69
(V10-Cs) W-L, X-W-K 8.93
(V10-C7) W-L-T'-X 8.56, 8.60, 8.66, 8.75

Eio 9.06 (Vg-C4q) W-L-T'-X, W-K 9.37,9.42
(Vg—Cs) W-L-T'-X-W 9.20, 9.89
(Vo—Ca) W-L-T-X-W-K 8.86, 9.09, 9.12
(V10-C7) W-L, T-X-W-K 9.07, 9.14

Ei; 10.75 (V6-C4) W-L-T'-X-W-K 10.24, 10.72, 11
(Vo-C7) W-L-T'-X-W 10.24, 1035, 10.42
(Vo—Cg) W-L-T'-X-W 10.09, 10.35, 10.60, 10.74
(Vo—Co) W-L-T"-X 10.94
(V11-C11) L-T'-X 10.46, 10,76
(V11-Cy2) W-L, I'-X-W-K 10.90, 11,05

Eqz 11.88 (Ve-C4) W-L-T" 11.05, 11.64
(Vo-Co) W-L, T-X-W-K 11.26, 11.44
(V11-Cy3) W-L-I'-X-W-K 1145, 12.25
(V11-C14) W-L-T=X 12.00, 12.06

Ei3 12.95 (Vg—C7) W-L-T'-X-W-K 12.36, 12.58
(Ve—Cg) W-L-I'-X-W-K 12.30, 12.41, 12.70
(V=Co) W-L-T"'-X-W-K 12.99, 13.07
(Vo—Cy2) W-L-T'-X-W-K 12.80, 12.93
(V11-C14) W-L-T'-X-W-K 1237
(V11-Cy5) W-L-I'-X, W-K 12.49

Eia 13.65 (Ve—Cy) I'-X-W-K 13.22,13.50
(Ve=Ci0) W-L, =X 13.81, 13.99
(Vo-Ci3) L-T-X 13.27

Eis 14.58 (V6-Cq1) W-L-T'=X-W-K 14.27, 14.52

Eis 14.80 (Vg=C12) W-L-I"-X-W-K 14.66, 14.80, 14.87
(Ve=Cy3) L-T" 15.23
(V7-Cq3) W-L, X-W-K 14.60

Eq7 16.00 (V6-Ciq3) W-L-T'=X-W-K 15.70, 16
(V6=Cia) W-L-T'-X-W 15.94
(V6—Cy5) W-L-I'-X-W-K 16,22, 16,44, 16.50
(V6-Cig) W-L-T'=X-W-K 16.43, 16.72
(V6-Ci7) W-L, X-W 16.60, 16,70
(V7-C14) W-L-T'-X-W 15.26, 1543
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Table 7

Optical transitions in SnCd,04. Energies are in eV.

Structure  Peak Transitions Energy (eV)
position
Eo 0.77 (Vi-C)) T-T 0.77
(Vo-C)) I'-T
(V5-C) - T
E; 3.04 (V-Cy) W-L, T-X 3.44
(Vo-Cy) W-L, T'-X 3.004
(V3-C;) W-L-T'-X 2.97,3.04
E> 4.05 (V1-Cy) W-L, T'-X 4.30
(V1-C2) W-L, T'-X 3.80
(Vo-Cy) W-L, I'-X, W-K 4.09
(V3-C) W-L, I'-X-W-K 3.98
Es 4.45 (V1-Cy) W-L, I'-X 4.30
(V1-Cy) M-X-W-K 4.50
(Vo-C) W-L, T'-X 4.11
(V4=C;) W-L-T"-X 454
(V5-Cp) W-L, T'-X 4.56,4.70
E4 5.55 (V1-C5) W-L-T'-X, W-K 5.53,5.72
Es 6.30 (Vg-C1) W-L-T-X 5.99
(Vg-Cy) W-L-T'-X 6.77, 6.81
Es 7.31 (Vg-C;) W-L, T'-X, W-K 7.40
(Vg-C3) W-L, I'-X-W-K 7.60
(Vg-C3) W-L, T'-X, W-K 7.28,7.36
(Vg-C4) W-L, T-X-W-K 7.60, 7.78
E; 8.40 (Vg-C3) W-L-T'-X-W-K 8.56, 8.71, 8.98
(Vo-C3) L-T-X 8.13
(Vo-C4) W-L-T'-X, W-K 8.30
7.91,
(Vg-Cs) L-T'-X 8.42
(Vo-Cg) L-T 8.55
Es 8.62 (Vg-C4) W-L-T'-X-W-K 9.05, 9.18
(Vo-C3) L-T'-X 8.21
(Vo-Cs) W-L-T'-X 8.77,8.94
(Vo-Cg) W-L-T'-X 8.65, 8.83
Eg 10.09 (V,-C1) W-L, I'-X, W-K 10.66, 10.74, 10.81
(V7-C) W-L, T-X-W-K 10.85, 10.94
(Vg-Cs) W-L, IT'-X 10.05
(Vg=Cg) W-L-T"-X 10.06
(Vg-C;7) W-L-T'-X 10.46, 10.08
(Vg-Co) L-T'-X 10.97
E1o 11.22 (Vg-Cg) W-L, X-W 10.95
(Vg-C7) W-L, T'-X 11.10
(Vg-Cg) W-L, T'-X-W 10.80, 10.94, 11.08,
11.18
(Vg-Co) W-L-T'-X 10.97, 11.11
Ei; 11.67 (Vg—Cg) W-L, X-W 11.35
(Vg-Co) W-L, T'-X 11.34, 11.50
E2 12.62 (V;-C3) L-T-X 12.45, 12.52, 12.62
(V7-C4) W-L-T'-X 12.80, 12.99
(V7-Cs) L-T"-X 12.91
(Vg-Co) I'-X-W 12.30
Ei3 13.41 (V7-Cs) W-L-T'-X 13.35, 13.57
(V7=Cg) L-T-X 13.12
| 13.94 (V7-Ce) W-L, T'-X 13.80
(V;-C7) W-L-T'-X 13.86, 13.90, 13.94
Eis 14.76 (Ve-Cs) W-L-T", X-W-K 14.71, 14.74
(Ve-Co) W-L-T'-X-W-K 14.86, 14.93, 15.18,
15.27
(V6-C10) W-L-T'-X-W-K 15.38, 15.54, 15.77
(V7-Cg) W-L, X-W 14.25, 14.29
(V7-C7) W-L, X-W-K 14.47, 14.53, 14.58
Eis 17.34 (Ve-C11) W-L-T'-X-W 16.61
(Ve=-Cq2) W-L-I'-X-W 16.62, 16.68
(Ve-Cy3) W-L-T'-X 16.80, 16.98
(Ve-C14) W-L-T'-X-W-K 17.49
(Vg-Cy5) W-L-T", X-W-K 17.89, 18.09
(V6-C16) W-L-T'-X-W-K 17.95, 18.26
(Ve-C17) W-L, W-K 18.31
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In this expression, (f|p,|i) and (f|p,|i) are the dipole matrix elements
corresponding to the o and f directions of the crystal (x, y or z), and
f, i are the final and initial states, respectively. W, is the Fermi dis-
tribution function for the nth state, and E, is the electron energy in
the nth state. The real part of the frequency-dependent dielectric
function expression ¢4(w) is computed from &% () using the Kra-
mers-kronig relations in the form

00y 0B (
&P () = dyy +%P/O C(Z,%(Zo)z)dwﬂ

where P is the Cauchy principal value of the integral. Optical con-
stants, such as the refractive index n(w), the extinction coefficient
k(w), the reflectivity R(w), the coefficient of absorption a(w) and
the loss function L(w), can be calculated from the dielectric function
g(w) = g1(w) + iex() using the well known relations. For the cubic
structure, the optical properties are isotropic, i.e. there is only one
independent component (eyy).

Calculation of the optical properties requires a dense mesh of
energy eigenvalues and the corresponding eigenvectors, so one
needs to use a dense mesh of uniformly distributed k-points to cal-
culate the optical constants. Since ¢, is usually calculated first, we
chose it as a reference for the assessment of convergence. The 16 k-
points calculation did not converge, while the 120 and 165 k-
points in the irreducible part of the BZ calculations coincide. Thus,
we assumed convergence at 120 k-points and this is the number of
k-points we used for the calculation of the optical properties. The
imaginary part of the dielectric function ¢, and the coefficient
extinction k and reflectivity R, represent different ways to assess
how the electromagnetic energy is taken when interacting with a
material medium. Two closely related optical parameters indicate
how electromagnetic energy is dispersed when it penetrates in a
medium: the real part of the complex dielectric function &; and
the real part of the complex refraction index n. In order to perform
comprehensive study of this important aspect of the optical
properties of the SnMg,04, SnZn,0,4 and SnCd,04 compounds, we
have computed and studied these optical parameters.

The real and imaginary parts of the frequency-dependent
dielectric function for the dielectric function for the cubic spinels
SnMg,04, SnZn,04 and SnCd,04 are shown in Fig. 5. The static
dielectric constant &(0) is given by the low energy limit of &;(w).
Note that we do not include phonon contributions to the dielectric
screening, and ¢;(0) corresponds to the static optical dielectric con-
stant ¢,. The calculated static dielectric constants &(0) for the
studied materials are listed in Table 4. We find that e values of
£1(0) increases with decreasing energy gap. This could be explained
on the basis of the Penn model [60,61]. Penn model is based on the
expression ¢(0) ~ 1 +(hwp/Eg)2. It is clear that £;(0) is inversely
proportional with Eg. Hence smaller E, yields larger &(0). We can
determine E, from his expression by using the value of ¢;(0) and
the plasma energy hw,.

It would be useful to identify the transitions that are responsi-
ble for the spectral structures in the optical spectra. The determi-
nation of the origins of the different peaks and features of the
optical spectra are performed on the basis of decomposing each
spectrum to its individual pair contribution, i.e., contribution from
each pair of valence ¢; and conduction ¢; bands (#; — ¢;), and plot-
ting the transition (from valence to conduction) band structures,
i.e,, transition energy E(k)=Egj(k)— E,(k) (right panels in Figs.
6-8). These techniques allow the knowledge of the bands which

contribute more to the peaks and their locations in the Brillouin
zone [see Ref. [62] and references cited therein]. The main contri-
butions to the optical spectra originate from the top valence bands
to the lower conduction bands. Ey is the edge of optical absorption.
This point is the I', — I'; splitting which gives the threshold for di-
rect optical transition between the highest valence band and the
lowest conduction band. This is known as the fundamental absorp-
tion edge. This critical point is followed by some structures cen-
tered at E; points. The positions of the main E; peaks and the
corresponding interband transition and their locations in the Brill-
ouin zone are reported in Tables 5-7 When these materials are
compressed, the positions of all critical points cited above are
shifted with an enhanced energy comparative to that at zero pres-
sure. The reason lies on the enhancement of direct gaps under
pressure effect. Although their positions are shifted under pres-
sure, these points still have the same type as that at zero pressure.
Fig. 9 shows the calculated results for the pressure dependence of
the static dielectric constant &(0) for SnMg204, SnZn204 and
SnCd204. As it can be seen from Fig. 9, the decrease of the dielec-
tric constants with pressure is parabolic in both compounds.

The refractive index and the extinction coefficient are displayed
in Fig. 10. The static refractive index n(0) values for SnMg,0,4,
SnZn,0, and SnCd,04 and energy for which dispersion is null

4.5
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e * 5nZnO
40 | *. \“‘;-‘\ A SnCdO
35 T T
W 30 g
-._“_“\‘
25} T
20 1 1 1 1 1
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Fig. 9. Pressure dependence of the static dielectric constants ¢(0) for the cubic
spinel SnMg,04, SnZn,04 and SnCd,04.

235
2.0
1.5
1.0
0.5
0.0

2.0
1:5
1.0
0.5
0.0 |-

$nCd,0,
—h
k

2.0
1.5+
1.0 -
0.5F

0.0 b= L L i
0 5 10 15 20

Refractive indices, n and k

Photon energy (eV)

Fig. 10. Refractive index n(w) and extinction coefficient k(w) spectra for the cubic
spinel SnMg,04, SnZn,0,4 and SnCd,04.



204 D. Allali et al./ Computational Materials Science 51 (2011) 194-205

~ 60t SnMg,04 351 SnZn,0y 35 SnCdz04

3 30 10

.‘:‘ 25 25

5 20 20

S

= 10 10
5 5
0 0

S s o

T 10l

£ 4

S sl 5l

4 3

w

S 6|

-~ |

B 4l 2

o

g 2 1 1

2 L

0 I A

y

0
0 5 10 15 20 25 0 5
Energy (eV)

i L i 0
100 15 20 25 0 5
Energy (eV)

20 25

1015
Energy (eV)

Fig. 11. Optical reflectivity R(w) and electron energy-loss function L(w) spectra for the cubic spinel SnMg,04, SnZn,0,4 and SnCd,0,4.

E(n =1) are extracted in Table 4. The origin of the structures in the
imaginary part of the dielectric function also explains the struc-
tures in the refractive index. The pressure derivative of the static
refractive index n(0) of these compounds is determined by a linear
fit and the results are listed in Table 4. From this table, we can no-
tice that the increase of pressure leads to the decrease of the refrac-
tive index.

In Fig. 11, we show the reflectivity spectrum R(w) for the three
compounds. The R(w) values for the three compounds are not ap-
proach to the unity towards zero energy, which means that these
compounds behave like semiconductors. Fig. 11 presents also the
electron energy loss function L(w). L(w) is an important factor
describing the energy loss of a fast electron traversing in a mate-
rial. The peaks in L(w) spectra represent the characteristic associ-
ated with the plasma resonance and the corresponding frequency
is the so called plasma frequency w,. The peaks of L(w) correspond
to the trailing edges in the reflection spectra, for instance, the peak
of L(w) for SnMg,0, is at about 19.34 eV corresponding to the
abrupt reduction of R(w).

4. Conclusions

We have used an ab initio FP-(L)APW + lo method to determine
the structural, electronic and optical properties of the cubic spinel
SnMg,04, SnZn,0,4 and SnCd,04. The computed structural parame-
ters are in good agreement with the experimental findings; vali-
dating the herein used method. The energy band structure
calculations showed that the valence band maximum and conduc-
tion band minimum are located at I" point in the Brillouin zone,
resulting in a direct energy band gap in the three studied com-
pounds. Results obtained for energy band gaps using EV-GGA are
larger than that within PBE-GGA. The all calculated band gaps
increase with increasing pressure and well fit to a quadratic func-
tion. The effective charge-carrier masses are estimated from the
band structure. Analysis of the DOS revealed that the lowering of
the direct gap I'-I" from SnMg,0,4 to SnZn,0,4 to SnCd,04 can be
attributed to the p—d mixing in the upper valence band of SnZn,04
and SnCd,04. The decomposition of the dielectric functions into
individual band-to-band contributions and the plotting of the tran-
sition band structures allowed identifying the microscopic origin of
the features in the optical spectra and the contributions of the

different regions in the Brillouin zone. We find that the values of
£1(0) increases with decreasing the energy gap. This could be ex-
plained on the basis of the Penn model. Refractive index, extinction
coefficient, reflectivity and loss function spectra are predicted.
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1. Introduction

A large group of compounds with spinel structure are generally
described by the AB,X, formula, where A and B are metals in oxida-
tion states II-III or II-IV (Il = Cd, Mg, Mn, Zn; Il = Al, Ga, In and
IV =Si, Ge, Sn), and X is a divalent anion. Compounds from this
family usually have wide band gaps, which can be attractive for
various optical applications [1,2]. Some spinels are known to have
normal distribution of cations and some others are known to have
inverse distribution of cations. In the normal spinel, the A atoms
occupy the center of tetrahedral sites and B atoms occupy the cen-
ter of octahedral sites. In the inverse spinel, the tetrahedral sites
are occupied by B species and the octahedral ones are occupied
by B and A species randomly [3].

The SnMg,0,4, SnZn,0,4 and SnCd,0, compounds, belonging to
the spinel oxide family, have attracted many scientists due to their
interesting optical and electronic properties [2-15]. They are char-
acterized by their high electron mobility, high electrical conductiv-
ity and low visible absorption; these properties allow this
functional material to have a wide range of potential applications
as photovoltaic devices and sensors for detections of humidity
and various combustible gases [2]. These materials have been the
subject of numerous experimental and theoretical investigations
[2-15]. Experimentally, these compounds have been synthesized
using many elaboration methods, such as thermal evaporation,

* Corresponding author.
E-mail address: a_bouhemadou@yahoo.fr (A. Bouhemadou).

0927-0256/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.commatsci.2012.03.044

high temperature calcinations, sol-gel synthesis, ball-milling and
rf magnetron sputtering [2,7,10]. They usually exist in either cubic
spinel structure and orthorhombic structure, according to the
growth conditions [7,8]. Theoretically, Segev and Wei [3], studying
the cation distribution in spinel oxides including SnZn,0, and
SnCd,04, proved that SnZn,0, is stable in the cubic inverse spinel
structure and SnCd,O4 is stable in the orthorhombic structure.
More recently, Garcia and co-workers [11], performed a theoretical
study on the pressure-induced phase transitions in SnZn,04. They
proved that this compound is stable in the cubic inverse spinel
structure. Though the many investigations devoted to these mate-
rials a number of their basic properties are still not completely
known such as the elastic and thermodynamic properties which
are the main subject of the present study.

The elastic constants C; contain some of the more important
information which can be obtained from ground state total energy
[16]. The single-crystal elastic constants Cj; and the polycrystalline
elastic constants, such as the bulk modulus, shear modulus,
Young’s modulus and Poisson’s ratio, determine the response of
the crystal to external forces and so play an important role in
determining the strength of the material. The single-crystal elastic
constants Cj of the SnB,04 compounds have not yet been mea-
sured. The C; have been calculated only for SnMg,04 [14], which
is one of the herein studied materials. For the SnZn,0O, and
SnCd,0, compounds, to our best knowledge, the single-crystal
elastic constants C; have not yet been calculated, so this is one of
the main objectives of the present work.

It is worthy to note that the previous theoretical calculations
[3,4,11,14,15] gave material properties at zero temperature only,
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without any thermal effects included. Therefore, it is necessary to
examine the thermal influences on some macroscopic properties
of these compounds, which is a second objective of the present
work. Study of thermodynamic properties of materials is of great
importance in order to extend our knowledge about their specific
behaviors when they are put under severe constraints such as high
pressure and high temperature environment. To address this inter-
est, in this work, we investigate the structural and thermodynamic
properties at high pressures and temperatures for the SnMg,04,
SnZn,04 and SnCd,04 spinel oxides in the cubic normal spinel
structure, by using ab initio calculations combined with the qua-
si-harmonic Debye model.

For the remaining parts of this paper, we briefly describe the
used computational method in Section 2. Results for the structural,
elastic and thermodynamic properties will be presented in Section
3. Some concluding remarks summarize our results in Section 4.

2. Computational methods

The zero temperature total energy calculations are performed
using the scalar relativistic full-potential (linearized) augmented
plane wave plus local orbitals approach (FP-L/APW+lo) imple-
mented in the most recent version of the WIEN2 K software pack-
age [17]. The local density approximation of Perdew and Wang
[18] is used for the exchange-correlation potential. In the FP-L/
APW+lo method, the unit cell is divided into non-overlapping
spheres centered at atomic sites (muffin-tin spheres) of radius
Ryr and an interstitial region. In the muffin-tin spheres, the
Kohn-Sham wave functions are expanded in a linear combination
of radial functions time spherical harmonics, and in the remaining
space of the unit cell a plane wave basis set is chosen. The basis set
inside each muffin-tin sphere is split into core and valence subsets.
The core states are treated within the spherical part of the poten-
tial only and are assumed to have a spherically symmetric charge
density totally confined inside the muffin-tin spheres. The valence
part is treated within a potential expanded into spherical harmon-
ics. The valence wave functions inside the spheres are expanded up
to Imax = 10. The Sn: 4p®4d'°5s%5p2, Mg: 2p®3s?, Zn: 3p®3d1%4s2,
Cd: 4p®4d'°5s% and O: 2s5%2p°® states are treated as valence elec-
trons. The atomic sphere radii (in atomic units: a.u.) are taken as:
Sn=2.2, Mg, Zn=1.8, Cd=2.0 and O =1.3. A plane-wave cutoff
Kmax =4 a.u.”! is chosen for the expansion of the wave functions
in the interstitial region. The k integrations over the Brillouin zone
(BZ) are performed up to 6 x 6 x 6 Monkhorst-Pack mesh [19].
The self-consistent calculations are considered to be converged
when the total energy of the system is stable within 107> Ry. Both
the plane-wave cutoff and the number of k-points are varied to en-
sure total energy convergence.

Elastic constants of a solid are important because they are clo-
sely related to various fundamental solid-state phenomena such as
interatomic bonding, equations of state, phonon spectra, specific
heat, thermal expansion, Debye temperature, Griineisen parame-
ter, load deflection, thermo-elastic stress, internal strain, sound
velocities and fracture toughness. The elastic constants C; deter-
mine the response of the crystal to external forces. Ab initio calcu-
lation of the elastic constants requires precise methods. For
obtaining the elastic constants of the SnMg,0,4 SnZn,0, and
SnCd,0,4 cubic spinel structures a popular approach [20-22], which
is based on the analysis of the changes in calculated total energy
values resulting from changes in the strain, is used.

The study of thermal effects was done within the quasi-
harmonic Debye model implemented in the Gibbs program [23].
For a solid described by an energy-volume (E-V) relationship in
the static approximations, the Gibbs program allows us to evaluate
the Debye temperature, to obtain the Gibbs free energy G(V; P, T)

and to minimize G for deriving the thermal equation of state
(EOS) V(P, T). Other macroscopic properties related to P and T can
be also derived by using standard thermodynamic relations. De-
tailed description of the quasi-harmonic Debye model can be found
in Ref. [23] and references therein.

The lattice dynamical calculations were performed in a plane-
wave pseudo-potential representation through the CASTEP
program [24]. The presence of tightly-bound core electrons was
represented by norm-conserving pseudo-potentials. The electronic
wave functions were expanded in basis set of plane waves up to a
kinetic energy cut-off of 920 eV. The BZ integration has been per-
formed over the MP mesh of 6 x 6 x 6 k-points. This choice allows
the total energy to converge to 5 x 10”7 eV/atom. Phonon frequen-
cies were calculated on 6 x 6 x 6 g-grid. These calculation param-
eters are sufficient to guarantee a convergence within 1 cm™! for
the calculated phonon frequencies.

3. Results and discussion
3.1. Structural properties

The considered SnB,0,4 (B = Mg, Zn, Cd) materials are assumed
to have ideal cubic normal spinel-type structure (#227). Details
of the cubic normal spinel crystal structure can be found elsewhere
[15]. To ensure the stability of SnB,0O4 in the cubic normal spinel-
type, we calculated their phonon dispersion curves. We do not find
any imaginary phonon frequency in the whole Brillouin zone for
the three compounds (Fig. 1). This supports the dynamical stability
of these compounds. The calculated equilibrium lattice parameters,
including the lattice constant aop, internal structural parameter u,
bulk modulus By and bulk modulus pressure derivative B’ for the
SnMg,04, SnZn,0,4 and SnCd,0,4 spinel structures as determined
from geometry at zero pressure and zero temperature, are summa-
rized and compared with available theoretical and experimental
data in Table 1. There is a good agreement between our results
and the previously reported experimental findings [3,25-29] and
theoretical data [3,4,11,14]. We can note that the lattice parameter
dp increases and the internal parameter u decreases in going from
SnMg,04 to SnZn,04 to SnCd,04. The same behavior was also
found for other cubic spinel oxides [30,31] and is due essentially
to the size differences between the divalent cation Cd*?, Zn*? and
Mg*2.

3.2. Elastic constants and related properties

The computed single-crystal elastic constants (C;, C12 and Cy4)
for the SnB,0,4 (B =Mg, Zn and Cd) are listed in Table 2. There are
no available experimental data to be compared with our results.
SnMg,0y, is the only one of the spinels considered herein for which
previous theoretical results for the single-crystal elastic constants
are available [14]. Our obtained results for SnMg,0,4, using FP-L/
APW-+lo method, is in reasonable agreement with that previously
reported results, using the PP-PW method. The C44, which reflects
the resistance to shear deformation, is about 80% lower than Ciq,
which is related to the unidirectional compression along the prin-
cipal crystallographic directions, which means that the cubic unit
cell is more easily deformed by a shear in comparison to the unidi-
rectional compression.

The elastic anisotropy is an important factor, as it is highly corre-
lated with possibility of inducing micro-cracks in the materials [32].
For completely isotropic systems, the anisotropy factor A = (2C44/
(C11 — Cq2) takes the value of the unity and the deviation from unity
measures the degree of elastic anisotropy. The calculated values of
the anisotropic factor A are found to be equal to 0.98, 0.95 and
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Fig. 1. Calculated phonon dispersion curves for the SnMg,0.,, SnZn,0,4 and SnCd,04 compounds along several lines of high symmetry in the Brillouin zone.

Table 1

Zero-pressure lattice constant ag (in A) oxygen internal parameter u, bulk modulus B (in GPa) and bulk modulus derivative B’ for SnMg,04, SnZn,04 and SnCd,0,4, compared with

available experimental measurements data and previous theoretical calculations.

SnMg,04 SnZn,04 SnCd,04
Present Expt. Others Present Expt. Others Present Expt. Others
ag 8.5181 8.600% 8.566° 8.5517 8.6574% 8.6310° 9.0841 9.143? 9.134°
8.639° 8.777° 8.650¢ 8.5500° 9.151f 9.120°
8.635¢8 8.525¢ 8.610" 8.688' 9.177!
9.174
u 0.2584 0.2500% 0.2583% 0.2580 0.2650% 0.2580% 0.2507 0.2670°, 0.2510°
0.2600° 0.2582¢ 0.2650¢ 0.2580° 0.2580", 0.2500°
0.26008 0.2569° 0.2650" 0.2556'
. 0.2559'
Bo 186.51 135.49¢ 191.16 193.4 161.50
162.66°
B’ 5.50 431° 485 4.0 4.94
4.43¢
@ Ref. [3].
b Ref. [13].
< Ref. [14].
d Ref. [25].
© Ref. [4].
[ Ref. [26].
& Ref. [27].
' Ref. [28].
! Ref. [29].
i Ref. [11].
Table 2 500 P
Elastic constants Cj (in GPa), shear modulus G (in GPa), Young’s modulus E (in GPa), SnMg204 a—
Poisson’s ratios g, Lame’s coefficients 4 and p(=G) (in GPa) and B/G ratio for the 400+ R i =
SnMg,04, SnZn,04 and SnCd,0,4 materials at the equilibrium volume. 300 a— - "
— . .
System  Cy Ciz Cas G=p E ¢ J BIG 2004 +—— .
SnMg,0, 289.04 13524 7540 7599 20072 032 13584 245 . 1004, 4 :
Ref. [14] 228 132 102 754 1961 0301 113.7 217 g 508 . L A .
SnZm,0s 25075 16136 4274 4351 12133 039 16215 439 Q °"7 snzn0, NCy WGy BC, ¥B
SnCd,0, 227.10 128.69 4855 4881 133.03 036 2895 3.31 = 400 e
— v
g0, R 5
E 200 5 —=
0.98 for SnMg,04, SnZn,0, and SnCd,04, respectively, indicating < 1004 X .
that these materials are not characterized by a profound anisotropy. 5 ol . . .
The hydrostatic pressure dependence of the single-crystal elas- 500 S$nCd,0,
tic constants and the bulk modulus up to 30 GPa has been calcu- 400 e
lated. Fig. 2 illustrates Cyq, Cy2, C44 and B as function of pressure. 3004 - e W
As one can see from Fig. 2, the pressure dependence of the men- 00— . °
tioned elastic moduli can be fit by a straight line. The lines shown 1004°*
in the figures are determined by a least squares fit to the computed oL . . i i ,
elastic moduli. The slops of these lines which correspond to the 0 10 20 30
first-order pressure derivative of the elastic constants (9C;;/0P, Pressure (GPa)

0C;2/0P and 0C44/0P) are summarized in Table 3. C;4, Ci2, C44 and
B increase as the pressure increases. C; is more sensitive to the
change of pressure compared to the other elastic constants.

Fig. 2. Single-crystal elastic constants and the bulk modulus (in GPa) as functions of
pressure for the SnMg,04, SnZn,04 and SnCd,04 compounds.
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Table 3

Calculated linear and quadratic pressure coefficients of the internal parameter:
u(P)=u(0)+QP+RP?> and the pressure derivatives of the elastic constants for
SnMg;,04, SnZn,04 and SnCd;04.

SnMg,04 SnZn,04 SnCd,0,4
Q(107°GPa™!) 5.6347 5.5278 3.9659
R (1077 GPa™?) —6.9955 -7.2427 —1.0865
% 5.4910 4.8456 4.9428
6{% 7.5459 6.8886 7.2600
U{CT’\z 4.4635 3.8240 3.7842
«’%: 1.5744 1.5424 1.7261

Table 4

Calculated mass density p (in g/cm®) and sound velocities (in ms™') at zero pressure
along the [100],[110] and [11 1] directions, calculated from the elastic constants, for
SnMg,04, SnZn,04 and SnCd,04.

System p )00 )00 o 2110 2110 yin vl
SnMg,0, 496 7635 3899 7615 3899 3938 7608 3925
SnZn,0, 6.73 6103 2519 6079 2519 2576 6071 2558
SnCd,04 719 5619 2597 5610 2597 2615 5608 2609

Table 5

Calculated longitudinal, transversal and average sound velocity (u, v, v, respec-
tively, in ms~') and Debye temperatures (0p, in K).

System Y I Um Op

SnMg,04 7619 3915 4384 586
Ref. [14] 582
SnZn,04 6084 2542 2875 384
SnCd,04 5612 2604 2933 367

The requirement of mechanical stability under pressure effect
in a cubic crystal leads to the following restrictions on the elastic
constants [33]: (C;q +2C2 + P)>0; (C44 — P)>0; (C11 — Ci2 — 2P) >
0. It can be seen that these three conditions are satisfied which
revealing the mechanical stability of the herein investigated mate-
rials over the studied pressure range.

The acoustic vibrational modes for a single-crystal in the long-
wavelength limit can be obtained by the resolution of the Christof-
fel equation [34,35]:

(Cit - My — p23)u; =0 "

Gijie are the single-crystal elastic constant tensor components, n is
the wave propagation direction, p is the mass density of material,
u is the wave polarization and v is the wave velocity. The solutions
of this equation are of two types: a longitudinal wave () with
polarization parallel with the direction of propagation and two
shear waves (711 and vp) with polarization perpendicular to n.
The calculated acoustic velocities along the [100], [110] and
[111] directions, and the mass density for the SnMg,04, SNZn,04
and SnCd,04 compounds at zero pressure are summarized in Table
4. The mass density was obtained from the ab initio calculated
geometry and the molecular mass of the crystal. C;; are higher than
Ca4 so the longitudinal sound velocities are significantly higher than
the transversal sound velocities. At zero pressure, longitudinal
waves are fastest along [100] and shear waves are slowest along
[110] for SnB,04 compounds.

The shear modulus G, Young’s modulus E, Poisson’s ration ¢ and
Lamé’s coefficients (¢ and /) can be derived from the elastic con-
stants [36]. The calculated values for these mentioned polycrystal-
line elastic moduli are given in Table 2 together with the available
theoretical results for SnMg,0,4 [14]. Our present calculated values
for these constants are in agreement with these available theoret-
ical results.

The calculated ratios of bulk modulus B to shear modulus G are
2.45, 439 and 3.31 for SnMg,04, SnZn,0,4 and SnCd,0,4, respec-
tively. Pugh [37] proposed that the B/G represents a measure for
machinable behavior. A high B/G ratio is associated with ductility,
whereas a low value corresponds to a more brittle nature. The crit-
ical value which separates ductile and brittle materials is around
1.75; i.e, if B/G > 1.75, the material behaves in a ductile manner;
otherwise the material behaves in a brittle manner. Based on
Pugh’s empirical relation [37], the calculated B/G ratios indicate
the ductility of these compounds. The consequence of ductility is
the less sensitivity for thermal shocks, as the material can effi-
ciently dissipate thermal stress via plastic deformations [32]. Thus,
a ductile solid can support large thermal shocks.

The Debye temperature, 0p, is an important fundamental
parameter closely related to many physical properties such as
elastic constants, specific heat and melting temperature [16]. At
low temperatures the vibrational excitations arise solely from
acoustic vibrations. Hence, at low temperature 0p calculated
from elastic constants is the same as that determined from specific

8.8 B
SnMg,0, (a) 0GPa | gglr SnMg,0, (b) = 0K
8.6 " - e 300 K
e 10 GPa oy 600 K
" TSR 900 K
Bap |, . e ~= e W
32 ) e S
- - l -
< e o o 30 GPa —
= 88 B
E $nZn,0, 8.6t
. 86p , . .
] . : ' 8.4 .
o 84 = .
3
B ——p——— i »
{a‘ —y— " e ) L "'-l
= g.i : : 8.2 : £ g e
I snCd,0, P
9.2 e
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90t L . e S
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Fig. 3. Lattice constant versus temperature at different pressures (Fig. 2a). Lattice constant versus pressure at different temperatures (Fig. 2b) for the SnMg,0,4, SnZn,0,4 and

SnCd,04 compounds.
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Fig. 4. The bulk modulus as function of temperature at different pressures (Fig. 4a). The bulk modulus as function of pressure at T = 300 K (Fig. 4b) for the SnMg;04, SnZn,04

and SnCd,0,4 compounds.
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Fig. 5. Variation of the volume expansion coefficient with temperature (Fig. 5a) and with pressure (Fig. 5b) for the SnMg,0,4, SnZn,04 and SnCd,04 compounds.

measurements. One of the standard methods to calculate 0p is from
elastic constants data, since 0p may be estimated from the average
sound velocity v, [16,38,39]. The calculated values of average
sound velocity v,, and Debye temperature 6p as well as the mass
density p for SnB,04 are given in Table 5. The Debye temperature
0p decreases in the following sequence: 0p(SnMg,04)>
HD(SnZn204) > 95(51‘1Cd204).

3.3. Thermodynamic properties

Fig. 3a presents the lattice constant-temperature diagram at
several pressures and Fig. 3b shows the relationship between the
lattice constant and pressure at different temperatures for
SnMg,04, SnZn,04 and SnCd,04. The lattice constant increases
with increasing temperature at a given pressure. On the other side,
as the pressure P increases the lattice constant decreases at a given
temperature. The calculated lattice constants values for SnMg,0,,
SnZn,04 and SnCd,0,4 at room temperature and zero pressure are
8.5389 A, 8.5916 A and 9.1395 A, respectively.

Fig. 4 shows the evolution of the bulk modulus with tempera-
ture T at different pressures and its variation versus pressure at

300 K temperature. From the regular spacing of the curves de-
picted in Fig. 4, one can notice that the bulk modulus, a property
of a material which defines its resistance to volume change when
compressed, varies nearly linearly with pressure at various tem-
peratures ranging from 0 to 1200 K. The compressibility (1/B) in-
creases with increasing temperature at a given pressure and
decreases with pressure at a given temperature. At 300 K and zero
pressure, the bulk modulus for SnMg,0,4, SnZn,0,4 and SnCd,0,4 are
161 GPa, 177 GPa and 151 GPa, respectively.

The thermal expansion coefficient « reflects the temperature
dependence of volume at constant pressure: o= (%),. The
dependence of the thermal expansion coefficient oo with tempera-
ture T and pressure P is plotted in Fig. 5. It can be seen that « in-
creases sharply at lower temperature (up to 300K). When
T> 300K, o gradually approaches a linear increase with enhanced
temperature and the propensity of increment becomes moderate,
which means that the temperature dependence of « is very small
at high temperature. At high temperatures and high pressures,
the thermal expansion coefficient « would converge to a constant
value. At 300 K and zero pressure, the thermal expansion coeffi-
cient o for SnMg,0,4, SnZn,04 and SnCd,04 are 4.20 x 10° K™,
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Fig. 6. Heat capacity Cy as function of temperature at pressure of 0-30 GPa for the
SnMg,04, SnZn,04 and SnCd,04 compounds.

4.26 x 10° K~ ! and 4.50 x 10° K1, respectively. Fig. 5 shows also
that the three compounds have practically the same change in
the thermal expansion coefficient with temperature and pressure.

Knowledge of heat capacity is mandatory for many applications,
so the variation of the heat capacity at constant volume Cy, versus
temperature at 0, 10, 20 and 30 GPa pressures is shown in Fig. 6.
With increasing temperature, Cy values increase rapidly at a lower
temperature, then increase slowly in the high temperature and
tends to the Dulong-Petit limit, which is common to all solids at
high temperature. It is found that when T<400K, Cy is sensitive
to both the pressure P and temperature T. At high temperature
Cy approaches approximately 349 mol 'K~! in the three
compounds. On the other side, the details of this change depend
on the pressure. The initial increase in C, with T under lower
pressure is more rapid than under higher pressure. The variation
of Cy for the three compounds exhibits similar features in a wide
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Fig. 7. Variation of the specific heat capacity Cp with temperature at different
pressure for SnMg,04, SnZn,0,4 and SnCd,04 compounds.

temperature and pressure range. At zero pressure and ambient tem-
perature, the obtained Cy values for SnMg,04, SnZn,0,4 and SnCd,04
are about 297 Jmol~'K~!, 323Jmol ' K~! and 325]mol ! K,
respectively.

The variation of the heat capacity at constant pressure Cp versus
temperature at 0, 10, 20 and 30 GPa pressures is depicted in Fig. 7.
The variations of Cp for the studied compounds exhibit similar fea-
tures. With increasing temperature, variation features of Cp values
at lower temperature are similar to that of G,. However, in the
high-temperature range, the change tendency of Cp exhibits appar-
ently different features under different pressures. Cp values de-
crease with increasing pressures and do not converge to a

00f T
b T T T 00 700} SnMg,0,
0 " —— 2 2() GPa 650
b e 600
i - . 10 GPa
Sl - 0K 4 600K
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Fig. 8. Debye temperature versus temperature and for the SnMg,04, SnZn,04 and SnCd,04 compounds.
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constant value. In particular, at zero pressure, the Cp increases
rapidly at higher temperature. At room temperature and zero
pressure, the obtained values of Cp for SnMg,04, SnZn,O, and
SnCd,0, are about 305 J mol~! K1, 332 Jmol~! K~! and 336 ] mol ™!
K1, respectively.

Fig. 8a displays the Debye temperature 0p versus temperature
curves at different pressures and Fig. 8b shows Debye temperature
0p versus pressure at several temperatures. It can be seen that 6p, is
nearly constant from 0 to 100K and decreases linearly with
increasing temperature from T > 200 K. It is also shown that when
the temperature is constant, the Debye temperature 6p increases
almost linearly with applied pressure. At zero pressure and
300K, the obtained Debye temperature values for SnMgy0,,
SnZn,04 and SnCd,0,4 are about 544 K, 373 K and 357 K, respec-
tively. Our calculated values of 0p at zero pressure and zero tem-
perature are 552 K, 379 K and 365K for SnMg,04, SnZn,04 and
SnCd,0,4, respectively, which are in good agreement with the
values computed accurately in terms of the elastic constants (see
Table 5). This might be an indication that the quasi-harmonic
Debye model is a very reasonable alternative to account for the
thermal effects with no expensive task in terms of computational
time.

4. Conclusion

The structural, elastic and thermodynamic properties of three
cubic spinal oxides: SnMg,04, SnZn,0,4 and SnCd,04 have been
investigated using FP-L/APW+lo method based on DFT in combina-
tion with a quasi-harmonic Debye model. The calculated lattice
parameters are in good agreement with experimental data. As far
as SnMg,04, SnZn,04 and SnCd,04 are concerned, our results for
the elastic and thermodynamic properties are predictions, and
we welcome experiments to prove them.
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