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I BE = & /N 5 B, € T Cao.5Sro.5TiOs fb & H de fr & (1 Ca/Sr Ji& F XF B8 70 AR, &L T
Cao.5S10.5TiO0g it 58 11 ffs M4 45 1), 76 b kb R Y 25 1% 13 v o B0 90 35 — A Jid L 1 ~F T vpk 6 2 48 7
5, R R FE A AN SUBR BEE AL RR 3, T T Cao.5Sr0.5 TiO3 I i S, L3 Kl A4 s s & L B D)
= 7 KR AR L, HEE T Christoffel 5 2 FIANMEAERF T T ~F 1 75 P (4R4E, 25T Cahill 1 Cahill-Pohl £
T T B NS R IHRFIE. THRE SRR Cag.5S10.5TiO3 firks S HU LI E R B2, AR & K T 89 1)
B, [100], [010], [001] & 1 A7 FRASE R L JFRA B L@ bk 3 4 (AY) DA R IR = 48 P38 R T 9 4% 1)
S, ST A IAE (010), (001) ST B ) S, 78 (100) P S 80 % ) [ 1, P07 3 KN 5 S S5 R it AT
WIHP P BB AR BT, Cahill B 5 /N0 T 3R A0 21 T B 170 [F] 14, Cahill-Pohl A58 5 /)N v 5: RAE 3 i i
T E . M IR Cag.5S10.5TiOs di A1 BE /R A FIAIZAK R 205 CaTiOs sk IIEL, JF HimiR
TEARE LGS, THE TR AR N 2.19 oV, SR FERE Ti-3d 5 O-2p A ok, i i AG
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MPEHEAREBFRASPEE T ZHRAH,
HXF CaTiO3 M1 SrTiO5 fi A& T 78 % 52 ik 4.
Bednorz Al Miiller P 1 56 4E B T MK T 40 K I,
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2 ISR 7L T Cay Sty TiO3 F 51 I & K% H0fn 2%
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e, I Ho A R B I 0k v T BT D)L R 1 CST50
A ) A 3 R 148.2—152.1 GPa, BT VB &
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9 88.0—88.3 GPa. Ashman 2 171 FH 45— J5i 38
W T 7 CST5H0 4%k v Jd o4, 2k B Al AL v AL 0.08
C/m? 1% 0.26 C/m2. Yang fl Zhang ['*] ] i
fm 3T AL 5 V25 (virtual-crystal approximation) 11 5
7 CSTH0 B #1411 JiT, 44 3455 & 9 153 GPa, BY
VIti5 81 GPa, 1 K& N 282 GPa, WAL A
0.275, #RIER] CST50 kM AA BoRiatE, H H A
AN BRI TR, S mE N
3.79, B AT %K 1.94. Perks 25 19 38 5 52 36 Wi
5E | CagSry_, TiO3z FR 41 fi A (1) A4 s AR 55 R BY 1) A
&, KT 500 K, CST50 & 1 (1) 4 5 455 5
B B T 3 PR PR Aso %% ) i@
R ABO3 FHTHI M R R B A AL B T (122 1,
St Ti-O )\ TH i B R R, T SrgtCagt 112
B/, DRH S 5 T Ak Ti-O )\ THI A 22 R 52 1) oK

X Cay Sty TiO3 4 1 #4422 1 H 22 P o,
Kovalevsky %5 PU 5% T SrTiOs it 7838 i 5 2% &
JEET (W), HAFREE SRS TR 13
SR EEH, Lima2s P WK T Ca,Sry_,TiOs
A PRI T 10 A H i B, Bk e T DL BRI
AT, 25 BN T AR IR B AR T AR A
TR,

H BT CST50 fit 45 & # Lot & (Sm) 1E N
RICH B A RIE, % T X Ca,Sri_, TiOs F 4 (1
Tt 70 A0 8L P 9 B SK 8, 1 X CST50 1 i s 2%
P L P B R A s R A RO, DR A S S
K FH 22 T %5 B V2 R E R B — T B Y A T 98 A
[ 5Tk, Wi T 4c BB Ca/Sr 57 15045, Hr
T CST50 1 Sh A S ¥4, THE T dfks o BOR0 3 1k
Hrs SR G R FE S8 B S T R R B DR
= YER AR DL AVA A e, FE4E B Christoffel 75 72
Y2 1] 7 S T 75 U R Cahill B2 57 /N $4 5 2R = 4 K]
AP #E2 I, FIH Cahill-Pohl BEAIREFE T /N
GBI FS, XL T CST50, CaTiO;
HSrTiO3 5 7 1 52 28 BE R AR R K R %G &%
Ja i TR S S E AT E S E, LKL
(200), (110), (002) & [ {1 H A 25 B . A ST
FoH Ry CST50 F T8 AE DL AR LR 18 1 4

2 HEMEM GE &
2.1 HEER
SEIGHE T SE R E B CSTH0 NIER fH &R, A

) FH Ponm 25 (8] B 8 37 CST50 ) & A 45 4, [ Br
RAG A No. 61, HibRgEHan 1 pros. 2 TAE

CESE CST50 fiv A A2 1) Ti-O )\ A 4 61,
YA TAEH 73 I BA Ca/Sr 57 i 45 AR de 2 B,
AR5 e B Ao fIR LB A 5 HH RGO [ AR S ), T B
N LT R 5 et ez & 1 Ca/Sr 75X R 7
A, AR R R AR, AR TR E 4, Hik
555200 25 AR — B 1525240 18 1 o A 2 i R il

Bl1 CST50 kst
Fig. 1. Crystal structure of CST50.

2.2 HEFE

ARV ST R R R I AR — MR
HJ7i%, th CASTEP M58 i, 5 ik SR H A
WP 55, o TR B e SR BB RE SR FH T L
B FE LBl (GGA) 9] R ) Perdew-Burke-Ernzerhof
(PBE) J5 2 PV Rl J= 45k %% £ 3 ALl (LDA) F J CA-
PZ 7 v BT A v e 6 B o B PR T T B 3
YR IF, I thilE % % (USPP) 28 s i 8 7 sk
SMerzrmmEERR EFEEIHE
FIEMIANEN BT A Cay3s23ptas?, Srly
4s%4p85s2, O N 2s22p*, Ti N 3s23pf3d24s2. Wk
K23 (8], T T O R BT AE R 380 eV, AT B X
R4y K 13 x 3 x 2 Monkors-Park ) £ 7k K
Ao A A HYH X SR A1, 32 A Broyden-Fletcher-
Goldfarb-Shanno (BFGS) B3 5035 of i A A 7
GER ks SRR AT . IR SRR R
BN TF 0.5 x 1076 eV, A JE-FRIR I3/ T
5.56 x 1073 eV /A, BRA P IETF 1.63 x 1072 GPa,
R Z/NT 4.6 x 1074 A, IR EERE b —28
T 50 AT 3 P e R R A2 R

3 BRE5T®
3.1 MR

CST50 J& T 1IE 28 &, A 94 ML iy 5 5 £
(C11, Cia, Ci3, Cay, Ca3, C33, Cag, Css, Ces), 1£
mn R G R AR EE A b, R T Bt 4005 12 ) 82 AR 1 T
TR AR RS R s v A
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#1 CST50 Mt ZHa, b, ¢, MMV, #MEEE Cy;
Table 1. Lattice constants a, b, ¢, cell volume V, elastic coefficients C;; of CST50.

Method af/A b/A oA VIR /zlPla /zllja /zllja /ZZPQa /Z?a /g?;)a /g‘;’la /gf’a /Z(;G’a
LDA 5.417 5.400 7.666 224.28 338 124 126 362 128 355 114 125 118
GGA 5,512 5.508 7.801 236.85 299 105 98 285 108 302 105 100 107
Other work 5.467 54713 7.739 231.52 286 76 124 256 82 279 114 97 412
5.498 5.491 7.753P 317 123 108 324 99 333 119 110 116°
5.4737 54714 7.763 231.59¢ 293 141 104 327 124 322 120 73 103f
5.479 5480 7.742 232.51° 299 119 106 302 102 319 114 103  104f

5.4722 5.4736 7.7338 311 99 107®

332 104 1241

334 96 108!

342 97 91

VE: a, Ref. [18]; b, Ref. [6]; c, Ref. [46]; d, Ref. [12]; e, Ref. [2]; f, Ref. [48]; g, Ref. [13]; h, Ref. [43]; i, Ref. [3];

j, Ref. [15].

F 1245 LDA F GGA W Fh 7 24t & Fr
RSB SRR R EL TRUE ],
LDA J7i5E GGA J7 VEARAR d A% o 20 e Ay i
B, AHP 0 2 1R e e B2 HARAR RN
MR B0 A SCRR T s R

Ci >0 (1=1,2,3,4,5,6),

(C11 4+ Cy —2C12) > 0,

(C11 4+ Cs3 —2C13) > 0,

(Ca2 + C33 — 2Cs3) > 0,

[C11 + Ca + C33 +2(Cha + C13 + Ca3)] > 0. (1)

Voigt 1 Reuss 15 84 T i) /& 3 B & By, Bg
B Gy, Gr it E AR B2

9By =(C11 + Ca2 + Cs3)
+ 2(012 + 013 + 023), (2)
15Gv =(C11 + Ci2 + Cs3) + 3(Cua + Cs5 + Cep)

— (Ci2 + Ci3 + Ca), (3)
1/BR 2(511 + Soo + 333)
+ 2(S12 + S13 + Sa23), (4)

15/Gr =4(S11 + S22 + S33) + 4(S12 + Siz + S23)
+ 3(S44 + S55 + Se6), (5)

o S5 NFRIMARL, Si; = C;;', AR Hill B @i

W A8 JE FHHIE B T Voigt A1 Reuss B8 43 1] % 7 38
R TR, —#FMEAEME VRH (Voigt-

Reuss-Hill) 5 S286 45 S 5 8z, R
B = (Br + Bv)/2, (6)
G = (Gr +Gvy)/2. (7)

SET RSN BY A & (1 Hill M, W] LTS5
Z iR TR Bt y, A00F:

E = 9BG/(G + 3G), (8)
v = (3B +2G)/12(3B + G)]. (9)

MR (2)—(9) i E 5 R R B & 35 1)
B, M IE & A AL L1 3R 2, W] A Voigt
1 Reuss £ 8 R [ 44 5885 5 By, Bg A1 87 V) 11 &
Gv,Gr ¥ LB, IF H CSTH0 A B K I# IK
i . Pugh P 3k #0ME o BOBE H— B B0 AL
B P AN 2 5 F R, G/B > 058 MR
ARG i, W G/B < 0.5 AR 8k 8 3] 1.
F 2% G/Brpa = 0.5789 1 G/Bgaa = 0.5999, it
B CSTH0 dh A A PEA

N E BT % ] 7, Ranganathan Al
Ostoja-Starzewski 21 5] X T 3& I -F BT 5 & AH 134
T ) e R R AV

AU:5gPV{+§PV{—6>o,
2 AY = 0 U B A e [, AU E R R R
(5% 1m) S PERE P RO, 25 SR W CST50 dh Ak i)
ERLPEE B AL, = 0.0235, AS,, = 0.0341, BiHA
CST50 #1452 HL55 5 ) 7 1.

(10)
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#2 CST50 i B, BIUIE G, 2 &M IR B, 1AL v FIEE stk % 4 AV
Table 2. Bulk modulus B, shear modulus GG, Young’s modulus of polycrystalline F, Poisson’s ratio v and

universal anisotropic index AY of CST50.

Method Bgr/GPa By /GPa B/GPa Gr/GPa Gy/GPa G/GPa G/B E/GPa v AU

LDA 200.5 201.9 201.2 116.3 116.7  116.5 0.5789 292.86 0.257 0.0235

GGA  168.3 168.2 168.25 100.3 100.9  100.6 0.5999 251.59 0.25 0.0341
152/148 88/88 0.275

Other 177—212 105.6"

work 172 104¢

177.36/148.884

#E: a, Ref. [4]; b, Ref. [47]; c, Ref. [42]; d, Ref. [46].

®3 EhOTEMEREE E SHME Y

Table 3. Young’s modulus E, Poisson’s ratio v along the principal axis.

Method  E[199)/GPa Vgy Vgz Ejg10)/GPa Vya Vyz Ejg01)/GPa Vi Vay
LDA 273.5 0.2493 0.2652 293.9 0.2697 0.2632 287.1 0.2784 0.2572
GGA 247.2 0.2824 0.2250 227.1 0.2595 0.2727 247.8 0.2255 0.2975
CaTiO3 253.6 0.3099 0.2309 265.2 0.3241 0.1928 285.1 0.2607 0.20731*
7E: a, Ref. [46].
N T HE BRI TR R, R T T R R + 1213855 + 1313 S66,

W R LLF T 22 3 . WS 7 1A by B R B 4
HEBA S, LR T CSTS0 8 R g, NRIRRG 1, b, Iy 7 R 5%, Wy R

KHIE,
AR FRIAN T T 4 1

N T B FEHUBIE FT CSTH0 B i {4 A IR A BB %
ANTT TR AL TE DL, 22 T CST50 & A (147 FR A
R, AR B

1

E

(11)

BRI T 1, 1o, 15, 12 W] DUEDW H A4 B4
R %A 7 F AR AL, 2 (a) Bon 11 KA
BREIA A, TEBEE 2 (b) RAY RS E

£ (001), (010) ~F-TfI % 7] 5 PE A% FE 58 T (100) ~F- 1,

=151 + 20713512 + 20713515 + 1552

+ 2[%[%323 + Z§S33 + Z§Z§S44 CST50 E?ETHE%E"J%@E*Q*@I

2 CST50 MMM (o) ZHHE (b) & FHIHEE (A4, SARMELMN XY, X2 A Y Z FHEK) (GCA)
Fig. 2. Young’s modulus of CST50: (a) 3D projected image; (b) planar projected images (red, green and
blue lines represent XY, XZ and Y Z planes, respectively) (GGA).
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s [ ARAFAE 3 521 T 7S S S

3.2 FHEEKEMR ad el |vg

S P AT 5 5 e R % 16 B ) k* 16 B¢
A%, B SRR Christoffel 77 72, 7] LS 2 4E A e ¢l |vs
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(GGA)

Fig. 3. 3D projected images of plane acoustic velocities v1,v2,v3 (a)—(c) and the corresponding planar projected

images (d)—(f)(the red, green and blue lines respectively represent the XY, XZ and Y Z plane projects) (GGA).

207102-5

5000

(12)


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 20 (2015) 207102

Horb ke ot R, w NIRBIINER, p R, &
w/k VT BOE L, vr, vg, vg NHRIE, X T IERL
&, 8,7, 0, e, CI U R R AR:

a = Cnli + Cel3 + Cssl3,

d = (C12 + Ceg) 112,

B = Ceel + Caal3 + Cuul3,

€ = (Cs1 + Css)l3ly,

v = Cssl2 + Cyql3 + Cs3l2,

¢ = (C23 + Cua)lals,

H = sin(f)cos(p),lo = sin(f)sin(p),l3 =
cos(6), W] LASR 15 HRRAEME, B & 44 T T 7
[EFRIE R vy, v, v, T ETE A 3 FioR, ATLLE
t, CSTH0 A P S A — ST, AR S
AR AN — SR, B3 (a) AL 3 (b) A& T 1 76 i
B IREN AL, 75 (100) F T 2 3% W [F 1, (001),
(010) “F 1] 2B % ) 1 B 3 (c) R AR
£ (100) ~F 1 230 % 0] [F] 4, 7E (001), (010) ~F-1f1 &2
U ) S, I HLANB IR B8 FE B TR R 3
TURE, SR T T TR T 38 52 I — R e
X ARV R RFAE.

(13)

3.3 BNASER

CagSr1_,TiOs B A R 4 19 #4 s 1 i,

Bk [37, 38]BF 7T T SrTiOz 44K ¥4 Kl #4 & %,

I CST50 A SR WA A EEMZE L. T

Cahill P BRI ] AT SRR il B I BN S 2,
HEARXN

Fomin = (kB/2.48)n%3 (v + 2v;), (14)

A kg NBUREZ W&, n NETEE; v, v 777
N AT 35 S R T P A N . N TR
DI E S A d 1 B NS R (14) XA
3 [40]

Rmin = (kB/2.48)n2/3(v1 + vg + ’1)3), (15)

A vy, vo, vg AT IR . CSTHO & 174 1) #4
FRME 4FTR, 77 WAE S RN AG R ZI
1 R, X R R R CST50 B A f e 1 5 #4
PERE.

Cahill 15  J5j PR v 5w il B 1) e /N #5356
7% 8 AT B IR B 1) AR 4 B 75 2R H Cahill-Pohl
A [41],

1/3 2
(T 2/3 (T
Rmin —<6> an sz <@Z)

(3

©;/T 3 e
—_— 1
X/o (ex—l)de’ (16)

K kp ABUR L2 W B 0 NI TE I R
g6, = v;i(h/kp)(6m3n)'/3, (i = 1t;m); v; NP
AR, H A BT o = /G /p, P
TIE Lo = /(B +AG/3)/p, 5T 13k

1/2 1\ .
v emmEE 4

em = 1500+

R\F| TR GRERY]: PR EE v, K
NS TH PSR v, oo I BB BT, S 34 R R K
o KNS i g BB, JF H LDA A
GGA W #7738 B TS CST5H0 A4 48 I8 B2 N
(@ppa) = 7382 K, Opcaa) = 658.7 K), /T
SrTiO3 1 CaTiO5 fi A fEFFIR i 1024 S/ T 5
TR (16) =3, KH Kk = k) + 2k, T &A1 5N
WFEE. CSTH0 H#T R A Kl 5 i,

—-15 —-10 —-05

—-0.5
—10¢

—15¢

(b)

Ka BAMSE  (a) Z4EE; (b) FHEY (A6, 52
MEL SR XY, XZ MY Z FHEE)(GGA)

Fig. 4. The lowst thermal conductivity: (a) 3D pro-
jected image; (b) planar projected images(red, green
and blue lines represent XY, XZ and Y Z planes, re-
spectively)(GGA).
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Ra N p, FHIF R ve, 01, vin, R Op

Table 4. Density p, averaged acoustic wave velocities vt, v], vm, Debye temperature Op.

3 1

Method p/g-cm™ vy /km-s™ v/km-s~1 Um /km-s ™1 6p/K
LDA 4.5054 5.0842 8.8947 5.247 738.2
GGA 4.5055 4.7262 8.1860 5.112 685.7

CaTiO3 4.092 5.035 8.752% 760

4.3 5.1514 9.045 5.7258 750.54

SrTiO3 5.121 4.764 7.992% 639°¢

4.4 4.736 8.057 5.2495 679.444

VE:a, Ref. [44]; b, Ref. [42]; ¢, Ref. [43]; d, Ref. [15].

T AR, B/ NS R 5 T2 jOE L, M4 R
TR IR, BT ko TEE, B
RURG R ) ISR, ST e E. 75 MR T
Chaill 55 Cahill-Pohl £ 84 5z /N #4 5 2 BB R F2 0k,
iR CSTH0 & A TE iy iR H AT B e 1 5 b g,
AT DAE Ry R AT = R

L —7T2

Km

Rt
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3.5 HETLH
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BN 2.19 eV, 53CHR 18] 12.08 eV L. E9N
CST5H0 s 7 25 i 1 73 I8¢ 74 2 i s 2 2% 52 .
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L Ca—O 8K, H K v fEJE Sr i 1 F 12 b Ca
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AH—F RS2 CSTS50 & A4 B A FE 10 Ti—O
J\IHIAA.

5 CST50 fb Ak 5 FHUIE B 384 AT,
ZEAMSE K L
Table 5. Atomic orbital populations, atomic charges,

band populations P, and bond lengths L of CST50

crystal.

Atom s p d Total Charge Band P L/A
O 184490 0 6.74 —-0.74 O—O —0.039 2.78496
Ca 2.06 6.00 0.53 8.59 1.41 Ca—O 0.037 2.61599
Sr 2.025.990.66 8.67 133 Sr—O 0.044 2.64385
Ti 2.30 6.63 2.20 11.13 0.87 Ti—O 0.468 1.97418
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Abstract

In this paper, Ca/Sr atoms are confirmed to have symmetric distributions on 4c sites by using the minimum
energy principle, and the stable crystal structure of Cag.55ro.5TiO3 is built. The lattice parameters, elastic constants,
bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio of Cag.55r0.5TiO3 (CST50) are investigated by the
plane wave pseuedopotential method based on the first-principles density functional theory within the local density
approximate (LDA) and generalized gradient approximation. The properties of planar acoustic velocity are studied by
Christoffel equation, and the minimum thermal conductivity is investigated with Cahill and Cahill-Pohl models. The
results show that the calculated lattice parameters are consistent with the corresponding experimental values. The larger
calculated elastic constasnts C'11, C'22, and C'z3 suggest the incompressibility along the principle axes. The bulk modulus
B is larger than the shear modulus G; G/Brpa = 0.5789 and G/Bgca = 0.5999, indicating that CST50 is a brittle
material. The three-dimensional image of Young’s modulus along [100], [010], and [001] crystal orientations shows the
anisotropic elasticity of CST50. The planar projections of Young’s modulus in (001) and (010) planes show the stronger
anisotropy than in (100) plane and all the planar projections have two-fold symmetry. The Poisson’s ratio exhibits the
incompressbility of CST50. The universal elastic anisotropy indexes AP, = 0.0235 and AZq, = 0.0341 indicate the
weak anisotropy of CST50. The planar acoustic wave which has a branch of longitudinal wave and two branches of
transverse wave is anisotropic along (010) and (001) planes and isotropic along (100) plane, and all the corresponding
planar projections have two-fold symmetry. The minimum thermal conductivity calculated in Cahill model is isotropic
in each plane, while the minimum thermal conductivity calculated in Cahill-Pohl model is proportional to the second
power of T under low temperatures and reaches a constant at high temperatures. In the quasi harmonic Debye model,
the molar heat capacity and thermal expansion coefficient of CST50 are close to those of calcium titanate, indicating
that CST50 has the stable thermal expansion property at high temperatures. The direct band gap of CST50 is 2.19 eV
and the bottom of the valence band is mainly determined by the electron orbitals of Ti-3d and O-2p. The analysis of the
charge populations shows that the covalence of Ti—O is stronger than those of Sr—O and Ca—O, and the band length
of Ti—O is shorter than those of St—O and Ca—O; (200), (110) and (002) planar contour charge densities indicate that
Ti atoms interact strongly with O atoms. The charge population and contour charge density prove that CST50 has a

stable Ti—O octahedral structure.

Keywords: Cag 55rg.5TiOg, first-principles, elastic constants, thermal conductivity
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