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PHAN MO DAU

1. Li do chon dé tai

Vit liéu c6 ciu trac perovskite ABOs, trong d6 A, B 1a c4c ion duong
va B thudng 13 kim loai chuyén tiép da duoc phat hién va nghién ctru tir thé ki
18 [38], [64], [124]. Hién nay, vat li¢u perovskite dang dugc cac nha khoa hoc
trén thé gidi cling nhu ¢ Viét Nam [19], [51], [65], [67], [89], [102], [120]
quan tam, nghién ctru, da c6 nhiéu bai bao khoa hoc vé vat liéu niy va sd cong
trinh nghién ctru ngay cang ting 1én trong nhitng nim gan day [101]. Pic biét,
viéc kham pha ra hiéu tng tir trd khong 16 trong cac hop chéat perovskite
manganite dd mo ra mot hudng nghién ctru méi rat tha vi [3]. Nhitng hop chét
nay xuét hién nhiét do chuyén pha kim loai - dién méi/ban dan Tp va nhiét d6
chuyén pha st tir - thuan tir Tc. Pic tinh co ban cua vat liéu nay la tu trd cua
mau 16n khi & gan nhiét do Te. Tuy nhién su twong quan dién tir - phonon, bién
dang mang Jahn - Teller, hiéu ing polaron cling anh hudng rd rét dén tinh chat
cua cac vat licu.

Vit li¢u perovskite c6 thé dugc sir dung Iam vat li¢u cach dién, tich dién,
bd nhd, 1am dé ché tao vat lidu siéu dan, 1am thiét bi quang hoc, thiét bi chuyén
d6i nang luong mat troi [4], [6], [76], [80], [114], [118], [128]. Pic biét véi
cau trac c6 su thay doi ctia pha d6i xtng, vat liéu nay hta hen nhiing tiém
nang tng dung nhu c6 thé thay doi tir sit dién sang phan sat dién, ...

Vit liéu cdu trac perovskite ABO; c6 ciu trac tinh thé dic trung véi su
ton tai cac bat dién BOg noi tiép trong 0 mang co s¢ va sép xép canh nhau.
M&éi bét dién BOg dugc tao thanh tir 6 ion Am oxi tai dinh ctia bat dién va mot
ion duong B nam tai tam bat dién. Sy thay d6i cau tric tinh thé hay thay doi
cdu tric bat dién quyét dinh su thay d6i nhiéu tinh chét vat li caa vat liéu

perovskite. Mot trong nhitng nguyén nhan quan trong ké dén 1a yéu t6 nhiét



d6 va &p suat. Vi du ciu trac lap phuong cua mang tinh thé mot s vat liéu 1a
6n dinh & nhiét do cao (T > 1000K) nhung khong on dinh ¢ nhiét d¢ thap [1].

Vat liéu ciu trac perovskite dac trung co thé ké dén 1a Strontium titanate
(SrTiO3) va Barium titanate (BaTiOs) [107]. Chang thudc cac perovskite
ABO3, d3 sém duoc tim thay va c6 nhiéu Gmg dung trong khoa hoc, cong nghé.
SITiOs c6 thé ung dung 1am sensor [32], pin nhién liéu [17], d&é siéu dan
[60].... va di dang duoc nhiéu nha khoa hoc quan tim nghién ciru [35],
[104], [131], [135]. Thém vao d6, BaTiOs ciing c¢6 nhiéu tng dung trong
cong nghé nhu lam bo nhd, b luu trir nang luong,.. da, dang thu hut
nhiéu su quan tdm va nghién ctru ctia nhiéu nha khoa hoc [2], [54], [74],
[81], [99], [103], [129].

Pén nay, c6 rat nhiéu nhimg nghién ctru vé tinh chat dién, st tir, .. cia
vat li¢u perovskite, nhung con it nghién ctru vé tinh chét nhiét dong cua vat
liéu nay. Nhiéu phuong phap duogc st dung dé nghién ciru tinh chat nhiét dong
cua vat liéu perovskite, nhu phuong phap dong luc hoc phan tir [35], [59], [108],
phuong phap ab initio [73], [88], [122] va da dat dugc mot sd két qua nhat
dinh. Gan day, phuong phap ludi chia ion mé rong ciing dugc ap dung dé
nghién ctru tinh chat nhiét dong ctia mot sb loai vat liéu perovskite [14], [15].
Tuy nhién, trong mot s nghién ctru, nhu [14], [15], [73], [122] chua xem xét
dﬁy du dén hiéu ung phi diéu hoa cta dao dong mang. Hon nira, sy phu thude
nhiét do va ap suét cua céc dai luong nhiét dong ddi véi cac vat liéu ciu trac
perovskite chua dugc nghién ctru mot cach dﬁy du, chi tiét va co hé théng.

Trong nhiing nim gan day, phuwong phap théng ké md men (PPTKMM)
d3 thanh cong trong nghién ctru cac tinh chét nhiét dong va dan hoi cua tinh
thé kim loai, hop kim, ban dan ... cho két qua phu hop t6t véi thuc nghiém khi
tinh dén anh hudng phi diéu hoa ctia dao dong mang [39], [45], [46], [47],
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[48], [68], [90], [92], [95], [115], [121]. Hiéu tmg phi diéu hoa c6 thé duoc ké
dén & cac bac cao, giai thich va cho két qua & cac ving nhiét do va ap sut
khac nhau. Tuy nhién phuong phap théng ké md men chua duoc ap dung dé
nghién ctru tinh chit nhiét dong cua vat liéu cAu tric perovskite.

V61 nhiing 1i do nhu da trinh bay ¢ trén, trong nghién ctru cua luan an
ching t6i 4p dung phuong phap théng ké méd men dé nghién ctru tinh chat nhiét
dong cua vat liéu perovskite voi dé tai 12 “Nghién ciru tinh chit nhiét djng

ciia vit liéu céu triic perovskite bang phwong phdp théong ké mé men”.

2. Muc dich

Muc dich ctia luén 4n 13 p dung phuong phap théng ké mé men dé nghién
ctru tinh chat nhiét dong vat liéu cau tric perovskite. Cu thé 1a, phuong phap
théng ké mo men sé& dugc ap dung dé xay dung biéu thirc giai tich cho ning
luong tir do va cac dai lugng nhiét dong ¢ nhiét o T va &p suat P cta cac vat
lidu cau tric perovskite co pha tinh thé 1ap phuong. Céac két qua i thuyét duoc
ap dung tinh s cho vat liéu perovskite SrTiO; va BaTiOs pha tinh thé lap
phuong, rOi so sanh véi thue nghiém va mot sb két qua tinh toan khac.

3. Poi twong va pham vi nghién ciru

Déi tuong nghién ciru 12 vat liéu cau tric perovskite.

Pham vi nghién ciu: Luan an tap trung nghién ciu tinh chét nhiét dong
cua vat liéu cau trdc perovskite pha tinh thé lap phuong trong cac ving nhiét
d6 va &p suit khac nhau.

4. Phuwong phap nghién cuu

Phuong phap thong ké mé men 1a phuong phép 1i thuyét nghién ciru tinh
chat vat Ii cia nhiéu vat liéu véi cau trac tinh thé c6 tinh dén hiéu tng phi diéu
hoa ctia dao dong mang. Phuong phap nay dugc phat trién va da duoc &p dung

cho nghién ctu nhiéu tinh chat cua vat liéu, nhu tinh chat nhiét dong va dan hoi
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cua céc tinh thé 1ap phuong tam khéi va tdm dién, kim loai khuyét tat, hop kim
va hop chit ban dan; su bién dang dan hoi phi tuyén va qué trinh truyén séng
dan hoi trong kim loai, hop kim ... ciing vé&i nhiéu cng bb khoa hoc trén cac
tap chi uy tin. Cac két qua tinh toan khi sir dung phuong phéap théng ké md men

phu hop vai céc két qua Ii thuyét va thuc nghiém khac.

Trong luan 4n nay, phuwong phap thong k& md men dugc sir dung dé
nghién ciru tinh chat nhiét dong caa vat lidu cau tric perovskite. Hiéu tng phi
diéu hoa duoc ké dén trong gan dung lity thira bac bon cua d6 doi nguyén ta
khoi vi tri can bang. Qua c4c cdng thirc mé men cho phép tinh dugc thé trong
tac, nang luong tuy do va céc dai lwong nhiét dong cua vat liéu cau trac
perovskite. Lua chon biéu thirc va téi uu cac tham sé cho thé ning tuong tac
gitra cac nguyén tir trong SrTiO; va BaTiOs, cac dai Iugng nhiét dong cua cac
vat liéu nay duoc tinh sb trong cac ving nhiét do va ap suat khac nhau. Két qua
thu duoc s& duoc phan tich, danh gia két hop so sanh véi két qua i thuyét va
thuc nghiém khéc.

5. Y nghia khoa hoc va thuc tién cia luan an

Péi tuong nghién ciu cua luan an 1a 16p cac vat lidu cau trdc perovskite
d3 va dang dugc quan tam nghién ciru rong réi va ¢ nhiéu tng dung quan trong
trong khoa hoc, cong nghé va san xuét. Cac két qua cua luan an s& l1a cac thong
tin vé tinh chat nhiét dong cua vat liéu cau tric perovskite SrTiO; va BaTiOs &

pha tinh thé lap phuong.

Két qua thu duoc trong luan an minh chang bang bai bao khoa hoc uy
tin s& khang dinh su dung dan, phd hop caa md hinh nghién ciru da xay dung
va phuong phap mé men trong nghién ctu tinh chat nhiét dong cua vat liéu cau

trdc perovskite & pha tinh thé 1ap phuong. Cac phuong trinh va biéu thic giai
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tich dugc xay dung cd thé ap dung cho 16p cac vat liéu cau tric perovskite pha

tinh thé 1ap phuong.

Hon nita, biéu thuc thé ning twong tac cap, clng véi bo tham sé twong
trng, ph hop trong nghién ctru vat liéu céu trc perovskite SrTiOz va BaTiOs;
d3 duoc dua ra. Két qua trong luan an cho thay phuong phap théng k& mé men
hoan toan cd thé dugc mé rong, phat trién va ap dung dé nghién cau 16p vat
licu cau tric perovskite pha tinh thé 1ap phuong. N6 ciing ¢6 thé du doan tinh
chét nhiét dong cua vat liéu cau tric perovskite SrTiO; va BaTiOs pha tinh thé
lap phuong trong ving ap suat cao hoic nhiét do cao. Cac két qua tinh sé cua
cac dai lugng nhiét dong 1a nguon tham khao cé gia tri khoa hoc cho nhiing

nghién cuu tiép theo.

Cac két qua nghién cau caa luan an c6 ¥ nghia quan trong ddi véi nganh
cong nghé ché tao dé 1am vat lidu siéu din nhiét d6 cao va mot sé cam bién

hoac thiét bi st dung vat liéu perovskite.

6. Nhirng dong gép mai caa luan an

Luan &n sir dung phuong phap thong ké mé men ddi vai vat lidu cau tric
perovskite pha tinh thé lap phuong. Két qua thu duogc co gia tri khoa hoc va
phU hop thuc nghiém va tinh toan khac, diéu nay duoc minh ching qua cac bai
bao khoa hoc ding trén tap chi uy tin. Trén co s ndy, luan &n cung cip phuong
phap li thuyét hiéu qua trong nghién ciru tinh chat nhiét dong 16p vat liéu cau
trdc perovskite pha tinh thé lap phuong.

Tim duoc biéu thirc thé nang twong tac cap, clng voi bo tham sé twong
ng, ph hop trong nghién ctu vat liéu cau trdc perovskite SrTiO; va BaTiOs.
Biéu thirc thé nang twong tac ndy phu hop cho nghién ciru hé c6 tuong tac bao
gom két hop ca twong tac cong hoa tri va tuong tac Coulomb giira cac ion tich

dién.
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Xay dung duoc cac biéu thuc giai tich tinh ning lugng va cac dai lugng
nhiét dong cua 16p vat liéu cau trdc perovskite pha tinh thé 1ap phuong cé ké
dén hiéu tmg phi diéu hoa cta dao d6ng mang tinh thé. Dua vao cac biéu thuc
d6, cac dai lugng nhiét dong cua vat liéu cau tric perovskite ¢ nhiéu ving nhiét
d6 va &p suat khac nhau duoc tinh sé. Két qua tinh s6 mot sé dai luong nhiét
dong cua SrTiOs cho sy phil hop voi thuc nghiém tét hon két qua vé bai toan
tuong tu theo phuwong phap i thuyét ab initio. Quy luat bién ddi cua mot s dai
lwgng nhiét dong cua SrTiO; ¢6 su phl hop véi thuc nghiém tét hon mot s6

nghién cau tinh toan bang phuong phap dong luc hoc phan tu.

Cac két qua c6 duogc tir luan an da cé nhimg dong gop mdi cho cac nghién
ctiu If thuyét va thuc nghiém vé anh hudng caa nhiét do va ap suat I1én tinh chat
nhiét dong ciia mot sb perovskite nhu SrTiOs, BaTiOs. Li thuyét ma chung toi
xay dung cho tinh chat nhiét dong cua vat liéu perovskite da gop phan hoan
thién va phét trién phuong phap thong ké mé men trong nghién ctu tinh chat

nhiét dong cua vat liéu tinh thé.

7. Bd cuc caa luan an
Ngoai cac phan M¢ dau, Két luan, Tai liéu tham khao, Phu luc, noi dung

luan an dugc trinh bay trong 3 chuong nhu sau:

Chuongl: Tong quan vé vat liéu cau trdc perovskite va phuong phap nghién cuu.
Chuong 2: Nghién ctu tinh chat nhiét dong cua vat liéu cau tric perovskite &
ap suat P = 0 GPa bang phuong phap théng ké md men.

Chuong 3: Nghién ctru anh hudng caa ap suat 1&n tinh chat nhiét dong cua vat

liéu cau trac perovskite bang phuong phéap thong ké mé men.
Chuong 1 s& gidi thiéu tong quan vé cau trdc va mot sé tng dung cuaa vat
liéu cdu trac perovskite. Hon nira, chuong nay sé& tong quan mot sé phuong

phap Ii thuyét hién nay (nhu phuong phap dong luc hoc phan tr, phuong phap
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ab initio) da, dang duoc sir dung trong nghién ctiu tinh chét nhiét dong cua vat
liéu nay. Qua d6 chi ra cac wu, nhugc diém caa cac phuong phap ndy va nhirng
van dé hién con dang tranh luan. Ngoai ra, chuong 1 con gidi thidu cac noi dung
co ban cua phuong phap théng k& mé men 1a phuong phap duoc sir dung dé

nghién cau trong luan an.

Chuong 2 s& trinh bay viéc s dung cac két qua cia phuong phap mod
men dé xay dung cac biéu thirc giai tich cho dai luong nhiét dong cua vat liéu
cau truc perovskite pha tinh thé lap phuong c6 ké dén hiéu tmg dao dong phi
diéu hoa trong gan ding liy thira bac bbn cua d6 doi cia nguyén tir khoi vi tri
can bang. Tu biéu thirc d6, cac dai luong nhiét dong cua vat lidu perovskite
duoc tinh s tai mot s6 nhiét d6 va ap suat P = 0 GPa. Su lva chon va téi vu
tham so thé tuong tac, phii hop cho céc loai twong tac trong vat liéu perovskite
SrTiOs va BaTiO3 pha tinh thé 1ap phuong, s& cho phép tinh sé cac dai luong
nhiét dong cua cac vat liéu do. Két qua tinh sb s& duoc phan tich va so sanh véi
cac két qua nghién ctu I thuyét va thuc nghiém khac. Cac két qua thu duoc sé
gilp dua ra cac két luan vé phuong phap nghién ctu va tinh chat nhiét dong
cua vat liéu perovskite SrTiO; va BaTiOs pha tinh thé lap phuong & ap suat
P =0 GPa.

Chuong 3 s& trinh bay noi dung vé thiét 1ap phuong trinh trang thai, xay
dung cac biéu thic giai tich cho céc dai lugng nhiét dong cua vat liéu cau tric
perovskite pha tinh thé lap phuong & &p suat khac nhau, c6 ké dén hiéu ung dao
dong phi diéu hoa trong gan ding liy thira bac bn cua do doi cua nguyén ta
khoi vi tri can bang. Cac biéu thuc d6 s& gitp tinh sé dai lugng nhiét dong cua
vat liéu SrTiO; va BaTiOs tai 4p suét khac nhau. Két qua tinh s6 duoc phan tich
va so sénh vai cac két qua nghién ciu 1i thuyét va thuc nghiém khac. Cac két

qua thu duoc s& gilip dua ra cac két luan vé phuong phap nghién citu va anh
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huong cua ap suat Ién tinh chat nhiét dong cua vat liéu perovskite SrTiO; va

BaTiOs pha tinh thé 1ap phuong.

Noi dung cua luan an da duoc tac gia bao céo trong Hoi nghi vat Ii 1 thuyét
Viét Nam lan thtr 46 (2021), Hoi nghi vat Ii 1 thuyét Viét Nam lan thir 47 (2022)
va cong bd 03 bai béo khoa hoc ding trén tap chi qubc té thuoc danh muc Web

of Science va trong nudc.
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CHUONG 1. TONG QUAN VE VAT LIEU CAU TRUC PEROVSKITE
VA PHUONG PHAP NGHIEN CUU

Chuong nay sé& gigi thidu tong quan vé cau trdc tinh thé, mot vai tng
dung cua vat liéu cau trdc perovskite va mot sé phuong phép i thuyét hién nay
(nhu phuong phap dong luc hoc phén tir, phuong phap ab initio) da va dang
duogc sir dung trong nghién ciu tinh chat nhiét dong cua vat liéu nay. Qua do,
chuong 1 s& chi ra mot s6 van dé con chua nghién ctru hoic hién con dang tranh
luan trong mot s6 két qua nghién ciu. Ngoai ra, chuwong 1 con gigi thiéu céc
noi dung co ban va mot s6 két qua nghién cau thanh cong cia phuong phap

théng ké mo men la phwong phap duoc sir dung dé nghién ciu trong luan an.

1.1. Vat liéu cau tric perovskite va mét sé wng dung

1.1.1. Cau truc tinh thé cia vat liéu cau trac perovskite

Perovskite 13 tén goi thuong dugc sir dung cho céc vat lidu cd cau tric
tinh thé giong vai cau trdc tinh thé cua vat liéu gom canxi titanate (CaTiOs).
Vit liéu cau tric perovskite trg thanh nhiing déi tuong thu hat dugc su quan
tam cua nhiéu nha khoa hoc bai nhitng tinh chat thi vi va tng dung cta ching.
M6t s6 tinh chat vat Ii thd vi cua cac vat liéu nay cé thé ké dén nhu tinh chat
siéu dan, tinh chat ti, tinh chat dién, .... C6 nhiéu vat liéu cau tric perovskite
dugc phat hién nhu CaTiOs;, BaTiOs, SrTiOs;, CdTiOs PbTiOsz SrZrOg,
BaZrOs;, KNbOg, LINbO;3, LiTaO3 BaPrOs, CsCaFs, LiBaFs, ....

CAu trc perovskite co tinh dbi xing cao la d6i xing 1ap phuong. Mot 6
co so cua tinh thé cau tric perovskite c6 d6i xang lap phuong (Pm3m) c6 thé

mo ta trén Hinh 1.1.
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Hinh 1.1. O co s cua tinh thé perovskite cu tric lap phuong.

Mot 6 co sd thudng chira 1 phan tir vai ¢ng thic hoa hoc dang téng quét
ABXj3, trong d6 A va B la ion duong va X 1a ion &m. C4c nguyén tir ctia nguyén
t6 c6 thé chiém cac vi tri cua A, B va X duoc liét ké va trinh bay trong
Hinh 1.2.

Hinh 1.2. Céc phan ti trong bang tuan hoan cac nguyén té hda hoc ¢ thé chiém

dong 3 vi tri A, B va X trong ciu trc tinh thé vat liéu perovskite [101].

X thuong hay gap 1a oxi, nén cau tric vat liéu perovskite thuong gap co

dang ABOs. Trong mé ta hinh thirc thi A la ion duong c6 dién tich +2, viét dang
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A*2. B la ion duong co dién tich +4, thuong viét dang B*4. A*2 va B** ¢6 kich
thudc khac nhau. A*? ¢ kich thudc 16n hon B*. X 1a ion am c6 dién tich -2,
viét & dang X2. Trong 1 6 co s, ion A*2 ¢ vi tri & goc, B** ¢d vi tri ¢ tam gitra
va X2 ¢ vi tri tai tim cua cac mat hinh lap phuong cta 6 co so. X2 lién két voi
ca ion A*2 va B*%. Mdi ion B* trong khoang lan can gan nhat c6 6 ion am X
bao quanh hinh thanh dang lién két hinh 8 mat (octahedron). lon A*? trong
khoang 1an can gan nhat c6 12 ion X2 bao quanh, tao thanh lién két hinh 12
mat (cuboctahedrons).

Nhitng vat liéu perovskite dugc nghién ctu tir nhitng nam 1960 dén nay
va c6 nhiéu tng dung trong cdng nghé va thiét bi [4]. Vat liéu oxit perovskite
ba thanh phan c6 cong thirc chung 1a ABO; va duoc dit tén theo tén nha béac
hoc nguoi Nga Lev Alexeievitch Perovsky. Tuy theo cac diéu kién nhiét do va
ap suat, vat liéu perovskite c6 chuyén pha tir cau trc tinh thé co ddi xtng cao
lap phuong véi nhom khong gian Pm3m t6i cac d6i xtng thap hon. Sy 6n dinh
cau trGc cua tinh thé perovskite dugc xac dinh theo sé hang ciu tric
Goldschmidt t, dugc xac dinh bai lién hé kich thudc cua cac ion A (Ra), ion B
(Rg) va oxi (Ro), trong phuong trinh lién hé [36],

R+ R,

J2(Ry +R,) _ (1.1)

Tham sé t 1a tham sb hinh hoc, md ta su ph hop Vi tri caa ion A véi ion
B va duoc giai thich trong nhiéu nghién ctu [52], [77], [116], [137]. Pén nay,
tham s6 t dugc chap nhan rong rai, coi nhu 1a tiéu chi x4c dinh sy hinh thanh
cuia cau tric perovskite. C nhiéu nghién ctu va thao luan vé sy 6n dinh trong
cau trdc vat liéu perovskite [77], [110], [126], [137]. Perovskite véi cau tric
lap phuong co t thoa médn 0.89 <t < 1. Trong ciu tric perovskite 1i tuong ABOs,
ban kinh ion A thuong I6n hon ban kinh ion B, gan véi ban kinh cua ion O va
s6 hang t gan bang 1. lon A duoc bao quanh béi 12 ion am O tao thanh khéi 12
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mit AO1, va ion B bao quanh béi 6 ion &m O tao thanh khéi bét dién BOg duoc

mo ta trong Hinh 1.3.

Hinh 1.3. CAu trdc perovskite ABOs.

Nhirng ion ¢ vi tri O ¢6 cung toa d6 vai 2 ion ¢ vi tri B va 4 ion & vi tri
A. Do d6 cau trdc tinh thé trong khong gian co su két ndi goc gitra cac bat dién
BOs va cac ion duong A duogc dat ¢ khoang gitra 8 bat dién. lon duong B ¢6 vi
tri & tdm cac bat dién BOg va ion A chiém vi tri giira céc bat dién.

Néu kich thudc caa ion A giam thi t tro nén nho hon 1, khoi thm mit
BOs s& nghiéng hoic quay dé lap day khéng gian. Két qua dan dén su thay doi
cau tr(c tir cau tric lap phuong (cubic) dé tro thanh cau tric thoi
(orthorhombic), cau tric tr dién (tetragonal), cau tric don ta (monoclinic), hoic
cau trdc tam ta (triclinic).

O nhiét do phong, khi t < 1 s& dan toi sy quay cua khdi bét dién BOs
cling v&i mé rong do dai lién két B-O va thu hep do dai lién két A-O. Nhu vay,
su nghiéng cua khdi bat dién BOg gay ra bién dang caa nhdm AO1., 1am giam
dbi xting cua hé [34], [87]. Do d6, tinh chat cua vat liéu perovskite ABO; ¢
thé duoc tao ra chu yéu tir cac khéi da dién cau tao nén, nhu cac khoi bat dién
BOs va khdi 12 mit AOy,. Su khong tuong duong hoic khéng phi hop cua hai
nhom BOs va AO;, c6 thé gay ra su bién dang va anh huéng dang ké Ién tinh
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chat cua vat liéu nhu trong hinh 1.4. Vi du nhu hién tuong tir tré khong 16 trong
vt liéu perovskite R1.xAMNO; véi R 14 phan ti dat hiém va A 1a Ca, Sr hoic
Ba [123], [113], hién twong siéu dan [5], hién twong chuyén pha kim loai — phi
Kim [105], [106]...

T el e e
Cubic Tetragonal Orthorhombic Rhombohedral
g='h= e a=b#c atb#c as=h=¢

Hinh 1.4. M6t s6 dang cau trdc tinh thé caa vat liéu cau tric perovskite.

Tuy vay, bai vi cac ion duong & vi tri A, c6 ban kinh khac nhau phan bé
tly ¥ nén cac kiéu va do 16n sy ubn cong lién két B-O-B 1a tiiy y va khong dong
nhit trong toan tinh thé vat liéu. Sy mat trat ty caa cac khéi 12 mit AO;, anh
huéng dén su udn cong cuc bo tly y caa cac lién két B-O-B va diéu nay tré nén
dac biét khi su tang s6 lién két B-O-B bj uén cong di kém véi viée ting sy mat
trat tu.

Khi t > 1, cac l6p AOs chira mét chudi xép chong chit caa hinh luc giac
hoac két hop luc giac va lap phuong. Su xép chong cua céc 16p luc giac ludn
bo sung bai sy chia sé cac mat chung cua céc khdi bat dién BOs va hinh thanh
lien két B-O-B véi gdc lién két 90°. Sy 6n dinh cua perovskite cau tric luc giac
phu thudc manh vao bé sung luc day tinh dién giita cac ion duong cua cac khoi
bat dién lién ké c6 chung mat bén [132], [8].

Trong vat liéu perovskite, su thay d6i thir tu hodc bac ty do cua cac ion

duong ciing lam thay d6i cau trdc, sy 6n dinh pha hoic tinh chét caa vat liéu.
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Sy sap xép thir tw cac ion trong tinh thé vat liéu nay thudng 6n dinh khi hai ion
duong chiém trén cing vi tri khac nhau da I6n vé phdi vi, hda tri hoic kich
thuée [21].

Trong perovskite cé khuyét tat vai nhiéu vi tri tréng oxi, thi tu dic trung
cua ion duong (hay Vi tri khuyét oxi) dugc hinh thanh do phéi vi cua cac ion
duong & Vi tri B. Sy sap xép thuong gip theo cach nay 1a sap xép theo huéng
[100] cuaa cac ion & vi tri B dé tao thanh céc ion duong B' hodc B". S 6n dinh
nhiét dong cua thir ty ion duong khi d6 dugc quyét dinh bai sy khéc nhau vé
dién tich va kich thudc cua ion duong B'va B" . Do @9, ¢6 su hinh thanh nén
cac cau tric coa vat liu perovskite c6 dang A(B%B',)Os; [21], nhu
Bi(Zny,Tiyp)03 [112] La(LiysTizs)Os [9], Ba(Re1sCrag)Os, Sr(NaysTass)Os
[29], [43]....

Strontium titanate (SrTiOs) thudc loai vat liéu perovskite ABOs. O nhiét
d6 phong SrTiOs ¢ cau tric lap phuong véi hé sé t = 1, nhom khong gian
Pm3m, hing sé mang 1a 3.905 A va mat d6 1a 5.12 g/cm?®. O co s& ctia mang
tinh thé SrTiOsc6 dang nhu trong Hinh 1.5.

lon duwong Ti* ¢6 s6 phéi vi 1a 6, dugc bao quanh bai 6 ion O tao thanh
khoi bat dién TiOs. lon Sr?* dugc bao quanh bai 4 khéi bat dién TiOs va c6 sb
phdi vi 12 12, véi 12 ion O% ¢ khoang 1an can gan nhat. Trong khdi TiOs 0 su
xen phu cua trang thai O-2p véi trang thai Ti-3d tién ti hinh thanh lién két
cong hoa tri [69]. Do do, SrTiOs la vat liéu cd tron 1an cua lién két ion va lién

két cong hoa tri.
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Hinh 1.5. O co sé cua SrTiOs.

(g) St St st

(b) O—Ti—O0—Ti—0

(c) 0 0

{u} S‘I‘—E‘, sSr 0 Sr
(b) Ti Ti

(ch —O 0 0 0—

sSr Ti Sr

Hinh 1.6. Su sip xép cac mat phiang nguyén tir trong tinh thé SrTiOs.

C6 thé ké dén trong cau triic mang tinh thé caa SrTiOs, theo mdi hudng
[h, 1, k] thi lubn cd hai loai mat phang nguyén ti khéng gian xen k&, c6 dién
tich bang nhau va duoc chi nhu trong Hinh 1.6.
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Mot su bién dang s& 1am thay doi ddi xang cua mang tinh thé SrTiOs tir
lap phuong xudng d6i xang thap hon boi sy ha thap nhiét o, hoic thay doi ap
suat hoic pha tron tap chat. Sy bién dang trong SrTiOs 1am xuat hién mét sd
hiéu &ng bién dang gém hiéu tng Kich thudc, sy 1éch mang tir cu tric 1i tuong
hoic hiéu wng Jahn- Teller. SrTiOscd su chuyén pha tir 1ap phuong (cubic) téi
cau trdc tu dién (tetragonal) khi nhiét do giam téi 110K do sy quay nguoc nhau
cua cac khéi bét dién TiOs lién ké, chuyén téi pha hé thoi (orthorhombic) khi
nhiét d6 giam t&i 55K va chuyén toi pha hé mat thoi (rhombohedral) khi nhiét
d6 giam t6i 10K [79].

1.1.2. Mét s6 ng dung cia vat liéu cau trac perovskite

1.1.2.1. Ung dung lam vat liéu thudn dién lwong tie

Trang thai thuan dién luong tir 1a xu hudng cua vat liéu biéu hién trang
thai chuyén pha xay ra ¢ nhiét d6 du thap dé kich hoat hiéu tmg luong tir trong
vat lidu va do do trang thai chuyén pha sat dién cé thé khong xuat hién [125].
Hiéu tng nay véi mot vai vat lidu perovskite nhu SrTiOs xuat hién trang thai
thuan dién luong ta ¢ dudi 4K [86]. Khi mét lwgng nho tap chat duoc thém
vao, 16p vat liéu perovskite xuat hién trang thai kiéu sat dién va dugc xép vao
loai vat liéu sit dién ban dau. Vat liéu thuan dién luong tir voi kha nang diéu
chinh trudng 12 loai vat liéu mang nhiéu htra hen cho céc tng dung trong thiét
bi giao tiép thé hé tiép theo.

2.1.2.2. Vat liéu perovskite lam dé ché tao siéu dan nhiét dé cao

Trong khi tim kiém siéu dan méi bang ki thuat hda hoc tinh thé va tim ra
vt liéu thay thé mai c6 nhiét do T tang thi su lwa chon vat lidu 1am dé phu hop
cho qua trinh ché tao siéu dan nhiét 6 cao 1a su quan trong hang dau, tuy nhién
da gap phai nhitng diéu kién rang budc kho khan va it dugc cha y. Trong tng
dung cua vat liéu cau trac perovskite 1am dé, dac tinh quan trong phai ké dén

d6 1a tinh chat nhiét dong cua vat liéu, nhu sy ddn ng vi nhiét va sy dan nhiét
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va dic trung vé dién, nhu 1a ton that dién méi, hang sé dién mdi va hé sé dién
moi déu thay ddi nho véi nhiét do. Trong tdm chinh cua céc tiéu chuan chon
lya 12 tbe do va su giam hiéu wng nhiét 1én tin hiéu. Trong bd cong huong, céc
gia tri cua hang sé dugc diéu chinh theo kich thudc caa thiét bi yéu cau. Khi
chling ta tim kiém siéu dan nhiét do cao dé sir dung trong cac thiét bi nhu vay
thi nhitng yéu cau thém cho dé ciing duoc dua ra. Vi dy, tham s6 mang tinh thé
phU hop duoc yéu cau dé ché tao c6 chat lwong mang siéu dan nhiét do cao trén
mot dé 12 vat liéu perovskite tinh thé. Co mot sb vat lidu dugce dé xuit thich hop
cho thiét bi ché tao tir siéu dan nhiét do cao. Pau tién ké dén va cd tinh st dung
rong rai 1a LaAlOs. Tuy nhién, van dé gap phai caa vat liéu nay Ia van con anh
hudng dén chét lwong cua mang siéu dan nhiét do cao va hiéu suat caa thiét bi.
Do d6 muyc tiéu hudng dén dé thiét ké va phat trién cac dé moi phi hop va cé
chat luong hon LaAlO3 Nhiéu nghién ciu vé thiét ké va ki thuat caa vat liéu
lam dé phu hop cho qua trinh lang dong mang mong siéu dan nhiét do cao da
chi ra mot sé vat lieu phl hop nhu Ba(MgysTazs)Os, Sr(AlyTaw)s,
Sr(AlysNbsy)O0s [107].

1.1.2.3. Ung dung lam diot dién dung

Ca hai pha sit tir va thuan tir caa vat liéu perovskite cé thé tng dung cho
thiét bi diéu hudng vi séng. Tuy nhién, pha thuan dién c6 uu diém phi hop hon
vi khéng cé hién tuong tré xdy ra. Do d6, cac perovskite thuan dién, nhu
SrTiO;, KTaO; va CaTiOs, da dugc nghién ctru trong mét thoi gian [72]. Trong
thiét bi sir dung cau trGc mang mong cua loai vat liéu nay, dic biét Ba,Sry.
«TiOs, da thu dugc dién truong cao & nhiét do phong dudi dién thé mot chiéu
thap. Ba,Sr1.«TiOz di trd thanh su lya chon cho tng dung trong cng nghiép va
nghién ctru & tan s6 vi ba. Hon nira, nhiét do chuyén pha Curie cua vat liéu c6
thé diéu chinh d& dang bai thay ddi thanh phan Ba [93]. Thiét bi sit dién thuong
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phu thudc vao céc tham sb bao gdm thanh phan, stc cang, khuyét tat, két ndi
gitra dién cuc va vat lidu sit dién, phuong phap ché tao, ...

2.1.2.4. Ung dung lam thiét bi chuyén déi ndang lwong mat troi va may
do quang

Vit liéu perovskite da dang dugc nghién ctiu tich cuc cho viéc chuyén
d6i nang lwong mat troi vi chdng ¢6 vi tri ving cam dan dién cao, ¢6 su 6n dinh
va c6 viing cdm hap thu ning luong mit troi. Nhitng vat liéu perovskite cé thé
st dung lam b luu trir nang luong mat troi nhu PbTiOs, SrTiO; [127], BaTiOs,
KTaOs, BiFeOs [93], [30], Cs,AgBiBrs [134].

Perovskite dugc danh gia la vat liéu hira hen lam pin nang luwgng mat troi
do c6 chiéu dai khuéch tan tét (I6n hon 1 um), nhiét do ché tao thap, gia thanh
thap va cd hiéu suat cao. Nam 2009, Kojima va cong su lan dau tién ché tao
thanh cong pin mat troi perovskite [63], day la budc quan trong cho su phat
trién cua pin mit troi sau nay. Sau d6 Burchka va cong su ché tao thanh céng
pin mat troi perovskite bang phuong phap ling dong hai budc lién tuc va hiéu
suat chuyén doi quang dién tang 15% [12]. Sau d6, hiéu suat cia pin mat troi
perovskite duoc cai thién boi thay doi cau tric thiét bi va téi uu 16p van chuyén
hat tai [75]. Hon nita, ndim 2008, hiéu suat cia pin mat troi perovskite da vuot
qua 229% [138] va nam 2022, di dat dén gié tri 24% [41].

Nhiéu nghién ctru di chi ra rang co thé ché tao may do quang tir vat liéu
perovskite dé phat hién anh sang trong ving tir UV dén anh sang nhin thay
[136] hozc phat hién tia X hoic tia gama [42]. May do quang perovskite tiép
tuc dugc phat trién va dat téi hiéu suat cao.

2.1.2.5. Ung dung 1am bg nhé

B6 nha truy cap ngau nhién sit dién (FeRAM) [16] 1a mét trong nhitng
ting dung chinh cua vat liéu perovskite dé thay thé b nhé 18i tir, hé théng nhé

bot tir va bo nhé chi doc x6a bang dién trong nhiéu tng dung. Trong Chién
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tranh thé gigi thu 11, viéc phét hién Barium titanate (BaTiO3) ¢6 cau trc ran va
6n dinh hoa hoc da khuyén khich cac nha khoa hoc phat trién thiét bi hai trang
thai va diéu khién bang dién, vi thiét bi ndy c6 thé ma hoa hai trang thai 1 va 0,
diéu nay can thiét phi hop véi dai s6 Boole cia bo nhg may tinh nhi phan. Tinh
khong bién doi bén trong (luu giit b nhé khi mat dién) va bén voi bic xa cua
bo nhé sat dién da chi ra mot con dudng mai dé phat trién cac bo nhag may tinh.
Hon nita, b nhé truy suat ngau nhién dong (DRAM) 14 18i bo nhé trong hau
hét cac thiét bi dién tir ngay nay. Do ro ri dién tich, nd can 1am mai hang nghin
lan mdi gidy. Qua trinh nay doi hoi nhiéu ning lugng hon va do d6 lam tiéu
hao pin. Hon nita, né cling khong thé luu trit thong tin khi mat dién. Bo nhé sat
dién tro thanh su lya chon cho tuong lai ctia b nhé luu trix, N6 ¢6 thé luu trix
dix liéu trén trang thai phan cuc caa vat liéu sat dién. Su phét trién cuia FeRAM
c6 thé tao ra su cai thién dang ké vé trong luong, khdng gian, cong suét va toc
do.

Vat liéu perovskite con st dung cho b6 nhé dién tro (RRAM), la loai bo
nhé bén viing dwa trén su chuyén d6i cé thé dao nguoc giita trang thai dién tro
cao va trang thai dién tré thap dudi tac dong bai dién truong. Zhang va cong
su lan dau tién da giai thich RRAM 64 bit ché tao tir vat liéu perovskite
Pro7Cap3sMnQO;3 [100].

1.2. Tong quan mdt s6 phwong phap nghién ciu

1.2.1. Tong quan vé phwong phap dong luc hoc phan tir

bong luc hoc phén tir 1a mdt phuong phap mo phong may tinh, nd khéng
chi cho phép chi ra tinh chat cua vat liéu & mic do vi mdé ma con gitp dé hiéu
nén tang vat Ii bén canh trang thai vi mo. Y tuéng co ban cua dong luc hoc
phan ti 1a ¢& md phong sy chuyén dong caa nhiing tap hop nguyén tir va phan
tr va khi d6 mé phong dong luc hoc dwa ra cac gia tri trung binh dé giai cac

phuong trinh dich chuyén cua céc hat c6 twong tac. Khi thong tin ctia hé & mic
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d6 nguyén tir dugc biét, thi cac dai luong vat 1i vi mo cua hé sé tiét 16 qua co
hoc théng Ke.

Trong mo phong dong luc hoc, trang thai ban dau s& dugce dé xuat cho
céc tuong tac gitta CAC nguyén tir va chi ra sy ngoai suy tinh chat khéi. Sy ngoai
suy chinh x4c theo do chinh xac chiing ta d& xuat va phu thudc vao gisi han caa
may tinh.

M6 phong dong luc hoc tac dong nhu cau ndi giira Ii thuyét va thuc
nghiém. Mot I thuyét c6 thé dugc kiém tra bang chay mé phong sir dung cling
moé hinh, mat khac md phong co thé tién hanh trén hé may tinh cho nhiing
trudng hop khé hodc khdng thé thuc hién trong phong thi nghiém, vi du & nhiét
d6 va ap suat cuc cao. Két qua md phong dugc so sanh véi cac phép do thuc
nghiém trén nhitng vat liéu cu thé.

Dé giai phuong trinh chuyén déng trong dong luc hoc phan ti c6 thé st
dung phuong phap Euler hoic thuat toan Verlet. Phuong trinh dich chuyén cho
mai hat i c6 dang

dr, —
o

dv,

(1.2)

dt

F_a
—

O day, r v,, a lavitri, van toc va gia toc cua hat i. F, 1a lyc tac dung 1én
hat i.
Khi chling ta chon 5t 1a budc thoi gian, thi sau mdi budc thoi gian phuong trinh
chuyén dong c6 dang:

r(t+6t) =1 (t)+V, (t+5t/2)st (1.3)

va

v (t+68t) = v, (t)+a (t+5t/2)st. (1.4)
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Khi ning luong thé niang da biét thi c6 thé thu dwoc luc tac dung va gia
téc cua hat, do d6 ¢ thé tinh dwoc vj tri va van toc cua hat. Tuy nhién phuong
phap Euler cho sai s6 qua 16n. Dé tranh sai sé 16n ciia phuong phéap Euler, c6
thé str dung giai thuat Verlet cho sai s6 nho hon. Theo d9, ta khai trién Taylor
cho vi tri

[ (t+5t) = Fi(t)+5tvi(t)+%(6t)2 a(t)+... (1.5)
va

I (t—8t) =1 (t) - Stv, (t) +%(5t)2 a(t)—.. (1.6)

Tur (1.5) va (1.6) ta thu duoc
n(t+6t) =25 (1) —r (t—5t) +(5t) a(t) . (1.7)
Tir d6 van tée duge xac dinh 1a

Rt+ot)—nt-ot) (1.8)

v =
20t

Sai s6 cua thuat toan Verlet vao c& (st)% Nhu vay trong dong luc hoc
phan tir, n6 1a quan trong dé chon tham sb budc thai gian st thich hop. Ngoai
ra, coOn can ké dén cac tham sé khac nhu diéu kién bién tuan hoan, ban kinh
cat,...

Trong mé phong dong luc hoc, cac dai lugng nhiét dong duoc xac dinh

& nhiét do va ap suat khac nhau theo cach sau. Ap suit duge xac dinh boi

p-NkT <ZN:FT> . (1.9)

\Y 3V

Trong biéu thuc trén, N 12 s6 hat trong hé, kg 1a hang sé Boltzmann, V 1a
thé tich, ¥ 1a luc tac dung 1én hat i & vi tri r .

Ning lugng cua hé 1 tong dong ning va thé ning
E=K+U, (1.10)
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véi dong nang duogce xac dinh boi
N
K:Z%mi (Vi +Ve +vi)- (1.11)

Hé s6 no dai vi nhiét oy dugc tinh theo phuong trinh:

1 da
=— 1.12
(22} a, dT ( )

trong do, ap 1a tham s6 mang & 0°C va a la tham s6 mang ¢ nhiét do T.

Hé s nén dang nhiét duoc xac dinh bai:

__1dv(P)
ZT - VO dP ' (1.13)

trong do, Vo la thé tich ¢ diéu kién tiéu chuan latm.

Nhiét dung dang ap duoc xac dinh boi:

dH
Co=|— 1.14
e (1.19)
véi H 1a entanpy dugc xac dinh boi
H=E+PV. (1.15)

Tur nhitng két qua trén, phuong phap dong luc hoc phan tir 13 mot phuong

phap duoc st dung cho nghién ctu tinh chat nhiét dong cua vat liéu.

Nam 1998, T.Katsumata va cong su da ap dung phuong phap dong luc hoc
phan ttr cho perovskite SrTiO; va thu dugc su phu thudc nhiét ¢6 cua tham sb
mang pht hop véi két qua thuc nghiém nhu duoc chi ra trong Hinh 1.7 [46].

Sy phu thudc &p suat caa thé tich ciing cho két qua phl hop thuc nghiém
duoc chi ra trong Hinh 1.8.
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Hinh 1.7. Su thay doi thé tich cua SrTiOs véi nhiét do tir két qua tinh toan dong luc
hoc phan tir [59] va thuc nghiém [11].
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Hinh 1.8. Sy thay ddi thé tich cua SrTiOs véi &p suat tir két qua tinh toan dong luc
hoc phan ti [59] va thuc nghiém [11].
Tuy nhién, cac dai luong nhiét dong khac chwa dugc thé hién trong két
qua nghién ciru. TAc gia ciing chi ra con mot sé van dé gap phai khi tinh toan

cac dai lugng nhiét ddong khac, dac biét ¢ vang nhiét d6 cao.
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Nam 2010, Seetawan Tosawat cung cong su da sur dung phuong phap
dong luc hoc phan tir nghién ctu tinh chat nhiét déng cua perovskite SrTiO;
[111]. Nghién cuu cua ho da chi ra thém cac dai luwgng nhiét dong khac cua
SrTiO3 nhu chi trong Hinh 1.9 va Hinh 1.10 [111].

1.1 :_
Lo b °
0.9 |

0.8 }

a (1077 K1)

0.7 F
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1 L 1 I
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Hinh 1.9. Sy phu thudc nhiét do cua hé sé né dai cua SrTiOs tir két qua tinh toan

dong luc hoc phén tir [111].
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Hinh 1.10. Su phu thudc nhiét d cua nhiét dung dang &p cua SrTiOs tir két qua tinh
toan dong luc hoc phan tir [111] va két qua thuc nghiém cua de Ligny [23],
Coughlin [66].

32



Tur dd thi Hinh 1.10 cho thay két qua tinh todn dong luc hoc phan tir cua

Seetawan sai léch dang ké so véi thuc nghiém.

Nam 2012, khi danh gia két qua tinh toan tinh chat nhiét dong cua
perovskite SrTiOs, Wen Fong Goh cuing cong su ciing da chi ra mot sé han ché
cua tinh toan dong luc hoc phan tir cia Seetawan Tosawat. Goh va cong su
khong thé tinh lai duoc cac két qua ciia Seetawan Tosawat bang phuong phap
dong luc hoc phan tir [35]. Sau d6, Goh cung cong su lai tiép tuc st dung
phuong phap dong luc hoc dé nghién ctu tinh chéat nhiét dong cua perovskite
SrTiOs. Ho da chi ra két qua mot sé dai lwong nhiét dong phi hop véi thuc
nghiém nhu dugc chi ra trong cac Hinh 1.11- 1.13 [35].

85F
[ @
gsof & LT][35] o ®
T b ¢ TN[98] °
£ 15¢F ° ]
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- @
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Hinh 1.11. Hé s6 nén dang nhiét caa SrTiOs ¢ cac nhiét d6 khac nhau thu duogc tir

tinh toan dong luc hoc phéan tir [35] va thuc nghiém [98].
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Hinh 1.12. Hé s6 n& dai cua SrTiOs & nhiét do khac nhau thu duogc tir két qua tinh
toan dong luc hoc phan tir [35] va mot sb két qua thuc nghiém [23], [55], [79].
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Hinh 1.13. Nhiét dung dang ap cta SrTiOs 12 ham s6 cia nhiét do thu duogc tir tinh
toan dong luc hoc phan tir [35] va két qua thuc nghiém [23], [56], [66] va két qua
tinh toan Seetawan [111].
Tuy nhién, ¢ viing nhiét d6 cao, két qua tinh toan hé s6 nd dai co su sai

léch nhiéu hon so véi thuc nghiém Hon nita, trong su so sanh chi tiét hon,
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duong cong nhiét dung dang ap ciing ¢6 xu hudng léch xa hon dudng cong thuc
nghiém.

Nhu vay phuong phap dong luc hoc phan tir da dugc 4p dung nghién cau
tinh chat nhiét dong cua vt liéu cau tric perovskite SrTiOs, két qua tinh toan
cac dai lwogng nhiét dong cua vat liéu ¢ su phil hop phan nao véi thuc nghiém
trong mot s6 ving nhiét ¢ va ap suat. Tuy nhién, ba lan 4p dung phuong phap
dong luc hoc phan tir vao nghién ctiru cung mot vat liéu perovskite SrTiOs lai
dua ra cac két qua c0 su sai khac. Thém vao do, trong cac nghién ctru dong luc
hoc vé tinh chat nhiét dong caa perovskite, nhu SrTiOs, chua thé hién day du
va rd rang anh huéng hiéu tmg phi diéu hoa cua dao dong mang tinh thé 1én

tinh chat nhiét dong caa vat liéu duoc nghién cuu.
1.2.2. Tong quan vé phwong phap ab initio

Co hoc lugng tur clng vai cac dinh luat va phuong trinh co ban caa né
c6 thé gilp chdng ta cé nhitng hiéu biét hoac co thé diéu khién trang théi caa
electron, nguyén ti, phan tir va tinh chét vat liéu. Cac phuong phép tinh toan
dua trén co hoc luong tir ma khéng st dung bat ki tham sé nao tir di liéu thuc
nghiém, duoc goi tén la phuong phap ab initio hoac phuong phap tinh toan tur
nguyén li du tién (tén trong tiéng anh 1a first principle method hoic ab initio
method) [70]. Phuong phap ab initio chi duy nhat dua trén cac dinh luat co ban
cua vat Ii, thong tin ma phwong phap can cd thé chi 1a cac sé nguyén tir cua cac

nguyén tir cau tao nén vat liéu.

Ban dau, phuong phap ab initio cung Ii thuyét phiém ham mat do tap
trung nghién ctu vat liéu ¢ trang thai co ban @ng Véi cuc tiéu cua ning luong
tuong tng trang thai T = 0K [61], [62]. Sau d6, phuong phap tiép tuc duoc phét
trién qua cac phan mém mé phong duoc nhiéu nha khoa hoc biét dén va st
dung nhu la Vienna Ab initio Simulation Package (VASP) [27], Quantum
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Espresso [33]. Cuing su phaét trién &p dung cua Ii thuyét phién ham mat do két
hop cac phuong phuong phéap va két qua vat 1i khac, phuong phap ab initio da
giai quyét bai toan cho nhiét d6 cao, nghién ciu tinh chat nhiét dong cua vt
liéu perovskite & nhiét d6 va ap suat khac nhau [10], [78], [20].

Mot s6 nhdm nghién ciu nhu A. Boudali va cong su [10], Yanli Lu va
cong su [78] da str dung phuong phép ab initio nghién cau tinh chét nhiét dong
cua perovskite SrTiO3z. Trong cac nghién ctru d6, nhiét dung C, cua SrTiO;

duogc xac dinh tir md hinh Debye gia diéu hoa bai biéu thic sau [7]:

c, = 3nk, {4D(6T'—DJ-M] (1.16)

eHD/T _1

trong do, n 1 s6 nguyén tir; D la tich phan Debye va 6p ¢6 biéu thirc dang :

h 2. \V3 BS
HD=E.(67r2V’n) f(o)\/%. (1.17)

Trong biéu thuc (1.17), M 1a khdi lwong phan tir cho mdi 6 co sd, Bs 1a

mé dun khdi doan nhiét va V 1a thé tich.

Heé s6 dan nd vi nhiét ot cia SrTiOs duge xac dinh bai biéu thic sau:

C
o, :%' (1.18)

Trong biéu thuc (1.18), v 1a hé s6 Gruneisen; Brmd dun khéi dang nhiét.

A. Boudali va cong su da thu duoc két qua nghién ctu tinh chét nhiét
dong cua perovskite SrTiO; ¢ cac nhiét d6 va ap suat khac nhau thé hién nhu
trong Hinh 1.14 -15 [10].
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Hinh 1.14. Két qua tinh toan caa A.Boudali [10] vé sy phu thudc nhiét d6 cua hé s6
d&n na vi nhiét caa SrTiOs & cac ap suat 0, 4, 8, 12, 16 va 20 GPa.
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Hinh 1.15. Két qua tinh toan cia A.Boudali [10] vé sy phu thudc nhiét do caa nhiét
dung cua SrTiOs & cac ap suat 0, 4, 8, 12, 16 va 20 GPa.
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Trong cac nghién ctu tinh chat nhiét dong cua perovskite SrTiOs bang
phuong phép ab initio trén, déu st dung md hinh Debye gia diéu hoa. Két qua
khong chi rd sy so sanh vai thuc nghiém. Két qua tinh toan bang ab initio chi
ra c6 su sai léch dang ké véi thuc nghiém nhu trong Hinh 1.14-15 [23].

Nhu véy, phuong phap ab initio di duoc ap dung dé dwa ra cac gia tri dai
luong nhiét dong cua perovskite, nhu SrTiOs, trong cac vung nhiét do va ap
suat khéc nhau. Tuy vay, trong cac nghién cau bang ab initio da thyc hién déu
st dung md hinh gia diéu hoa dé xac dinh cac dai lwong nhiét dong cua vat liéu
perovskite. Piéu d6 cho thay trong nghién cau bang phuong phéap ab initio cho
vt liéu perovskite ciing chua tinh dén duoc day du, rd rang anh huong caa hiéu
g phi diéu hoa trong dao dong mang tinh thé Ién tinh chat nhiét dong cua vat

liéu perovskite.

1.3. Tong quan vé phwong phap thong ké mdé men

1.3.1. Cong thirc tong quat vé md men

Dinh nghia vé m6 men di duoc dua ra trong Ii thuyét x4c suat va trong
vat I thong ké. Gia sir c6 mot tap cac bién cd ngau nhién gy, .. .., qn tudn theo
quy luat théng ké, duoc mé ta boi ham phan bd w (g, ... ., qn), ham nay thoa
man diéu kién chuan hda. Md men cap m dugc dinh nghia nhu sau:

(@)=] | [ao(0.9-.q,)da da,, (1.19)

(% 9--4Gn )

m6 men nay co khi con dugc goi 1a mé men géc.

Ngoai ra con c6 dinh nghia mé men trung tam cap m:

(@-(@)")= | [(0-(0) @(00-.a)dg..do,. (1.20)

G102 0n
Nhu vay, dai luong trung binh thng ké <g> chinh 1a mé men cap mét, con

phuong sai <(ql —~ (ql))2> chinh 12 mé men trung tdm cip hai. Tir cic dinh nghia
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trén ching ta thdy rang, vé nguyén tic néu biét ham phan b « (g1, da,..., qn)
thi hoan toan c6 thé xac dinh duoc cdc mod men.

Trong vat Ii thong ké ciing c6 cic dinh nghia twong tu. Riéng dbi véi hé

luong tir, dwoc mo ta bai toan tir thong ké 5, c&c md men xéac dinh nhu sau:
AM Arm A~
(") =tr(¢"p)

<(Q—<Q>)m>=Tr{(q_<q>)m /3}- (1.21)

Toan tr p tuan theo phuong trinh Liouville lugng tur:

- a 0 ~ ~
in?? =[A 5| (1.22)
ot
trong do [..., ...] 1a dau ngoic Poisson luong t.

Tir (1.21) cho thay, néu biét toan tir théng ké p thi ¢6 thé im duoc md
men. Véi hé can bang nhiét dong, dang cua o thuong da biét (phan b chinh
tac, hoac chinh tic 16n,...), nhung véi md men bac cao viéc tim cac mé men
theo (1.21) cling tro nén phuc tap. Mot giai phap don gian hon da thuc hién la
xay dung cac hé thic biéu dién méi quan hé gitra cac mé men, md men cap cao
c6 thé tinh toan qua md men cap thap hon [115].

Xét mot hé luong tir, chiu tac dong cua cac luc khong doi a, theo hudng toa

do6 suy rong Qi. Nhu vay Hamiltonian caa hé c6 dang:
I:I = I:IO _Zaiéi y (123)
véi H la Hamiltonian caa hé khi khéng co ngoai luc tac dung.

Duéi tc dung caia ngoai luc khong doi, hé chuyén sang trang théi can bang
nhiét dong méi, dugc md ta bai phan bd chinh tac:

F Exp{%} 9=k.T (1.24)
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trong d6 v 1a ning luong tu do cua hé ; kg 12 hang s6 Boltzmann.

Bay gid chung ta thuc hién dao ham theo a, ddi voi diéu kién chuan caa
toan tir théng ké :

Trp=1, (1.25)
Muén vay ching ta hdy st dung cac cong thuc toan tir [117]:

A © n+1 . R R
% = {zb+n2;‘ (rT+ )l[c+/1b ¢+ Ab... é+/1b,b]..]]}Ai(r), (1.26)

8/8\ R R © (_Z_)ml -A A ~ . o a

S A/AT){Tb—; TR A c+/1b...c+/1b,b]..]]}’ (L.27)
trong do Az (T)= EXp[T(A +/16)J : b , € lacac toan tr tuy y ; A va t la cac théng
$6.

Chung ta rat ra duoc biéu thuc:
1oy 1 N i)' igmy |-
0 0a, 9l:< > +nZ n+1)|( j< “ >a]_0’ (1.28)
- +ZaKQK

v6i (...)_ bicu thj trung binh theo p=Exp " va:

[Jo.alA] (1.29)

Déi véi hé can bang nhiét dong ta co: [H ,,5]: Ovadodo <QA|EH)>a =0. Chang

ta thu duoc hé thac :

<Qk>a - (1.30)

oa,
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Cong thuc (1.30) cho phép tinh nang lugng tu do cua hé lugng tir khi ¢o
ngoai luc tac dung.

Bay gio, lay dao ham biéu thic cua gié tri trung binh ddi véi dai luong

F tuy y theo a, :

(F), =Tr(Fp). (1.31)
Khi sir dung (1.30) va bang mot s6 phép bién doi trong [117] di tim duoc hé
thire tong quét, chinh xac :

. o o(F . in\*" [ oF Cm
I e R e

trong d6 Bam 1a hé s6 Bernouli.

Hé thirc nay cho phép xac dinh su twong quan gitra dai lugng F va toa do Qx.

, ‘ , . oF 2™ .
Muon vay can phai biét cac dai luong <F>a va< P > . Pai luong <F> co
kK /. a

oF 2™
oa,

thé duoc xac dinh tir diéu kién can bang caa hé, con < > c6 thé duoc xac
a
dinh tir cac phuong trinh dong luc.
Truong hop dic bigt F=Q, , ta c6 bidu thire chinh x4c déi véi phuong sai:

(-0 )0 b ag Eafaf () s

Chi y rang Q, khong phu thudc rd rang vao @, , nén doi véi hé co dién,
cong thuc (1.23) tré nén don gian:

(l6.-(a.),F)-0 Q. (1.34)

oa,
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Cong thire (1.34) 1a mot cdng thire quen thude trong co hoc théng ké co
dién [26].

Ngoai ra céng thic (1.32) con cho phép xac dinh ham tuong quan gitra

F va Q. dbi véi hé voi Hamiltonian H,:
SFal)-(F)a)-
, &F),

7| o, gzm)'( ) Kaalzal)ﬂ‘ao, (1.35)

a=0

trong d6 (...) biéu thi trung binh theo tap hop can bang véi Hamiltonian H, .
Cong thic (1.35) c6 thé viét & dang khac [44]:

A © (2m+n)
(Ear]) —oey Zm).( j <aFaT> . (1.36)

m=

Truong hop dac biét F=Q chung ta thu duoc hé thie cho phép xac dinh

thang gidng cua xung luong:

22\ _ %0 Bo (17 " aéézmﬂ)
<Qk>_9r§(2m)!{9j < oa, > (1.37)

cong thuc (1.32) con duoc st dung dé viét cong thirc truy chimg di Véi
mO men tuong quan cap cao [115]. Mudn vay, cong trinh [115] di dua vao dinh

nghia toan tir twong quan cp n nhu sau:

K, = [ 6..6,]6,] .6.]. (1.38)

n 2n—1
Néu trong cong thic (1.32) thay F = K_va k =n + 1 thi thu dugc cong

thirc truy chang:
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; 2\ /A aKna = B,, (in)" |oK®"
o (), (0] o g Bl ) )

el m0
(1.39)
Cong thac nay 1a mét cong thire tng quat caa md men [115]. Vé nguyén
tac, cong thirc (1.39) cho phép xéac dinh cac méd men cap tuy y. D6 1a cong thuc
xac dinh lién hé md men cip cao qua mé men cap thap hon. N6 c6 thé biéu dién
m6 men cip cao qua md men cap mdt va khi d6 ching ta thu duoc biéu thirc
kh& cong kénh, phic tap. Vai cac hé cu the, chling ta ¢ thé tim dang don gian,
gon gang hon.
Trong vat |i théng ké, nang luong tu do lién hé véi tong trang thai boi
biéu thuc:

w=-0InZ
_H

Tuy nhién, viéc tim y khong don gian. Thong thuong, doi voi cac hé li
tuéng co thé tim duoc biéu thuac chinh xac cua ning luong tu do. Véi hé phuac

tap, ta c6 thé tim dugc né dudi dang gan dung.

Gia str Hamiltonian cua hé luong tir c6 thé biéu dién & dang:

A

H=H,6-aV, (1.41)
véi o 1a thdng sb dic trung cho dao dong phi diéu hoa cia mang, V 1a toan tu
tuy y.

Tuong ty nhu (1.30), chiing ta thu duoc biéu thic:

V), = —alg—((xa)- (1.42)

Biéu thirc nay twong dwong véi cong thuc:

43



w(a)=y, —I<V>a-da', (1.43)

trong do6 o l1a nang luwong tu do cua hé véi Hamiltonian H, va duoc xem nhu
da biét.
Khi tim dugc (V') (c6 thé st dung cac cong thie mo men) thi tir (1.43) ¢6

thé thu duoc bidu thie déi véi ning lugng tu do w(a). Néu Hamiltonian H c6
dang phuec tap thi c6 thé phan tich dudi dang:

H=H,->aV, (1.44)

A

sao cho H, —aV, >> a,V, ..

Gia st biét nang luong tu do o Gng véi Hamiltonian H, cua hé, khi dé

tim nang lugng tu do y; g |:|1 =H, - 011\71. Sau do6 tim nang lugng tu do >

ang H,=H,-a,V,... Bing cach tinh Iin luot nhu vay, ching ta s& thu duoc

biéu thirc d6i voi nang luong tu do y cia hé.

Khi biét niang luong tu do caa hé s& cho phép xac dinh dugc cac dai
lurong nhiét dong khac va khao sat su phu thudc cua cac dai lwong nhiét dong

vao nhiét do va ap suat.

1.3.2. Tong quan két qua nghién ciru tinh chat nhiét dong caa vat liéu bang

phuwong phap thong ké mé men.

Pugc dé xuat trong bai bao khoa hoc vao nam 1988, phuong phéap thng
ké mb men da dugc &p dung nghién ctu tinh chat nhiét dong cua kim loai ciu
trdc 1ap phuong thu dugc cac biéu thuc giai tich cho cac dai lugng nhiét dong
c6 ké dén hiéu ung cua dao dong phi diéu hoa trong gan dung moé men bac 4
cua do doi cua nguyén tir khoi vi tri can bang [82], [115]. Tir biéu thirc giai tich

d6, cac két qua tinh toan bang phuong phap théng ké mé men cho cac dai luong
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nhiét dong d6i vai kim loai cau trac 1ap phuong tdm dién va tdm khéi ph hop
tét v&i thuc nghiém va tinh toan khéc trong viing khac nhau cua nhiét do va ap
suat [82], [95], [44].

Tiép sau d6 cho dén nay, phuong phap théng ké mé men da duogc st
dung, phét trién thanh cdng trong nghién ciu cac tinh chat nhiét dong caa tinh
thé hop kim hai thanh phan ciu trdc 1ap phuong [83], tinh thé khi tro ran cau
trdc 1ap phuong [92], kim loai ciu tric luc giac [121], ban dan cau trdc kim
cuong [47], cu trdc siéu mang kim loai [48], oxit cau tric Fluorit [46], ... cho
két qua phu hop tét voi thuc nghiém khi tinh dén anh hudng phi diéu hoa cua

dao dong mang tinh thé.

Ké dén hiéu ung phi diéu hoa trong gan dung lity thira bac bon cua do
doi cua nguyén tir khoi vi tri can bang, phuong phap thong ké mé men ciing da
nghién cau thanh cdng tinh chat nhiét dong hop kim ba thanh phan cau tric lap

phuong tam dién va tam khéi ¢ cac ving nhiét do va ap suat khac nhau [91].

Sy hiéu qua d6 cua phuong phap théng k& md men trong nghién ctu tinh
chét nhiét dong cua nhiéu kiéu vat liéu véi nhiéu cau tric khac nhau sé tiép tuc
dinh huéng &p dung nghién cau tinh chat nhiét dong cua vat lisu mai véi cau
trdc moi trong cac ving nhiét do va ap suat khac nhau. Tuy nhién, tinh dén
trudc nghién ctu cia luan an nay thi phuwong phap thong ké moé men chua dugc

ap dung dé nghién ctu tinh chat nhiét dong cua vat liéu cau tric perovskite.
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Két luan chwong 1
Vit liéu cau tric perovskite vai dac thi cau triic ciing nhiéu tinh chat dic
biét, thi vi da, dang va tiép tuc 1a vat liéu thu hat sy quan tm nghién cau cua
nhiéu nha khoa hoc, ciing nhu dwgc (ng dung trong nhiéu linh vuc cua khoa

hoc va cong nghé.

Trong mot s6 phuwong phép nghién ciu I thuyét vé tinh chat nhiét dong
cua vat liéu perovskite nhu phuong phap dong luc hoc phan t, phuong phap
ab initio dd cho két qua trong mét sé ving nhiét d6 va ap suat nhat dinh. Mot
s6 nghién cau &p dung phuong phap ab initio da st dung md hinh gia diéu hoa
Debye dé tinh toan dai luong nhiét dong caa vat liéu cau tric perovskite nhu
SrTiOs, Cac lan st dung phuong phap dong luc hoc phén tir cho két qua khac
nhau khi 13p lai tinh ton trén cuing loai vat liéu perovskite nhu SrTiOs. C6 thé
mot s6 nghién cttu biang md phong dong luc hoc phan tir d6 da chua sir dung
thé nang tuong tac hoic tham sé thé phi hop cho nghién cau tinh chat nhiét
dong cua vat liéu perovskite nhu SrTiOs. Thém vao d6, mot sé nghién ctru str
dung hai phuong phap nghién cru Ii thuyét trén déu chua thé hién rd va day du
anh huong cia dao dong phi diéu hoa trong mang tinh thé 18n tinh chat nhiét

dong cua vat liéu cau trdc perovskite.

Phuong phap thong ké md men da cho thay su thanh cong, hiéu qua va
phU hop trong nghién ciru tinh chat nhiét dong caa nhiéu kiéu vat liéu véi nhiéu

cau tric khac nhau c6 ké dén hiéu tng phi diéu hoa caa mang tinh thé.

Trén co sé téng quan, trong nghién cau cua luan an nay, phuong phap
théng k& md men s& dugc 4p dung dé nghién ctu tinh chat nhiét dong caa vat
liéu perovskite c6 ké dén hiéu tmg phi diéu hoa trong dao dong mang tinh thé
vat liéu voi tén dé tai 1a “Nghién cizu tinh chdt nhiér déng cuia vat lidu cau tric

b

perovskite bang phirong phdp thong ké mé men”.
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CHUONG 2. NGHIEN CUU TINH CHAT NHIET PONG CUA VAT
LIEU CAU TRUC PEROVSKITE O AP SUAT P = 0 GPa BANG
PHUONG PHAP THONG KE MO MEN

Str dung céc két qua ctua phuong phap mé men, chung toi xay dung cac
biéu thure giai tich cua dai lugng nhiét dong cua vat liéu perovskite cu tric tinh
thé lap phuong c6 ké dén hiéu ung dao dong phi diéu hoa trong gan dung lity
thira bac bon caa do doi caa nguyén tir khoi vi tri can bang ndt mang. Céc biéu
thie d6 gilp tinh s6 dai lugng nhiét dong cua vat liu tai cac nhiét do va ap suat
P =0 GPa. Lya chon va téi uu tham sb thé phi hop cho cac loai twong tac trong
vat liéu perovskite SrTiOs va BaTiOs, chiing t6i tinh s6 cac dai lugng nhiét
dong cua céc vat lidu d6. Két qua thu duge dugc phan tich va so sanh véi cac
két qua nghién ctu Ii thuyét va thuc nghiém khéc. Tir két qua thu duoc ching
t6i dua ra cac két luan vé phuong phap nghién ctru va tinh chat nhiét dong cua
vat liéu perovskite & 4p suat P = 0 GPa.

Két qua chinh cia chuong dugc cdng bé trén tap chi Materials Today
Communications nam 2022 (la tap chi thuoc danh muc Web of Science c6 chi
s6 IF = 3.662 va Scopus (Q2)), Tap chi Toan Ly VNU Journal of Science:
Mathematics — Physics nam 2022 va trinh bay trong bao céo tai Hoi nghi Vat
i Vit Nam lan thar 46 (2021) va 47 (2022).

2.1. B0 doi ciia nguyén tir khéi nit mang

Xét vat liu perovskite ABXs c6 cau truc tinh thé véi su sap xép tuan
hoan trong mang tinh thé cua cac nguyén tir A, nguyén tir B va nguyén tir X.
Trong 6 co s& cua mang tinh thé vat liéu perovskite cau trac lap phuong co 5
nguyén ti, trong d6 c6 1 nguyén tir A, 1 nguyén ti B va 3 nguyén tir X. Tuong
tac dong gop chu yéu giita cac nguyén ti trong tinh thé 1a twong tac cap, phu

thudc khoang cach tuong ddi gitra hai nguyén tir (hat). Khi d6 thé ning tuong
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tac cua hé N hat (nguyén tir) duoc xac dinh qua tong céc thé ning tuong tac cap

gitra hai hat dudi dang:
U= %%‘,(ﬁij(‘aj‘)’ (2.1)

trong do: ¢,la thé ning twong tac gitra hat thir i va hat tha j va rTJ xac dinh vi tri
tuong dbi giita hat thi i va hat thi j.

Trong hé tinh thé cau trdc 1ap phuong cta vat liéu perovskite véi N 6 co
sd, st dung phuong phap qua cau phdi vi tinh cho hé 5N hat, thé nang tuong
tac (2.1) o thé viét du6i dang:

s N o af= h Noo o= o N o o=
_7Z|:¢IO(‘aI +ui‘) +7Z¢i0(‘ai +ui‘) +7Zi:¢i0 (‘al +u|‘) b (22)

Trong d6: u 1a &6 doi cua hat thir i, a 1a vi tri can bang cua hat thi i, o (b=
A, B, X) la thé nang twong tac gitra hat b thir 0 (duwoc chon 1am gdc) va hat thir
i. Trong N 6 co s& ¢4 s& nguyén tir cua cac nguyén tr A, B va X tuong (ng s&
la N*=N,N®=N va N*=3N.

Khai trién Taylor thé tuong tic ¢, (| + ) theo d doi nho cua cac hat

quanh vi tri can bang caa no, ta duoc:

- 1 O’p ob
§0i%(|ai+ui|):¢i%(|ai|)+§;(8ua6lj J iolipg T = Z[@u ou O@u ] U UisU;,

aﬁ;/

1 o'l
+— ' U, Ui U, U;, + .
24 2 [Gu ou,,0u;, 2y, )

a,Bym,

(2.3)
VoI a, B, 7, n=X,Y,Z.
Ké dén cac dong gop dang ké cua dao dong phi diéu hoa trong tinh thé &

viing nhiét d6 cao thi biéu thirc khai trién cua thé nang tuong tac theo do doi
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phai ké dén sb hang bac cao hon 2. Trong gan dung cap 4, thé ning tuong tac

gitra hat thir i va hat 0 cé dang:

- n 1 o’p" 1 ol
@i% (|ai +ui|):¢’i% (|a||)+EZ(AJ uiaui/i’_'_g z (¢J uiauiﬂuiy
eq eq

a.p auiaauiﬁ a.py auiucaui,ﬁ'auiy

4 b
+2—14 Z ( 0 P ] U, U, Uy Uy,
eq

a B Guiaéuiﬁéuiyaum

(2.4)

) 2 ) . ) 82 .b 83 .b
Cac biéu thic dao ham bac cao |-2%e | . | 9% | .
ou;,0U, ; . au,,0u; ,0u;, «

4 b
9" trong (2.4) c6 thé biéu dién qua dao ham bac thap hon nhu
au,,0u;,0u; ou; «

sau [71]:
82 ib .
Ao, J ~(O0n)ad, +(060)2, (2.5)
83 ib |
T J =(0%h) 2y, +(O%0h) (2,0, + 2,0, +2,0,); (2.6)

n

o'pl) :(®4 o ) —
auiaauiﬂaui},au- " i0 i =15y T

3 b
+(0°%0% ) (8,840, +2,8,5,, +8,8,0, +3,3,0,, +a,8,0, +a,8,05,,) (2.7)

+(0°0)(8,,, + 3,05, + 3,55, )-
Trong do, cac dai luong @¢), 09, 0%’ va 0*p’ dugc xac dinh boi [71]:
Qo = 1, @
Pio —E(Pio (&),

1 1
®2¢i% = ?@i%(a (a) - ?(Bibo(l) (&),

1 3 3
®3¢)i% = ??i%(s) (&) - ggl’i%m (&) + gqoibo(l) (&),
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15 15
®4¢ib0 = 4 (p|0(4)( ) 5 (0|0(3) (a ) +— 6 ¢|0(2) (a ) 7 ¢|0(1) (a) (28)

Cac ki hiéu (1), (2), (3), (4) phia trén ham ", trong (2.8) 1 dao ham cap
1,2, 3, 4 tuong ung cla ¢’ .

Néu hat thir O chiu tac dung béi luc phu a thi ¢ trang thai can br:?mg nhiét
dong, tong luc tac dung lén hat d6 bang khong, ta thu dugc:

2 b 3 b
1 5 %o <u. > 41 > —8 10 +
9. i a 4. <uiaui >a
2 o Ou. aaulﬂ 4 ia,r auiaauwauiy . y
2.9
4 b ( )
+ 1 Z a |O a O
12 <uiauiui>a_ B
12 ia, 7. 6uiaauiﬂauiy6uin v in

€q
Do tinh chat dbi xung trong mang tinh thé lap phuong, cac s6 hang sau
bi triét tiéu:

2 3 b
Z 0 (Duo =0 ’ Z 0 ¢i0 =0 ’
i au,aau, | ou,ou, ﬁauiy
eq eq

4 b 4 b
Y| arm| =0 e Y| qaar ) =0
| 0u”,0U; | 0u;,0u;,0u;
eq €q

(2.10)
Voi a=B#y.
Pé thuan tién tién trong tinh todn cho phwong trinh (2.9), ta dat cac thong

sb diéu hoa k°va phi diéu hoay"cé dang:

o’p .
% ZEZ[ " 0] =m'ef,
eq

y° :i 64(1),0 46 a4(".0 .
12 5 auw ou? au »
eq eq

(2.11)
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Véi o, 1atan sé dao dong cua cac nguyén tir b, m” 1a khéi lwong nguyén
tir trung binh ciia hé va dugc xac dinh boi m"=Cc*m, +C®m,+C*m, . O do
m,,mg,m, V& C* C® C* la khdi lwong va nong do cua cac nguyén ti A, B va

X twong ¢ng trong tinh thé hop chat perovskite ABXa.

Biéu thirc (2.11) xac dinh céc théng sé dao dong diéu hoa va phi diéu
hoa quanh vi tri can bang cua nguyén tir b qua dao ham bac 2 va bac 4 cua thé
nang tuong tac gitra nguyén tir b voi cac nguyén tir phan bd quanh né trong
mang tinh thé co cau tric perovskite. Trong 6 co sé ciia mang tinh thé vat ligu
cau trlic perovskite ABXz c6 3 loai nguyén tir A, B va X nén s& ton tai sy dong
gop cac loai twong tac cua nguyén tir cung loai va khac loai 1én nguyén tu b
trong xac dinh thdng sb theo (2.11). Nhu vay, dua vao cau tric tinh thé
perovskite s& gitip xac dinh s hat, sé loai hat va phan bé khdng gian gitra cac
nguyén tir xung quanh nguyén tir b, tir d6 tinh dugc cac tham sé phu thudc cau

trac vat liéu perovskite theo (2.11).

e giai phuong trinh (2.9) ta biéu dién md men bac 3 (u,,u,,u, ) , Mo

men bac 2 <Uia“w>a theo md men bac 1 bai lién hé sau [115]:

(b, ). =(u,), (u, ). +Ha<uia>a 10 coth[h—wj— 052‘; , (2.12)

=y da,  2mw

o(u,,
<uiaui7u"7>a - <u‘“ >a <uiy >a <ui77 >a +0F, <ui0f >a <6ua >a
2 ' (2.13)
5ol (). hu,)s, coth(hwj— (u,) 05, |

+ DY} 2
aayaa” 2Mmo 2Mmw

20
Trong d6, P,, 13 toan tir hodn vi chi s6, N6 nhan gia tri 1 (khi a=y=7)

hodc 0 (cac trudng hop chi s6 khac nhau), s, 12 ki hiéu Kronecker.
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Trong pha lap phuong cua tinh thé perovskite, dé doi trung binh theo 3
phuong ctia 1 nguyén ti c6 gia tri khong khac nhau dang ké nén cd thé lay gan
dang: (u,, ), ~(u,) ~(u,) =y". Khi d6 phuong trinh (2.9) chuyén vé dang sau:

2 b

b b
y . Bybﬁyb%+ ;/b(yb)3+kb yb+}/kbg(xb cothxb—l)yb—a:O.

d
b 02
4 da?

(2.14)
Phuong trinh (2.14) 14 phwong trinh vi phan phi tuyén. Vi ngoai luc a Ia

nhé va tly y nén cé thé dugc tim nghiém cua phuong trinh (2.14) & dang:
Yy’ =y, +Aa+Aa’. (2.15)

Khi khong ¢6 ngoai lyc, tuong tng a =0 thi d6 doi y° =y?. Hay y? xac
dinh d6 doi ctia nguyén tir b khoi vi tri cAn bang trong tinh thé khi khong c6

ngoai lyc. y?co gia tri gan ding duoc x4c dinh dudi dang [115]:

b 2
R Ay (2.16)

Trong d6, hé so A’ ¢6 biéu thirc:

LN 0 A L U N LR

() ey T ey )

A =a’+

Cac hé s af,a2,a’,a’,a’va a2 dugc xac dinh nhu sau [115]:

b b
a® =1+ X c;thx , (2.18)
al = 13, 47 o cothxt +§(xb )2 coth?x® +1(xb )3 coth®x®, (2.19)
3 6 6 2
ab = —(§+ 121 1o cothx® + @(xb )2 coth?x® +E(xb )3 coth®x” +l(xb )4 coth“xbj, (2.20)
3 6 3 3 2
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al = 43, B cothwe? +@(xb)2 coth?x® +§(Xb )3 coth®x" +Q(Xb )4 coth’x® +£(Xb )5 coth®x”,
3 2 3 3 3 2

(2.21)

103 + 794 x° cothx® +@(xb )2 coth?x” +ﬁ(xb)3 coth®x®
% == 3148 6 532 1 ’ ! (2.22)
4 5 6
+—(xb) coth*x® +—(xb) coth®x” +—(xb) coth®x®
3 6 2

ag — 65+ 5—21(XbCOthXb ) n %(Xbcothxb )2 + %(Xbcothxb )3 (223)

+7—§3(xbcothxb )4 + %(xbcothxb )5 + 3El(xbcothxb )6 + %(xbcothxb )7 ,
VoI x° = ha, .
20

O ving nhiét do cao twong tng véi gidi han xcoth x — 1, khi d6 céac hiéu
g luong tir khdng thé hién rd, cac tham so af,al,al,a’,a’ va a2 s& nhan cac
gia tri don gian:

R - B TN T LR CXY)

5

Trong truong hop ndy, biéu thuc (2.16) cho thay gia tri binh phuong do
doi ctia nguyén tir khoi vi tri can bang nit mang (yg’)2 duoc xac dinh theo nhiét
do t4i Ity thira bac T8,

Biéu thirc (2.16) cho phép xac dinh d6 doi y° caa nguyén tir b khoi vi tri
can bang ndt mang theo nhiét do, khi ké dén cac dao dong phi diéu hoa cua cac
nguyén tir trong tinh thé.

Do vat liéu cau tric perovskite ABXs, duoc cau thanh tir 3 loai nguyén
tar A, B va X, nén mdi loai nguyén tir dong goép vao do doi trung binh yp cia
cac nguyén ti trong tinh thé perovskite khi khong c6 ngoai luc tac dung theo

phan b nong do hat dudi dang:
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Yo =CAyr+CBy2 +CX ). (2.25)

Tir d6 doi trung binh y? ciia nguyén tir khoi vi tri cn bang ndt mang, ta

c6 thé xac dinh khoang 1an can gan nhat gitra hai nguyén tir & nhiét dé T trong
tinh thé perovskite bang cach cong thém khoang 1an can gan nhat ¢ (0) giira hai

nguyén tir & nhiét &6 T = 0K theo biéu thuc:

(M) =0+ 8- (2.26)
Trong mang tinh thé vat liéu cau tric perovskite pha lap phuong thi hang

s6 mang lién hé vai khoang 1an can gan nhat boi hé thic

a’(T)=2r"(T). (2.27)

Nhu vay, khi biét khoang 1an can gan nhat r(0) gitra hai nguyén tir trong

tinh thé vat liéu perovskite & nhiét do T =0K, thong qua biéu thic (2.16) -

(2.26) hiéu ung phi diéu hoa trong mang tinh thé & nhiét d6 T duogc biéu hién

boi sy thay d6i hang sé mang tinh thé theo nhiét dé T va duoc xéac dinh boi biéu
thirc (2.27).

2.2. Nang lwong tw do

Ta sé tiép tuc 4p dung phuong phéap théng ké moé men dé tinh nang luong
tu do cua tinh thé cau tric perovskite pha lap phuong.

Theo phuong phap théng k& md men, mot hé thong ké c6 Hamiltonian

dac trung ¢ dang:

H=H,—aV. (2.28)
trong d6 o 1a thdng s6 va v 1a toén tir tiy v, ta thu duoc biéu thuc lién hé voi
nang luong tu do cua h¢ W(o):

<V >a:—a\P—(“). (2.29)
ox
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Tur biéu thic (2.29) giup ta xac dinh ning luong ty do cia hé nhu sau

[115]:

¥(@)=¥, - [ <V > da".

(2.30)

Trong do6, Wy 1a nang luong tu do cua hé twong tng véi Hamintonian H,

dugc xem nhu da biét. Tac 1a bang cach nao d6 tim duoc <V >, thi ta c6 thé

thu duoc biéu thic d6i véi nang luong ty do V(o).

Pé ap dung (2.30), ta can xac dinh thé niang trung binh cua hé tinh thé

cau truc perovskite. Thay (2.4) vao (2.2), ta thu dugc dang khai trién nang luong

thé ning cua tinh thé perovskite dén gan dung lity thira bac bon cua do doi:

| Allx 1 82¢I0
¢i°(|ai|)+2;(au ou;

J U, Uiy +
| eq

Up=7zi: ! ) Z{

+—
24 a.fyn,

YN g, ‘0
B(lal)+= i0 += 19 u. U U
N e 2;(6um6u, ] ths azﬁ:y[au ou,,0u, ] ey
+_
2 5 4B
+i Z { " Py ] U, U U Uy,
I 24, 570\ 0U,0U;,0u; o, |
1o &0k 1 &g '
(| |) Z ° Ui Uip += Z : Ui Uigl;,
N X 2\ 0U;, 0, 6.7, oy, 0u;ou;,
+— o e
2 5 4 X
+i > ( 7 P J Uy, Uy U U
] 24 5, Guiaéuiﬂauiyaum |

Biéu thirc (2.31) c6 thé viét ¢ dang sau:
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u.

J uiauiﬂuiy
Y eq

1 z 83¢7i/3
6.5, 6umauw8ui

64
ou. o cgo 0 J Hia s iyt
uia ui/i’ uiy uit] eq

Ui

(2.31)



i 2 A 3 A ]
Sot(a)+= Y| =22 | uues Y =22 |
NA| T 2 ap| Uyl ) 617\ AU, 0U,0U,, ) :
UP:_ e el
2 4 A
+i z 9" Py Uy, Ui U U,
I 24, S5\ 0U,,0U;,0U; o, . y-in _
I _n 1 0’2 1 0’0, ]
B (la])+= i0 u U, += —— A0 | u u,U
NB Z¢|o(| ||) ZiZ‘g[é’u 6U . ia”ip 6|§’7(auiaﬁulﬂauly . ia ity
+_
2 4 B
+i z 9" g U, U U Uy,
I 24, S5\ 0U,,0U;,0U; o, » |
I 1 0% 1 B |
X (la])+= i0 U u,+= — 70 |y u.,u
N Z(p'f’ () 2i;ﬁ(au ouy ) 6i,§,y(au. ougou, )
+_
2 1 84 X
Dio
Ug, Uy U U,
i 24,a;n[8uia6uw6uiy8um o v

(2.32)
Lay trung binh (2.32) thu dugc thé nang trung binh cua tinh thé

perovskite ABX3 c6 biéu thuc:

o0 1 O°ps
et 3 5 sk, s 3 [ | e
eq eq

w5,
- i0
" 2 (auiaau,ﬂau aumJ (Ui, )

ha,B.7.n

- _ 1 62¢| 1 83¢I -
NE ngi%(|ai|)+§i§“ﬁ(au alj <Uiauiﬂ>+gi'§]y(mJ <Uiauiﬂuiy>
+— eq «
? 1 3'ps
24Ia;;/q(au' au,/}au aul . <U|aU.ﬂU.7U >
*(la 1 62%0 1 % 7
N X Zi:(/’io (|ai|)+2i;ﬁ[8u o, . <U U.ﬂ> 6. aﬁ‘y[auiaéuiﬁauiy <U.aU.,5u >
+ —
? 1 64%)(()
I 24'a;77(8“iaaumauiy8uiﬂ . <U.au.ﬂu U.,,> |

(2.33)
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Trong (2.33) c6 s6 hang mé men bac 4 <ulaulﬂulyu > mo6 men bac 3

<u u U > vamd men bac 2 (u,u,, ). C&c md men nay c6 thé biéu dién qua md

ia iy

men bac 1 nho lién hé md men (2.12) - (2.13). Do tinh chat dbi xang caa tinh

thé cau trdc perovskite pha Iap phuong nén cac sé hang trong (2.33) thoa man

(2.10) s& triét tiéu. Chl y thém rang, tinh thé perovskite pha lap phuong co do

doi trung binh cia mot nguyén tir theo 3 phurong khac nhau la khéng khac nhau

nhiéu nén co thé lay gan dung (U, Y= (u) = (u, ). Do do, thé ning trung binh

(2.33) cua tinh thé perovskite thu duoc két qua nhu sau:

A

) ) ) |
+U§+3NB{§<UE>+;@B (ut)+ 72 @;ﬂ (2.34)
+UJ +3N* [%(ui}wflx <u§>+7zx <u>2< >2}

<up>=uo‘\+3N‘{

Trong d6, cac hé s6 k°, y2 va 2 (b=AB,X) ¢ biéu thuc xac dinh

1 RS
kb == i0 ,
22( 6u ]

" =%Z[a4(p‘°J , (2.35)

aulﬂ

b 6 84(0”)
Vo =74 :
48 < | ou’ 8u7
eq

Cac dai luong U, (b= A B, X ) duoc xac dinh béi

—%Zﬂ%(lﬁil)- (2.36)

57



. . b .

Trong biéu thirc (2.34), so hang 3ka?<u§> (b=AB,x) la phan niang
lugng dong gép cua dao dong diéu hoa va cac s6 hang con lai
3NA [7/1“ <u:>+ 2 <uf\>2} la phan niang luong dong gop cua cac dao dong phi diéu
hoa vao thé ning trung binh cua tinh thé perovskite pha lap phuong.

Tur biéu thire (2.34), nang lugng tu do cia cac nguyén tirb (b= A B, X )
dugc xac dinh theo phwong phap théng k& mé men béi biéu thic (2.30) qua
viéc tinh cac tich phan:

b

= [ (ud)dr (2.37)

va

o= (), 07 (239)

0
D¢ xac dinh tich phan (2.37) va (2.38), cc md men cap cao (u; )va (u?)
duoc biéu dién qua cac md men cap 1 (u, ) theo (2.12) va (2.13). Tir d6 xac dinh
duogc bidu thire nang luong tu do W) ciia nguyén tir b trong tinh thé perovskite

ABX; c6 dang [115]:

W =Ug +3N°0[ %, +In(1-e* )|

? b
9—2 J/;XSCOthsz — 27/1 (1+ XbCOthxb j
(K 3 5

3 .
+ % [% (7 )2 X,Cothx, (1+ %thxb] -2 ((J/f )2 +2117; )(1+ —xbcozthxb j @+ XbCOthXb)i|

+3N°

(2.39)
Do céu tao tir ba loai nguyén tr A, B va X, nén nang luong tu do P°

ctia tinh thé cdu trac perovskite ABX; duge xac dinh qua sy dong gop ctia Cac
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nang luong tu do WP ctia cic nguyén tir b ¢6 ké dén entropy cau hinh S; boi hé
thirc Boltzmann [45], [46], [49], [50]:

PP =CAP» +CP9e +CXPx TS, . (2.40)

Khi x4c dinh duoc cac thong sé k°, 7. va 7, thi cac biéu thuc (2.39) va

(2.40) cho phép xac dinh nang lugng tu do cta cac ion b ¢ nhiét d6 T. Khi nhiét

d6 T gan nhiét d6 OK thi cd thé xac dinh nang luong ty do caa cac nguyén ta

nhu ning lwong tu do cua hé dao dong tir didu hoa c6 ning lwong tu do WJ xé4c

dinh boi:

Wy =Ug +3N°0) x, +In(1-e )|, (2.41)

- h b
VGi Xﬁ%’, a)b:‘/:;* va 0=kgT.

Nang luong tu do caa hé xac dinh bai:

PP =CAYL +CPYY+CH P TS, . (2.42)

Tir ning luong tu do va cac thong sd xac dinh tai nhiét d6 T cho phép
xac dinh cac dai lugng nhiét dong hé s6 dan né nhiét, nhiét dung déng ap, nhiét

dung dang tich,.. nhu & phan tiép theo.

2.3. Cac dai lwgng nhiét dong
2.3.1. Hé so né dai
Hé sb no dai duoc dinh nghia bai biéu thic sau:

o= Xe 02

2.4
a, do@ ’ (2.43)

trong 6 &, va a 1a hang s6 mang ¢ OK va nhiét do T.
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Trong tinh thé perovskite pha lap phuong, hang s6 mang lién hé véi
khoang 1an can gan nhat bai hé thac (2.27) nén hé sé né dai xac dinh qua
khoang 1an can gan nhét r(0) & OK va r*(T) & nhiét do T bai bicu thuc:

kg dr”
Y 2.44

T biéu thire (2.26), biéu thire (2.44) ¢ thé viét & dang sau:

vP
af = _Ks dyo (2.45)
r,”(0) dé

Str dung biéu thirc (2.25) va (2.45) ta thu duoc biéu thic hé s6 no dai o
cua tinh thé perovskite ABX3 x4c dinh qua sy dong gop cua cac o’ cua 3 loai
nguyén tir A, B va X cau thanh bai:

af =Chal +CPaf +C e . (2.46)

Trong d6

A B X
ot Ko Voo Ko Voo Ke Mo (2.47)
r(0) 86 r(0) 00 n(0) 00

Khi cac @6 doi Y0 (b=AB,x) xéac dinh theo (2.16) thi cac biéu thic

(2.47) c0 thé viét o dang sau:

TELOT T2 A do
1

). (2.48)
Biéu thirc (2.48) nay hoan toan cho phép xac dinh hé s6 na dai o khi biét y?.
2.3.2. Ning lwong va nhiét dung dang tich
Ning luong cua tinh thé xac dinh qua nang luong tu do béi hé thac nhiét
dong Gibbs — Helmholtz:

E:\y—e-(g—‘g). (2.49)

60



T biéu thice nang luong tu do (2.40), ta thu duoc biéu thic tinh ning
lwgng cua tinh thé perovskite

EP=C*E*+CP°E° +C"E*. (2.50)
Trong do:

A B X
EA:‘PA—Q(G;; j,EB :‘PB—0£6§; j,EX =% —9(8\{, ) (2.51)

00

Thay biéu thirc xac dinh nang luong tu do (2.39) vao (2.51) ta c6 thé thu
duogc biéu thuc tinh nang luong:
E°=Uy +3-N°-x, -cothx,

3.-N°.¢% | | 2 X; x> - cothx
. -(%,)" - coth®x, +— 2+ —2.yh e T
(kb)2 {72 ( b) ( S|nh2xb) V2 sinhzxb

(2.52)
Nhiét dung dang tich C, cua tinh thé x4c dinh qua nang luong E cua tinh
thé boi biéu thuc:
oE

Str dung biéu thuc (2.50) vao (2.53) ta thu dugc biéu thuc nhiét dung
dang tich cua tinh thé perovskite ABXs c6 dang sau:

p
cvpz(%] =C"C/+CBCl+C*.C). (2.54)
\
Trong do
A [OE" s [ OE® « _[oE”
o5l e 5] e

Ap dung c4c biéu thirc nang luong (2.52) vao (2.55) ta thu duoc nhiét dung
dang tich C, c6 biéu thirc:
7/1 X -cothx, L2 i

¢ a0 [P G T
Co=3-N° Ky {—L2—+ . : (2.56)
sinh? x, (kb) vy X '3 x; -coth®x,
72 Ysinh? X, sinh® x,
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2.3.3. Hé s6 nén ding nhiét va nhiét dung dang ap
Hé s nén dang nhiét duoc xac dinh bai:

1(0oV
X7 ___(GPJ (2-57)

O pha lap phuong, hé s6 nén dang nhiét caa tinh thé perovskite cé thé

x4c dinh qua khoang 1an can gan nhat & 0K va & nhiét d6 T bai biéu thuc

3
(T 3
wi=-| L0 . (2.58)
" (0) o oP
(M)
on" ).
Mt khéc, 4p suat xac dinh qua nang luong tu do bai biéu thirc
p:_(a_‘l’j :_L,[@_‘P] | (2.59)
v ) v e, ),
Do d6, hé s6 nén dang nhiét cua tinh thé cau trlic perovskite ABX3 c6
dang sau
(1))
3( o)
= ;(9) | (2.60)
( M) (2w
3V o’ ).

Biét nhiét dung dang tich C.” va hé sb nén dang nhiét y? sé& gilp xac
dinh nhiét dung dang ap C[ cua tinh thé cau tric perovskite qua biéu thuc

9-T-V - (f
cr-cr+ Z()
|

(2.61)

2.4. Két qua tinh s6 cho mét s6 vat liéu cau truc perovskite

2.4.1. Thé ning twong tic

O cac nGt mang tinh thé cé thé 1a nguyén tir, phan tir hoic ion. Giira cac
hat & nGt mang c6 tuong tac véi nhau tao thanh thé niang tuong tac cua mang

tinh thé. Tuy theo tung loai tinh thé, dang caa thé nang c6 thé khac nhau. Viéc

62



xac dinh dang caa chdng la mét bai toan co hoc luong tur va viéc chon dang
thich hop cua thé nang tuong tac khdng phai don gian. Tuy nhién, khi két hop
su phan tich giira If thuyét va thuc nghiém c6 thé chon dang thé nang tuong tac

kha don gian nhung c6 hiéu qua trong viéc xac dinh tinh chat vi mé cuaa vt ran.

Tay theo loai vat liéu va tinh chat nghién ciu ma dang thé ning tuong
tac duoc sir dung khac nhau. Trong vat liéu cau tric Perovskite ABXs, tai c4c
nGt mang la cac nguyén tir A, B va X. Nhiéu md hinh thé ning béan thuc nghiém
duoc dé xuat va &p dung cho nghién cau tich chat vat liéu cau tric perovskite
ABX3. Nhing twong tac xuét hién giita cac nguyén tir nit mang ké dén 1a tuong
tdc Coulomb, twong tac cong hda tri, trong tac van der Waals. Trong cac nghién
céc, da phan tuong tac Coulomb giita cac ion trong tinh thé dugc tinh toan gan
dung baoi phuong phap Ewald [26]. Sau d6 Wolf [18], Demontis [22] and Zahn
[133] dé xuit va téi wu md hinh tinh toan thé Coulomb trong tinh thé cho két

qua phi hop trong nhiéu tinh toan va thuc nghiém, véi biéu thic c6 dang:

()=, .{erfc(anj) _erfc(aR) +[erfc(aRc) 2o erfc(_aZRf)}(rIJ R )} . (2.62)

2 1
ij Rc Rc 71'5 R

trong d6 q;,q; la cac di¢n tich hiéu dung, r, la khoang cach gitta hai ion, R, la
ban kinh ngét va « 1a tham sé tat dan.

Biéu thirc (2.62) gitp tinh toan tuwong tac Coulomb don gian hon va hoi
tu nhanh hon trong tinh todn va mé phong.

Nam 2006, Pedone cung céc cong sy dé xuat md hinh thé béan thuc
nghiém cho tuong tac trong vat liéu cho két qua phi hop voi thuc nghiém va |i

thuyét, véi biéu thirc thé nang twong tac c¢6 dang [94]:
2

ZiZ-e —a; (r—r 2 Ci'
p(r)=—-—.+D, {{1—e wel —1}—’. (2.63)

rlZ
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Trong d6 s hang dau tién md ta twong tac Coulomb gita cac ion i va j,
s6 hang thir hai trinh bay ham thé nang Morse cho lién két cong hoa tri va sd
hang thir ba md ta luc dy van der Waals.

Pé tinh toan cho vat lidu ciu truc perovskite, thé twrong tac cap c6 dang
(2.63) dugc chon st dung véi gan dang (2.62) khi tinh toan dong gop cta tuong
tac Coulomb trong (2.63), nghia 1a biéu thic thé twong tac cip gitra cac ion

duoc sir dung dudi dang:

r R R? -

ij c 72.5 C

U()—aq {erfc(anj) _erfc(aR) J{erfc(aRc) 20 erfc(—oczRf)}(IrIJ R )}

+ D [{1—e/3‘j(”jr°)}2 —1}+&.

12
T

(2.64)
Trong biéu thirc (2.64), s6 hang thi nhat mé ta twong tac Coulomb gitta

cac ion i va j c6 cac dién tich hiéu dung q;,q; va cach nhau mét khoang ;. R,
1a ban kinh ngét va « 1a tham sé tat dan. S hang thi hai trinh bay ham thé ning
Morse cho lién két cong hoa tri trong vat ligu cau tric Perovskite. O d6, Dy, ,,
r, 1a cac tham sé cho thé Morse. S hang cudi ciing mé ta luc day van der Waals
giita c4c ion. Cac tham sé thé trong (2.64) c6 gia tri duoc xac dinh trong qua

trinh 1am khép két qua tinh todn véi gia tri thuc nghiém.

Trong vat liéu cau tric perovskite, xuat hién su xen phu obital caa céc
nguyén tir 1an can tao nén lién két cong hoa tri, 1am cho dién tich cac ion tai nat
mang tré nén khéng nguyén va duoc xac nhan tir nhiéu nghién ciu duya trén Ii
thuyét phién ham mat do [25], [96], [97]. Trong SrTiO; va BaTiOs, cac nghién
ctru ab initio chi ra cac gié tri dién tich khdng nguyén cua ion nguyén tir Sr, Ba,
Ti va O [31], [96]. Tir @6, nhiéu mé hinh thé nang béan thuc nghiém trong md
phong tinh chat vat liéu SrTiOs, BaTiOs dd st dung dién tich khdng nguyén

cho céc ion trong cac vat liéu nay thu duoc két qua phu hop véi i thuyét va
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thuc nghiém [35], [59]. Trong luan an nay, dién tich ion nguyén tir cua vat liéu

SrTiO; duge x4c dinh tir nghién ctu dua trén Ii thuyét phién ham mat d6 va

trinh bay trong Bang 2.1 [96]. Do hiang sé6 mang va ciu hinh dién tir kKhac véi

SrTiO3z nén dién tich cac ion cta nguyén Ti va O trong BaTiOj3 c0 gia tri sai

khac vai dién tich cua chdng trong SrTiO3 va duoc trinh bay trong Bang 2.2.

Bang 2.1. Tham s6 thé cho SrTiO3

lon gi (e) [96]
Sr 1.87
Ti 2.36
O -1.41
lon Cij (eV.A12
pair Dij (eV) Bii (AY) roij (A) i )
Sr-0O 0.016561 2.191500 3.328330 3.0
Ti-O 0.021905 2.085525 2.708943 1.0
O0-0 0.151000 1.081100 3.618701 22.0

Cac tham s thé cua thé ning twong tac (2.64) cho cac ion trong SrTiO;

va BaTiOs dugc xac dinh dua trén sy phd hop gitta két qua tinh toan hang s

mang cta SrTiOs va BaTiOz véi thuc nghiém. Cac gia tri tham sé d6 cho SrTiOs

va BaTiO; duoc trinh bay twong trng trong Bang 2.1 va Bang 2.2.

Bang 2.2. Tham s6 thé cho BaTiOs

lon gi (e) [96]
Ba 1.79
Ti 2.38
©) -1.39
s Di@V)  BAY  miA)  Ciy(eVAY)
Ba-0O 0.019561 2.071500 3.393410 5.0
Ti-O 0.021905 2.085525 2.708943 1.0
O0-0 0.181000 1.098500 3.618701 22.0
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Ti uu tham s thé cho SrTiOs, béan kinh ngat R, cho Sr, Tiva O c6 gia
tri lan luot 12 9.9145 (A), 9.7220 (A) va 9.7220 (A). Tham sé ngit « c6 gia tri
140.01 (A).

Péi voi BaTiOs, cac tham sé ban kinh ngat R. cho Ba, Ti va O c6 gia tri
lan luot nhu sau: 10.1468 (A) cho Ba, 9.9499 (A) cho Ti va 9.9499 (A) cho O.
Pé tinh s6 cac dai lugng nhiét dong, cac gia tri hang s6 vat Ii bao gom hang s6
Boltzmann k,, hang sb Plank 7, hing s6 dién va hiang sé Avogadro N, dugc sir

dung theo [85].

Str dung phuong phap qua cau phéi vi, nang luong tuong tac (2.36) cua

tinh thé perovskite c6 dang

Nb 0
Ul = 72[2@ P (o) + 280 (1) + 200.0™ (1) | (2.65)
q
Trong d6 z;,,z5, 2} 1an lugt 1a s6 nguyén tir A, B va X trén qua cau phoi

vi thir g ¢6 tam qua cau la nguyén tir b (b = A, B, X). r,,1a ban kinh qua cau
phdi vi tht g va duoc xac dinh qua lién hé ban kinh qua cau phéi vi thtr nhat
r, boi hé thuc

Fog = Ubg-Voa. (2.66)

~ 2,20 Phy thudc vao ddc trung mang tinh thé cua vat

HE so v, va Zpar Zog»

liéu cau trdc perovskite va loai nguyén tir dugc chon lam géc. Sir dung phan

mém md phong cau trlc tinh thé Vesta [58] cho tinh thé perovskite sé& gilip xac
dinh céac gia tri coa Zkﬁq,qu, Z;; trén mot so qua cau phdi vi trinh bay trong

Bang 2.3.
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cua cau tric tinh thé perovskite ABX3
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Bang 2.3. Céc tham s6 vy, va Z

UBq

V5

2V2

V22

UBq

V5
2\2

13 |2V3

JVi7 | V14

51| 3V2

5z | 2V5

9

59 | 2V6

UAq

V3

V5.5 V11

V6 |1z | V10

V7

V9.5 V19

V10| v20| V17

11

12

13.5

15

17 | V33 | V26
175 V35 | V29

18

16

16

32

0

24

24

16

24

48

32

10

16

24

16

12

24

0

16

48

48

48

30

24

24

32

48

24

24

32

48

12

24

24

12

30

10

11

12

13

14

15

16

17

18

19

20

21

22

10

11

12

13

14

15

16

17

18

19

20

21

22

67



STT| QUS| x|t o | 28 |l | 2 | 2| 2 | o] |
23 23 0oo|72[0| 0 |2a]| 0 | 0 |12]|y55 y37|V32
24 24 | 24|00 |0o|2a] 0|0 ]|16]| 9 |yz0|vao|V33
25 25 00|48 |0 0 |9 | 16| 0 |32 |y27|ya1|V34
26 26 0|24/ 0|24 0 | 0| 0| 0|30 [375vaz| 6
27 21 2400|024 0| 0| 8|0 |yzz|vaa|V37
28 28 00|48 (0| 0 |72]|24] 0 |4 |y23|Va5|V38
29 29 g |o|ofo[8 | 0| o] 0|2 yzz|yas| V40
30 30 0o|o|8|o| 0 |54| 0 3]0]|s5 |7 |V4a
31 31 0 (48] o |48 0 | 0 | 16 | 0 | 32 355 51| V42
32 32 |2a/0| 00|24 0| 0| 0|2 yz6|v52|Vss
33 33 00|l |[0| 0|72 0 24|00 |y37 53|V45
34 34 |48|0| 00|48 | 0 | 16| 0| 32|38 V56| V46
35 35 0 |0|24a][0| 0 |48| 0| 0|8 |yz5 57|V48
36 36 o |72/ 0|72 0 | 0o | 0| 18| O L2985 v59|
37 37 0|09 0| 0 |72]|28] 0 |5 |y37|61|V50

AZB

Str dyng cac gia tri v, va z;, bq,z;; trong Bang 2.3 va cac biéu thic

giai tich twong ung s& gitip xac dinh gia tri caa tham sé k°,»° va dai luong
nhiét dong caa vat lidu cau tric perovskite.

2.4.2. Xac dinh céac thong sb

Dé ap dung tinh s cho cac biéu thic giai tich cua cac dai lwong nhiét
dong cua vat ligu cu tric perovskite ta can biét cac thong sb k°, 77,72, cua
cac vat liéu nay. Mudn xac dinh céc thdng sé do, trude hét ta xac dinh khoang

1an can gan nhat r,°(0,0) ¢ 0 K va &p suat P = 0 GPa. Khoang 1an can gan nhat
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,”(0,0) 1a nghiém cua phuong trinh trang thai & OK va ap suat P =0GPa c6
dang:

Vs _ 0
or,

Dit biéu thic (2.41), (2.42) vao (2.67) thi khoang lan can gan nhat

(2.67)

r,”(0,0) la nghiém cta phuong trinh

o[ 10U¢ he, k") Le[1U§ hoy K°1 «[laUg  he, k"
6 or, 4k" or 6 or, 4k® or 6 or, 4k* o
(2.68)
Giai phuong trinh (2.68) vai Ug (b= A, B, X) xac dinh theo (2.65) ta thu
dugc khoang 1an can gan nhat r,”(0,0) giira cac nguyén ti trong tinh thé vat ligu

cau tric perovskite & nhiét ¢6 OK va &p suat P = 0 GPa.

Sau khi x4c dinh dwoc r"(0,0), ta s& xac dinh cac thong s6 k°, 7,75, 7"
cua vat liéu cau tric perovskite theo (2.11), (2.35). Thay gia tri cia cac thong
s6 thu dugc vao céc biéu thic giai tich caa cac dai luong nhiét dong nhu d6 doi
cuia nguyén tir khoi vi tri can bang ndt mang (2.25), hang s6 mang (2.27), hé s6
ddn no nhiét (2.46), nhiét dung ding tich (2.54), hé sé nén dang nhiét (2.60),
nhiét dung dang ap (2.61), ta s& thu dugc gia tri cac dai luong nhiét dong tuong

rng cua tinh thé cau trac perovskite.
2.4.3. Tinh chat nhiét dong cia SrTiOz ¢ 4p suat P = 0 GPa

Tinh thé perovskite SrTiOs; c6 cau tric lap phhuong véi nhom khéng
gian Pm3m & trén 110K [28]. O nhiét d6 phong, SrTiO; c6 hang sé mang la
3.905 A [13], [23]. Cau trlic mdt 6 co sd cua tinh thé SrTiOs lap phuong trinh
bay trong Hinh 2.1.
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Hinh 2.1. O co s cua tinh thé SrTiOs. Nguyén tir Sr dit & goc, nguyén tir Ti dat tai

tam va cac nguyén tir oxi O dat tai tim mat cta 6 co so.

Ap dung thé ning tuong tac (2.64) vao cac biéu thuc caa cac dai lugng
nhiét dong s& thu dugc cac gié tri tinh sé cac dai lugng nhiét dong caa SrTiOs

& nhiét d6 T. O 4p suat P =0GPa, hang s mang cua SrTiOz & nhiét d6 phong

tinh theo biéu thirc (2.27) 1a 3.9051 (,&) va trinh bay trong Bang 2.4 cung vai

két qua thuc nghiém va tinh toan khac.

Bang 2.4. Hang s6 mang cua SrTiOs o nhiét do phong va 4p suat P = 0 GPa.

Hang s6 mang TKMM Thuc nghiém Tinh toan
2 A 3.9051 3.9051 [23] 3.9056 [35]
3.9050 [130] 3.9055 [59]

Ta thay két qua tinh toan hang sé6 mang cua SrTiOs c6 gia tri phi hop
véi cac két qua tinh toan [35], [59] va thuc nghiém [23], [130]. Két qua khang
dinh gi4 tri toi wu ctia tham s6 thé duoc lya chon phd hop cho nghién cau tinh
chat nhiét dong khéc caa SrTiOs.

Str dung cac phuong trinh (2.25), (2.16), (2.26) va (2.27) cho SrTiOs, thé
tich caa SrTiO3; dugc tinh toan trong vung rong cua nhiét do tir nhiét @6 phong
t6i 1998K va két qua duoc trinh bay trén db thi trong Hinh 2.2. B thi tinh toan
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thong s mang bang phuong phap théng k& md men theo nhiét d6 phu hop tét
véi thuc nghiém [23] va két qua tinh toan [35], [59] trong ving rong cua nhiét
do6 tir nhiét d6 phong téi nhiét do cao.

T dd thi Hinh 2.2, thé tich cua tinh thé SrTiO; 1a ham cua nhiét do, khi
nhiét d6 tang thi thé tich tang. Diéu nay co thé giai thich boi su ting cuong cac
dao dong phi diéu hoa cua cac nguyén tir nit mang trong tinh thé SrTiOs khi
nhiét do tang. Khi nhiét do tang tir nhiét d6 phong dén 1998K thi thé tich tang
khoang 5.5% va h¢ s6 goc cua do thi |dV /dT|nhén cac gia tri thay doi trong
khoang 0.00103—-0.00134(10°m*>mol ™ / K). Biéu nay chi ra rang thé tich cua

SrTiOz khong 13 ham tuyén tinh nhiét do va hé sé nd vi nhiét cua vat liéu SrTiO;

s& thay ddi theo nhiét do.

38.5 T T T T T T T T
= TKMM
X0 =e= | T [59] i
o LT [35]
LY v TN[23] 7
E- L
‘Estof :
5
< 365 - |
36.0 _
35.5 - ! - ! - ' : !
0 500 1000 1500 2000

T(K)

Hinh 2.2. Sy thay ddi thé tich cua SrTiOs theo nhiét d tir tinh toan va thuc nghiém.
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Tiép tuc sir dung phuong trinh (2.46) va (2.48) cho SrTiOs, hé s6 ng vi
nhiét ¢, cua SrTiOs duoc tinh sé va trinh bay két qua trong Hinh 2.3 cling véi

su 50 sanh véi thuc nghiém va mot sé nghién cau 1 thuyét khac.

Ching ta c6 thé thiy rang o ting tir gid tri 0.96x10°K™*dén
1.23x10°K*khi nhiét do tang tir nhiét d6 phong dén 1998 K. Sy thay ddi cua
a; V6i nhiét do lién hé toi su thay doi khong tuyén tinh cia tham s6 mang cua
SrTiO; vai nhiét d6. Két qua nay cho thay sy dan né vi nhiét caa khoi bét dién
TiOg trong tinh thé SrTiOs lap phuwong khi nhiét d6 thay doi.

20 y T y T y T : T
L = TKMM -

18 —e LT[59] i

| A LT [35] -

16 L —v TN[119] i

TN [79]

14 1 )
¥ 12} )
=5
o
= 10} i

|_
5 L

08 L i

06 .

0.4 L .

02 1 | 1 | 1 | " |

0 500 1000 1500 2000

Hinh 2.3. Su phu thudc nhiét 6 caa hé sb na dai cia SrTiOs.

Trong Hinh 2.3, cho thay, két qua tinh toan bang PPTKMM sai léch so
véi két qua thuc nghiém [119] nhiéu hon so véi két qua tinh toén 1i thuyét [35].
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Tuy nhién, quy luat bién d6i theo nhiét do cua hé s6 né dai tir tinh toan bang
PPTKMM ciing tuong tu nhu két qua thuc nghiém [119] trong toan viing nhiét
d6. O nhiét @6 phong, két qua tinh toan bang PPTKMM phu hop tét vai két qua
tinh toan dong luc hoc phan tir cia Katsumata [59] va két qua thuc nghiém
[79].

Hinh 2.3 ciing cho thay, két qua tinh toan bang PPTKMM nhé hon gia
tri tinh toan Ii thuyét cua Goh [35] va két qua do thuc nghiém [119]. T nhiét
d6 phong toi 1998 K, su thay doi cua hé sd né dai caa SrTiOs vao khoang 28%,
nhé hon két qua tinh toan cua Goh [35] (khoang 36%) va thuc nghiém [119].
Ngoai ra, két qua tinh toan b chi ra su thay doi nho cua hé sé na dai cua SrTiOs
khi nhiét do thay do6i va phu hop véi két qua thuc nghiém [23], & thuc nghiém
nay hé s6 na vi nhiét ctia SrTiO; thay ddi rat nho theo nhiét do. O ving nhiét
d6 cao, hé s6 no dai cua SrTiOs theo tinh toan bang phuong phap thong ké md

men tién gan hon gié tri thuc nghiém [23].

Str dung cac phuong trinh (2.50)-(2.56), nhiét dung dang tich C, cua
SrTiOs duoc tinh s6 va trinh bay két qua tinh toan trong Hinh 2.4.

Do thi nhiét dung dang tich C, caa SrTiO3z ¢ phan déc I6n thé hién sy
thay doi rat nhiéu caa nhiét dung dang tich trong ving nhiét do tir nhiét do
phong dén khoang 900 K. O viing nhiét d6 cao trén 900 K, nhiét dung dang tich
C, cua SrTiO; bién d6i cham, tiém can gié tri khong doi 3nR va phi hop véi

dinh luat Dulong Petit cho viing nhiét d6 cao cua nhiéu tinh thé.

Khi so sanh vai két qua |i thuyét khac, d6 thi duong cong nhiét dung
dang tich C, cua SrTiOs tinh toan bang PPTKMM phu hop véi tinh toan caa
A.Boudali [10]. Hon nira, két qua tinh toan bang PPTKMM 16n hon két qua
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tinh toan 1i thuyét ab initio caa A.Boudali [10] va tiém can gan hon vdi gié tri
3nR. Két qua khac nhau nay 1a do trong tinh toan bang PPTKMM c6 ké dén
dong gop cia cac dao dong phi didu hoa ctia cac nguyén tir vao nhiét dung C,
cua SrTiOs, con trong tinh toan [10] chi st dung dao dong mang gia diéu

hoa theo mé hinh Debye.

128 ' T ' T ' T y T

124 | )
i —a— TKMM
. 120 — 3nR 1
S A LT[0]
£
= 116

> 116 | i

%)

112 | )

108 1 | 1 | 1 | 1 |

0 500 1000 1500 2000

T (K)

Hinh 2.4. Nhiét dung dang tich cua SrTiOs nhu 1a ham cua nhiét do.

Thay thé gia tri tinh toan C,, a; va g, vao (2.61) s& thu duoc gié tri
nhiét dung dang &p C,cua SrTiOs tir nhiét d6 phong dén 1998 K va trinh bay
trong Hinh 2.5.

D6 thi C,trong Hinh 2.5 la nhitng duong cong, thé hién su phu thuoc

khong tuyén tinh cta nhiét dung dang ap C, vao nhiét do. Su phu thuge d6 1a
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do ké dén cac dong gop cua dao dong phi diéu hoa caa nguyén tir trong tinh thé
vat liéu SrTiOs. Tur nhiét d6 phong ti khoang 498 K, hé sé gdc cua dudng cong
|dC, / dT |c6 gia tri thay déi trong khoang 0.031-0.058(J.mol *.K?). Trong
vuing nhiét do I6n hon 498 K thi h¢ s6 goc caa dudng cong [dC,, / dT| nhé hon
va c6 gia tri trong khoang 0.009—0.019(J.mol™".K ™). Két qua nay cho thay
nhiét dung dang ap C, cua SrTiOz phu thuoc manh vao nhiét do & ving nhiét

d6 thap, c& nho hon 498 K, biéu thi boi db thi trong ving nhiét do co do dbc

cao.
160 - T T I - I - |
140 | -
120 | -
= —a— TKMM
X 100 e LT[35] 1
9 ' A TNI[56
E 8ol 156l .
=
O @0t 4
40 + i
20 | -
L | L | L | L |
0 500 1000 1500 2000

T(K)

Hinh 2.5. Sy phy thudc nhiét do caa nhiét dung dang ap C, cua SrTiOa.

Khi so sanh vai két qua thuc nghiém [56] va Ii thuyét [35], két qua tinh
toan bang PPTKMM thé hién phu hop tét vai ca Ii thuyét va thuc nghiém. Gia

75



tri tinh todn bang PPTKMM ¢6 6n hon gia tri tinh toan Ii thuyét [35]. Hon nita,
Hinh 2.5 ciing chi ra dang duong cong cia db thi nhiét dung dang ap tinh toan
tir PPTKMM phl hop tt hon véi thuc nghiém [56] trong toan ving nhiét do.
Diéu d6 cho thdy déng gop quan trong cua cac dao dong phi diéu hoa cua
nguyén ttr vao nhiét dung dang ap caa SrTiOs.

Nhu vay, két qua tinh toan cac dai luong nhiét dong cho vat liéu cau tric
perovskite SrTiOs bing PPTKMM nhu hing sé mang, hé sé dan né nhiét, nhiét
dung dang ap, nhiét dung dang tich, phu hop tét véi thuc nghiém va Ii thuyét
khé&c trong ving rong cua nhiét d6. Su phil hop d6 da khang dinh phuong phap
théng ké mé men ¢ thé &p dung hiéu qua nghién ctu tinh chit nhiét déng cua
vat liéu perovskite SrTiOs.

2.4.4. Tinh chat nhiét dong cia BaTiOs é 4p suat P = 0 GPa

Barium titanate (BaTiOs) la mét trong nhiing vat liéu c6 cau tric
perovskite dién hinh. BaTiOscd cau tric 1ap phuong va hang sé mang 3.996 A
& 120 °C [53], [54], [84], [103], [109]. O co sé cua BaTiOs cau tric lap phuong
trinh bay trong Hinh 2.6 va&i nguyén tir Ba ¢ goc, nguyén ta Ti ¢ tdm va ba

nguyén tir O ¢ tdm cua cac mat bén.

Hinh 2.6. O co s& cua BaTiOs cau tric lap phuong.
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Str dung thé ning tuwong tac cap (2.64) va biéu thuc caa cac dai luong
nhiét dong twong tng sé thu c&c gié tri tinh sb cua cac dai lvgng nhiét dong cua
BaTiO3z ¢ cac nhiét do T.

O 4p suat P=0GPa, hing s6 mang cia BaTiOs; ¢ 120 K tinh theo biéu
thirc (2.27) 1a 3.996 (,&) va dugc trinh bay trong Bang 2.5.

Bang 2.5. Hang s6 mang ctia BaTiOs ¢ 120 °C va ap suat P = 0 GPa.

Hang s6 mang TKMM Thuc nghiém
a (A) 3.996 3.996 [84]

Két qua tinh todn hang s6 mang phl hop véi gia tri thuc nghiém 1a co s
cho phép lua chon tham sé thé phl hop cho nghién ctu tinh chét nhiét dong
khac cua BaTiO:s.

Str dung cac phuong trinh (2.25), (2.16), (2.26) va (2.27) cho BaTiOs,
hing s6 mang ctua BaTiO; dugc tiép tuc tinh todn trong ving rong cua nhiét do
tir 400 K t6i 1500 K va dugc trinh bay trong Hinh 2.7. 6 thi tinh toan hang sé
mang bang PPTKMM theo nhiét d6 phu hop tét vai thuc nghiém [84] va thap
hon két qua thuc nghiém [57]. Tuy vay, két qua chi ra quy luat phu thudc nhiét
d6 phl hop ca hai két qua thuc nghiém [57], [84] trong viing rong caa nhiét do.

D6 thi trong Hinh 2.7 1a dudng di 1én, diéu d6 cho thay hang sé mang a,
cua tinh thé BaTiOs 12 ham cua nhiét do, khi nhiét do tang thi hang sé6 mang
tang. Diéu nay c6 thé giai thich boi su ting cudng cac dao dong phi diéu hoa
ctia c4c nguyén tir nGt mang trong tinh thé BaTiOs khi nhiét do ting. Khi nhiét
do tang tir 400 K dén 1500 K thi hang sé6 mang ting khoang 1.2% va hé s6 goc
cia do thi |da,/dT| nhan cic gid tri thay doi trong khoang
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0.043-0.047 (103 A/ K). Biéu nay chi ra rang hang s6 mang cua BaTiOs.
khong 1a ham tuyén tinh cua nhiét do va hé s6 né vi nhiét caa vat liéu BaTiOs

sé& thay ddi theo nhiét do.
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Hinh 2.7. Sy thay doi hang sé mang cua BaTiO3 theo nhiét d ¢ &p suit
P =0GPa.

Tiép tuc 4p dung phuong trinh (2.46) va (2.48) cho BaTiOs, hé s6 né vi
nhiét o; cia BaTiOz dugc tinh sb va trinh bay két qua trong Hinh 2.8.

Ching ta c6 thé thiy ring o, ting tir gia tri 1.077x10°K'dén
1.201x10"°K™*khi nhiét do tang tir 400 K dén 1500 K. Sy thay doi cua o Véi
nhiét do lién hé toi sy thay doi khdng tuyén tinh cua tham sé mang cia BaTiOs
véi nhiét do. Két qua nay cho thay su dan né vi nhiét caa khéi bat dién TiOs
trong tinh thé BaTiOs lap phuwong khi nhiét do thay doi. Trong khoang nhiét do

tinh toan, gié tri hé s no dai cua BaTiO; thay doi rat it. Diéu d6 cho thay vat
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licu BaTiOs it ddn no vé nhiét va khong co su dan ng bat thuong khi nhiét do
thay doi.

1.22 T T T T T T T T T T T

1.20 ]

1.18 - . .

400 600 800 1000 1200 1400 1600
T (K)

Hinh 2.8. Su phu thudc nhiét do cia hé sé no dai caa BaTiOs ¢ &p suat P =0GPa.
Str dung cac phuong trinh (2.50)-(2.56), nhiét dung dang tich cua BaTiOs

duoc tinh sé va trinh bay két qua tinh toan trong Hinh 2.9.
D6 thi nhiét dung dang tich C, cua BaTiO; cd phan doc Ién thé hién sy
thay doi rat nhiéu cua nhiét dung dang tich trong vung nhiét do tir 400 K dén
khoang 1000 K. O viing nhiét d6 cao trén 1000 K, nhiét dung dang tich C, cua

BaTiOs bién d6i cham va tiém can gan hon véi gid tri 3nR, phd hop véi dinh

luat Dulong Petit cho ving nhiét do cao caa nhiéu tinh thé.

79



125 -

124 -

g m-u-E-E-S-E-EEEEE
123 o

e —a— TKMM
" 3nR

JJ.morr".K")
R
[ |
“um

/
119 4 = -

I I 1 I I 1
400 6000 800 10000 1200 1400  1BOD
T(K)

Hinh 2.9. Nhiét dung dang tich C, ciia BaTiOsz ¢ ap suat P = 0 GPa.
Tu gid tri C, va két hop vai (2.61), nhiét dung dang ap C, ciia BaTiOs

duoc tinh s6 tir nhiét d6 400 K dén 1500 K va két qua duoc md ta trong Hinh
2.10.

T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600
T(K)

Hinh 2.10. Sy phu thuoc nhiét d¢ caa nhiét dung dang ap C, cta BaTiOs & 4p suat
P =0 GPa.
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D6 thi C,theo nhiét d6 trong Hinh 2.10 1a duong cong, thé hién su phu
thuoc khong tuyén tinh caa nhiét dung dang ap C, vao nhiét do. Nhiét dung C,
tang khi nhiét do tang. Sy phu thude d6 1a do ké dén cac dong gop cua dao dong
phi diéu hoa cua nguyén ti trong tinh thé BaTiOs. Tir nhiét d6 400 K t&i khoang
600 K, hé sb gdc ciia duong cong [dC, /dT| co gia tri thay doi trong khoang
0.014-0.029(J.mol K ) . Trong khi d6, & viing nhiét do 16n hon 600 K thi
h¢ s6 goc cua dwang cong |dC, /dT| nhé hon va 6 gia tri trong khoang

0.010-0.013(J.mol*.K?). Két qua nay cho thay nhiét dung déng ap C, cua
BaTiOs phu thugc manh vao nhiét d6 & ving nhiét do thap, tir 399K dén 600
K, biéu thi boi @ thi trong ving nhiét do c6 d6 dbc Ion. O viing nhiét do cao,
nhiét dung dang 4p C, tang cham theo nhiét do.

Nhu vay, cac dai lugng nhiét dong caa vat liéu cau tric perovskite
BaTiOs nhu hing s6 mang, hé s6 ddn né nhiét, nhiét dung dang ap, nhiét dung
dang tich, da duoc tinh toan bang PPTKMM va biéu thirc thé nang (2.64). Cac
két qua tinh toan hang s6 mang cé sy phu hop véi thuc nghiém va Ii thuyét
khac. Su phii hop d6 da tiép tuc khang dinh PPTKMM c6 thé ap dung hiéu qua

nghién ctu tinh chat nhiét dong cua vat lidu perovskite BaTiOs.
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Két luan chwong 2

Trong chuong nay, phuong phap théng ké mé men di dugc ap dung cho
nghién cru tinh chat nhiét dong caa vat liéu ciu tric perovskite trong ving rong
cua nhiét do. Cac biéu thirc giai tich cua dai lugng nhiét dong nhu hang sé
mang, hé s6 dan né nhiét, nhiét dung dang ap, nhiét dung dang tich coa vat
liéu cau trdc perovskite pha tinh thé lap phuong da thu dugc khi ké dén hiéu
tmg dao dong phi diéu hoa trong gan dang khai trién thé nang tuong tac dén
lity thira bac bén cua d6 doi ciia nguy@n tir khoi vi tri can bang nit mang. Cac
biéu thic d6 giup tinh sb cac dai luong nhiét dong cua vat liéu cau tric
perovskite tai nhiét ¢ T va &p suat P = 0 GPa.

Lya chon va toi uu tham s6 thé phii hop cho cac loai twong tac trong vat
lieu perovskite SrTiO; va BaTiOs, cac dai lwong nhiét dong nhu hang sb
mang, hé sé dan na nhiét, nhiét dung dang ap, nhiét dung dang tich cua
céc vat liéu do dugc tinh sé. Céc két qua tinh toan bang phuong phap thong
ké md men phu hop véi thuc nghiém va |i thuyét khac trong ving rong
cua nhiét do. Su ph hop d6 da khang dinh phuong phap thong ké mé men
c6 thé &p dung hiéu qua nghién ctu tinh chat nhiét dong caa vat liéu

perovskite SrTiO; va BaTiO; pha tinh thé 1ap phuong.
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CHUONG 3. NGHIEN Cl’rp ANH HUONG CUA A’P SUAT LEN TINH
CHAT NHII:ET DONG CUA VA",I“ LIEI{ CAU T,\RU,\C PEROVSKITE
BANG PHUONG PHAP THONG KE MO MEN

Trong chuong nay, ching t6i s& xay dung cac biéu thirc giai tich cho dai
lwgng nhiét dong cua vat liéu cau tric perovskite pha tinh thé 1ap phuong & &p
suat khac nhau, c6 ké dén hiéu tmg dao dong phi diéu hoa trong gan dung liy
thira bac bon cua d6 doi caia nguyén tir khoi vi tri can bang nit mang. Tir cac
biéu thuc do, chiing toi tinh s6 cac dai lwong nhiét dong cua cac vat liéu SrTiOs
va BaTiO; pha tinh thé lap phuong & céc khoang ap suat khac nhau. Két qua
tinh s6 dugc phan tich, so sanh véi cac két qua Ii thuyét va thuc nghiém khac,
roi dua ra cac két luan vé phuong phap nghién cru va anh huéng cia ap suat
1&n tinh chat nhiét dong cua vat liéu perovskite SrTiO; va BaTiOs.

Két qua chinh caa nghién ctu duoc cong bd trén tap chi Computational
Condensed Matter nam 2022 (la tap chi thudéc danh muc Web of Science va
Scopus (Q3)), Tap chi Toan Ly VNU Journal of Science: Mathematics —
Physics ndm 2022 va trinh bay trong b&o céo tai Hai nghi Vat Ii Viét Nam lan
tha 46 (2021) va 47 (2022).

3.1. Phwong trinh trang thai

Ap suat lién hé véi ning luong ty do ¥ boi [115]:

O nhiét @6 T =0 K, ning lwong tu do cua vat liéu perovskite c6 thé xac
dinh theo (2.41) va (2.42). Do d6, phuong trinh trang thai cta vat liéu
perovskite pha tinh thé lap phuong & T = OK va p sut P dugc xay dyng tir
(3.1) co dang:
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5 (a\w}
P=- 2
247 on )

__ 5 Jea lau§+th.akA Lco 18U08+ha)3.6k8 X 18U§+hwxl6kx
24.17 6 or, 4k" or 6 or, 4k® or 6 or, 4k o,

(3.2)

Nghiém ctua phuong trinh (3.2) 1a gia tri khoang lan cian gan nhat
r.”(P,0) giita hai nguyén tir trong tinh thé cau triic perovskite & ap suat P va
nhiét d6 T = 0 K. Biét khoang 1an can gan nhat r”(P,0) & 4p suét P s& gilp xé&c
dinh cac dai luong nhiét dong ¢ &p suat khac nhau, tir d6 c6 thé phan tich su

phu thudc &p suét caa cac dai luong nhiét dong do.

3.2. Cac dai lwgng nhiét dong caa vat liéu cau tric perovskite & &p suat
khac nhau

Tu nghiém r,”(P,0) cia phuong trinh (3.2) va (2.35) sé xac dinh duoc cac
thong sé k®(P,0), »°(P,0), »2(P,0), »*(P,0) theo (2.35) va (2.11) & &p suat P.
Tur d6 xac dinh d6 doi y2(P,T) & p suat P va nhiét ¢ T caa nguyén tir b khoi

vi tri can bang nit mang trong tinh thé céu trdc perovskite ¢ dang:

yg(P,T):\/wAb(P,O) . (3.3)
3(k°(P,0))

T (3.3) va (2.25) ta xac dinh duoc d6 doi trung binh caa nguyén tir khoi
vi tri can bang nGt mang trong tinh thé cau tric perovskite c¢6 dang:
YP(P.T)=CAyA(P,T)+CEYE(P,T)+C*X.yX(P.T). (3.4)

Két hop (2.26) véi (3.4) ta duoc khoang lan can gan nhat r”(P,T) & ap
suat P va nhiét do T giita cac nguyén tir trong tinh thé perovskite

P(P.T)=r (P,0)+ y (P, T). (3.5)
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Sau khi nhan dugc r,”(P,T), chlng ta cd thé tinh hang s6 mang & &p suat

P va nhiét @6 T caa vat liéu perovskite pha tinh thé 1ap phuong bgi lién hé sau
a’(P,T)=2r"(P.T). (3.6)

Két hop (3.3) va (2.45) s& thu dugc hé s na vi nhiét riéng phan cua cac

nguyén tt b trong tinh thé perovskite & &p suat P va nhiét d6 T dudi dang:

b _ kB 6yb(P,T)
a«P="p0 00 3.7

Tu biéu thae xac dinh do doi y°(P,T) & nhiét do T va &p suét P, biéu
thic (3.7) ¢0 thé viét & dang:

ab(PT):yb(P,T) 1.0 dA"(P,T) (3.8)
T r,(P,0) 2A°(P,T)  d6 ' '

Két hop (3.7), (3.8), (3.4) va (2.46) d§ dang xac dinh hé sé né vi nhiét
cua vat liéu perovskite ¢ nhiét @6 T va ap suat P:
af(P,T)=C"a(P,T)+C®%« (P,T)+C*a (P, T).  (3.9)
Khi &p dung (3.5) vao (2.56) giup xac dinh duoc nhiét dung dang &p riéng
phan cua cac nguyén tir b (b = A, B, X) & &p suat P va nhiét do T trong vat liéu

perovskite:

A 3
[272‘\ +&J xA_cotzh X,
X2 20 3 ) sinh®x,

_ +
sinh®x, ~ (k")*| 52 X2 A X 2x; coth?® x,,
+1+— 5 V| Tt
3 sinh® x, sinh® x, sinh® x,

CA(P, T) =3N "k,

5 B+7lB X3 coth X,
2 7273 sinhZ x
XB + 20 B
H 2 B2
sinh®x;  (k®) +7/13 e x5 ) s X +2x;‘coth2xB
P 2| inp4 P
sinh* x, sinh” x, sinh” x,

CE(P,T)=3N",

3
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2% +ﬁ X3 coth X,
X2 .20 23 ) sinh?x,
sinh?x, ~ (K*)*] X2 o X 2x¢ coth? x,
e sinh’x, ) 72 | sinh*x, ~ sinh’x
X X X

CX(P,T)=3N"k,

3

(3.10)
Str dung (3.10) va (2.54) ta cd biéu thic xac dinh nhiét dung dang tich
ctia vat liéu perovskite phu thudc ap suat P va nhiét 6 T dudi dang

CP(P,T)=CACA(P,T) +CB.C3(P,T)+C*.CX(P,T). (3.11)

T gia tri nhiét dung dang tich C tinh theo (3.11), ta c6 thé tinh gia tri
nhiét dung dang ap C} khi biét hé s6 nén dang nhiét y;”.

Van dung (2.57) cho tinh thé ciu tric perovskite pha lap phuong, hé s6

nén dang nhiét y; duogc xac dinh bi:

3
P,T 3

P2 =—(E((P 0))j . - (3.12)

Y rl(P,T).(]

on ).

Mt khéc &p suat P dugc xac dinh qua nang luong tu do ¥ bai:

p :_(a_‘l’) :_M.(a_‘y} . (3.13)

o v e )

Thay (3.13) vao (3.12), hé s nén dang nhiét ycua vat lidu cau trdc
perovskite pha tinh thé Iap phuong dugc tinh theo biéu thuc:
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(rﬁ(P,T)T
2 (P.T)= " (.9) . (3.14)

(&P [Mj

V(PT) | or

Biéu thuc (3.14) gilip ta tinh hé s6 nén dang nhiét o nhiét ¢ T va ap
suat khac nhau.
Hé sb nén dang nhiét x, nhiét dung dang tich C/ va nhiét dung dang
ap C} & &p suat P va nhiét &6 T c6 mai lién hé sau:
9TV (a? (P, T))?
H“PT)

Biéu thirc (3.15) cho phép tinh gié tri nhiét dung dang ap CF cua vat liéu

Cl(P,T)=CJ(P,T)+ (3.15)

perovskite pha tinh thé Iap phuong & nhiét d6 va ap suat khac nhau.

Nhu vy, chiing ta ¢6 thé xac dinh cac dai lwong nhiét dong cua vat lidu
cau trdc perovskite pha tinh thé lap phuong & nhiét do va ap suat khac nhau.
Thong qua gié tri sb tinh duoc s& cho thay anh hudng, tac dong cia nhiét do va

ap suat ddi vai cac dai luong nhiét dong.

3.3. Két qua tinh s6 cho mét sé vat liéu cau tric perovskite

3.3.1. Anh hwéng cia &p suit Ién tinh chat nhiét déng caa SrTiOs

Dé nghién ctu anh huéng cua ap suat 1en tinh chat nhiét dong cua
SrTiOs, cac biéu thirc thu duoc bang phuong phap thong ké mé men nhu trinh
bay & phan trudc tiép tuc duoc s dung. Tur két qua thu dugc s& cho thay duoc
sy anh huéng caa ap suat 1én tinh chat nhiét dong cua SrTiOs.

Du6i anh hudng cia &p suat va nhiét do, SrTiOs sé thay d6i cau trdc pha
tinh thé tir hé 1ap phuong (Pm3m) sang hé tt giac (14/mem), tir hé tir giac
(14/mcm) sang hé truc giao (Cmem) [37], [40]. Khi & hé lap phuong tinh thé,
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SrTiOs s& chuyén sang hé tir gidc ¢ nhitng diéu kién &p suét va nhiét do tuong
g, nhu & 9,6 GPa va nhiét do phong, ¢ ap suat 15 GPa va 381 K, ¢ 18,7 GPa
va 467 K [37]. Diéu d6 cho thay, trong ving &p suat tir 0 GPa dén 9,4 GPa ¢
cac nhiét do 298 K, 381 K va 464 K thi SrTiOs cd cau tric tinh thé 1ap phuong
v6i nhom dbi xang Pm3m. Do d6, cac ving nhiét do va ap suat nay duoc chon
dé tinh s6 cac dai luong nhiét dong caa SrTiOs cau trdc tinh thé lap phuong,
rdi so sanh véi két qua thuc nghiém va Ii thuyét da co.

Tuong tu trong chuong 2, 4p dung biéu thic thé ning twong tac cap
(2.64) va céac tham s6 thé cho SrTiOstrong Bang 2.1, cac dai luong nhiét dong
cia SrTiOs & nhiét do T va &p suat P khac nhau dugc tinh s véi su trg gilp
cua phan mém Mapple.

Hang s mang cua SrTiOs ¢ latm va nhiét do phong cé gia tri la
3.90507A va dugc trinh bay trong Bang 3.1 cling véi su so sanh véi thuc

nghiém va tinh toan khac.

Bang 3.1. Hang s6 mang cua SrTiOs cu trdc lap phuong ¢ &p suat P =latm va

nhiét do phong.

TKMM Thuc nghiém Li thuyét

a (A) 3.90507 3.9051 [24] 3.90516 [35]

Két qua tinh toan c6 sy phl hop tét véi gia tri thuc nghiém [24] va tinh
toan khac [35]. Két qua nay chi ra su phl hop trong tinh toan tinh chat nhiét
dong cua SrTiOs bang phuong phap thong ké md men & &p suat P = 0 GPa khi
str dung cac tham s6 thé Bang 2.1.

Dé xét anh hudng cua &p suat 1én hang sé mang cua SrTiOs, trudc tién
st dung phuong trinh (3.2) dé xac dinh khoang 1an can gan nhat, sau d6 xac

dinh hang s6 mang theo phuong trinh (3.6) & mot s6 nhiét d6 va ap suat khac
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nhau. Gid tri hang s mang trong ving rong cua ap suat duoc tinh todn ¢ cac
nhiét d 298 K, 381 K va 467 K va dugc trinh bay trong Hinh 3. 1.

So sanh véi thuc nghiém va Ii thuyét khac chi ra trong do thi Hinh 3. 1
cho thay, gia tri tinh toan hing sé6 mang caa SrTiOjs tinh todn bing PPTKMM
phU hop tét vai két qua thuc nghiém [37] va tinh toan Ii thuyét [35] trong ving
rong cua nhiét do va ap suat. Hon nita, d6 thi tinh toan bang PPTKMM co gia
tri gan két qua thuc nghiém [37] hon két qua tinh toan tir Ii thuyét dong luc hoc
phéan ti [35].

—A— TKMM —=— |T[35] —®— TN[37]

BT3B 7393 T — T T "1
(a) (b) (©)
298K 381K 467K
3.90 —3.90 <3.90 |- -
387 -13.87 -3.87 |- -
u
3
3.84 —13.84 -3.84 |- -
381 —3.81 —3.81 |- -
378 | —43.78 |- —H3.78 | -
RN IR P I R | | I | PR R | | IR RNNURNN IR R |
0 2 4 6 8§ 10 0 4 8 12 16 0 5 10 15 20

P (GPa)
Hinh 3. 1. Su thay d6i hang s6 mang cta SrTiOs theo &p suat ¢ cac nhiét do 298 K

(@), 381 K (b) va 467 K (c).

D6 thi Hinh 3. 1 ciing chi ra sy giam cua hang sé mang khi ap suat ting,
hay hang sé6 mang caa SrTiOs 14 ham giam cua ap suat. Két qua nay cd thé giai

thich boi su giam cac dao dong cua nguyén tir nat mang trong SrTiO3 khi ap
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suit ting. K& dén su thay ddi caa nhiét do tir 298 K dén 464 K, cho thiy sy ting
cua hang s6 mang. Khi nhiét d6 tang, cac nguyén tir nit mang dao dong manh
hon nén 1am tang khoang cach giita chung, hay lam tang hang sé mang tinh thé
SrTiOs. Hing s6 mang 13 ham ting cua nhiét do. Nhu vay, hang sé mang cua
SrTiOs chiu tac dong cua ap suat va nhiét do theo hai hudng nguoc nhau.

Tur két qua hang s6 mang, sir dung (3.8) va (3.9) cho phép tinh gia tri hé
s6 no dai cua SrTiO; trong ving rong cua ap suét tir 1 atm dén 9.4 GPa va ¢
cac nhiét 46 298 K, 381 K va 464 K. Cac gia tri s6 cua hé sé né dai cua SrTiO;

tai 4p suat va nhiét do khac nhau duoc trinh bay trong Hinh 3. 2.

1.00 — ———y
A = 298K :
0.95 F ‘\\ —e— 381 K |
\l\\\ —A— 464 K
U 090} oA -
S ons) \\{%\\\ |
3 AN
\\\{iﬁ;\\\

0.80 | N N -

0-75 1 N 1 M 1 L 1 " 1 L 1

0 2 4 6 8 10

P (GPa)

Hinh 3. 2. Sy phu thudc &p suét caa hé s6 ng dai cua SrTiOs & nhiét do 298 K,
381 K va 464K.

Nhu quan sat trong Hinh 3. 2 cho thay, d6 thi hé s6 né dai cua SrTiO; la
dudng cong di xudng khi &p suét tang. Hé s goc dd thi |[de; / dP| nhan gié tri
trong khoang |de; / dP|=0.017—0.023(10°.K* / GPa). Diéu d6 chi ra h¢ sé

no dai caa SrTiOs 1a ham giam cua &p suat. Két qua phi hop véi sy thay doi

cham cua hang sé mang & viing ap suat cao.
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Tuy vay, Hinh 3. 2 ciing chi ra su ting cua hé sé no dai cua SrTiO; khi
nhiét d6 tang tir 298 K dén 464 K. Sy thay d6i nay phan anh sy phu thuoc khong

tuyén tinh cua hiang s mang caa SrTiOs vao nhiét do.

Nhiét dung dang tich C, duoc tinh toan tir str dung cac biéu thirc (3.10)
va (3.11). Gia tri s6 cho nhiét dung C, & cc ap suat tir I atm dén 9.4 GPa tuong

ung ¢ nhiét do 298 K, 381 K va 464 K va duoc trinh bay trong Hinh 3.3.

25 T T T T T T T T T T T
- B 298K
~® 381K
o A 464K |
e A A MAMAA M A A A
~
< -0 @000 o o ¢ o
S 23} i
&
-~ &= maan
a - W= s g
22 - 1
21 1 L 1 L 1 N 1 N 1 L 1
0 2 4 6 8 10

P (GPa)
Hinh 3.3. Su phu thudc cta nhiét dung dang tich C, ctia SrTiOs vao &p suét & cac
nhiat do 298 K, 381 K va 464 K.
Chuing ta c6 thé thay trong Hinh 3.3, d6 thi C, gan nhu nam ngang khi
4p sut thay doi tir 1 atm toi 9.4 atm. D thi da chi ra sy thay doi rat nho caa
nhiét dung dang tich khi &p suat thay doi. Nhu vay, &p suat it anh hudng dén

nhiét dung dang tich C, ciia SrTiOs. Hé s6 goc |dC, / dP|cia dd thi co gia tri

91



thay d6i trong khoang |dCV /dP|=O.011—0.030(J.mol’1.K’1/GPa) va dugc
trinh bay trong Bang 3.2.

St dung (3.15) cho phép tinh dugc gia tri nhiét dung dang 4p C, & nhiét
d6 298 K, 381 K va 464 K, tinh trong khoang ap suat tir 1 atm dén 9.4 GPa. Gié
tri tinh s6 cho nhiét dung dang ap C, ciia SrTiO; dugc trinh bay trong Hinh 3.4,

26 I j T : T " T T T T T
—l— 298 K
55 —@® 381K
- A 464K
N
- A A MAdA A 4 4 A A
o o _
= o -o- .
= O“&.——‘__.__‘_f.
o
O o3| :
-5 mepgy g - g
2 .
0 2 4 6 8 10

P(GPa)

Hinh 3.4. Sy phu thudc &p suat ctia nhiét dung dang p C, caa SrTiOs & nhiét do
298 K, 381 K va 464 K.

Céc duodng d6 thi trong Hinh 3.4 1a dudng di xudng, diéu d6 cho thay
nhiét dung dang ap C, cta SrTiOz 1a ham giam cua 4p suat. Sy di xudng cua
d6 thi khdng nhiéu cho thay sy anh hudng nho caa ap suét 18n nhiét dung dang
ap cia SrTiOs. Hé sb goc |dC, / dP|cua db thi c6 gid tri thay ddi trong khoang
|dC,, / dP|=0.023-0.041(J.mol *.K™/GPa) va duoc trinh bay trong bang
Bang 3.2.
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Bang 3.2. Hé sb gdc cua duong cong nhiét dung dang tich C, va dang ap C, cta

SrTiOz ¢ nhiét d6 298 K, 381 K va 464 K.

298 K 381 K 464 K
He¢ s6 |dC, /dP|
0.0288 - 0.0304 0.0175-0.0180 0.0109 - 0.0111
(J.mol*.K™/GPa)
He¢ s6 |dC, / dP|

o 0.0361-0.0410 0.0271-0.0318 0.0230 - 0.0280
(J.mol™*.K™/GPa)

Hinh 3.3 va Hinh 3.4 cho thay, khi nhiét do tang tir 298 K toi 464 K ca
nhiét dung dang tich va dang ap cua SrTiOs déu ting. Hon nira, C, va C, thay
d6i o ving nhiét d6 thap nhiéu hon ¢ ving nhiét do cao. Tir Bang 3.2 cho thay,
khi ké dén anh huong cia ap suat, cac gid tri hé s6 goc ctia duong cong C, va
C, déu giam cham khi ap suat tang.

Cac Hinh 3. 1 = 3.4 chi ra sy thay d6i hé s6 goc cia duong cong va su
phu thudc 1a khdng tuyén tinh. Su thay ddi caa hé sé goc nay 1a hé qua cua su
t6n tai cac dao dong phi diéu hoa ciia nguyén ti trong tinh thé perovskite SrTiO;
va duoc tinh dén thong qua cac sé hang phi diéu hoa trong biéu thirc giai tich
cua dai lwong nhiét dong. Trén cac hinh d6 cling cho thay rang, hang sé mang,
hé s6 no dai «, , nhiét dung dang tich C, va ding ap C, déu giam khi ap suat
tang va tang voi su tang cua nhiét do.

Nhu vay, luan &n di ap dung phuong phap théng k& mé men nghién ciu
su phu thudc 4p suat I&n tinh chat nhiét dong caa vat liéu cau tric perovskite
nhu SrTiOs trong viing rong caa nhiét do. Hon nita, biéu thic thé ning tuong
tac (2.64) cho két qua tinh s6 véi SrTiOs phi hop kha tét vai thuc nghiém va li
thuyét khac. Két qua d6 khang dinh su hiéu qua ctia phuong phap théng ké mo
men trong nghién cttu anh huong cua &p suat 1en tinh chat nhiét dong cua vat

lieu perovskite SrTiOs.
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3.3.2. Anh huéng cia &p suit Ién tinh chat nhiét déng ciaa BaTiOs

Khi &p suat va nhiét o thay doi, BaTiOj3 & thay d6i cau tric pha tinh thé
tir hé thoi (R3m) — hé truc giao (I14/mcm) — hé truc giao (Amm2)— hé ti
giac (P4mm) — Hé lap phuong (Pm3m) [54] [109]. Khi & hé l1ap phuong tinh
thé, BaTiOs s& chuyén sang hé ta giac o nhimng diéu kién &p suat va nhiét do
twong tmg, nhu & 0 GPa va 393 K, & 4p suét 2,5 GPa va 300 K, va tir 400 K —
1200 K thi BaTiOs ludn c6 pha tinh thé lap phuong [54]. Piéu d6 cho thay,
trong vling &p suat tir 3 GPa dén 19 GPa ¢ nhiét do 300 K va trong viing ap suat
tr 0,5 GPa — 19 GPa ¢ 400 K, 500 K, 600 K, 800 K va 1200 K thi BaTiO3 co
cau tric tinh thé lap phuwong voi nhoém d6i xitng Pm3m. Do d6, cac ving nhiét
d6 va ap suat nay duoc chon dé tinh sé cac dai luong nhiét dong cua BaTiOs;
cau truc tinh thé lap phuong, roi so sanh vai két qua thuc nghiém va Ii thuyét
da co.

Tiép tuc ap dung biéu thirc thé twong tac cap (2.64) véi cac tham so thé
cho BaTiOstrong Bang 2.2 va cac biéu thuc thu dugc trong chuong 3, cac dai
lugng nhiét dong cua BaTiOs & nhiét d6 T va ap suat P khac nhau s& duoc tinh

s6 Vai su tro gidp cia phan mém Mapple.

Trong cac két qua tinh toan va thuc nghiém vé chuyén pha cau trlc cua
BaTiOs d4 chi ra, BaTiO; ¢6 cau tric lap phuong & nhiét do 300 K trong viing
ap suat tir 3 GPa [53], [54], [84], [103], [109] . Do d6, phuong trinh (3.2) duoc
str dung cho vat liéu perovskite BaTiOs cau tric lap phuong dé xac dinh khoang
1an can gan nhat, sau d6 xac dinh hang s6 mang theo phuong trinh (3.6) & mot
s6 nhiét do va &p suat khéac nhau. Gia tri hang s6 mang ctia BaTiOs trong ving
rong cua ap suat tir 3 GPa dén 19 GPa duoc tinh toan & nhiét do 300 K va duoc
trinh bay trong Hinh 3.5, cung véi su so sdnh vai thuc nghiém va tinh toan
khéc.
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Hinh 3.5. Sy phu thudc 4p suat caa thé tich cua BaTiOs ¢ nhiét d6 300 K.

Sy so sanh véi thuc nghiém chi ra trong d6 thi Hinh 3.5 cho thay, gia tri
tinh toan hing sé mang caa BaTiOs bing PPTKMM phu hop tt vaéi két qua
thuc nghiém [81], [99]. Su phul hop nay tiép tuc khiang dinh sy lva chon tham
s6 thé cho BaTiOs trinh bay trong Bang 2.2 1a phi hop khi nghién ctu tinh chét
nhiét dong khac cua BaTiOs.

Hinh 3.5 ciing chi ra mot d6 thi giam cua thé tich khi ap suat tang, hay
hang s6 mang cua BaTiOs la ham giam cua &p suat. Két qua nay co thé giai
thich boi su giam cac dao dong caa nguyén tir nat mang trong BaTiO3 khi ap

SUAt ting.

Tur két qua hang s6 mang, str dung (3.9) cac gia tri tinh s caa hé sb no

dai cua BaTiOs duoc tinh toan trong ving rong cua ap suét tr 0.5 GPa dén
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19 GPa va ¢ cé4c nhiét do 400 K, 800 K va 1200 K. Céc gia tri sb cua hé sé no

dai cuia BaTiOs tai 4p suat va nhiét ¢ khac nhau duoc trinh bay trong Hinh 3.6.
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Hinh 3.6. Sy phu thudc 4p suat caa hé sé ng dai caa BaTiOs ¢ 400 K, 800 K va
1200 K.

Nhu quan sat trong Hinh 3.6 cho thay dd thi hé sé no dai cia BaTiO; Ia
duong cong di xubng khi ap suat tang. Hé s6 goc do thi |d0!T / dP| nhan gia tri
trong khoang |de; / dP|=0.013-0.044(10°.K" / GPa) . Diéu d6 chi ra h¢ so
no dai cua BaTiOs 12 ham giam cua &p suat. Két qua phu hop véi su thay doi
cham cua hang sé mang & viing ap suat cao.

Tuy vay, Hinh 3.6 ciing chi ra sy tang cua hé sé né dai cia BaTiOs khi
nhiét d6 tang tir 400 K dén 1200 K. Sy thay d6i nay phan anh sy phu thudc

khdng tuyén tinh caa hiang s6 mang caa BaTiOs vao nhiét do.
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Hinh 3.7. Su phu thudc &p suat ciia nhiét dung dang tich C, cua BaTiOs & nhiét do
400 K, 500 K va 600 K.

Twong tu trudng hop SrTiOs, gid tri nhiét dung dang tich C, cua BaTiOs
& &p suat va nhiét d6 khac nhau dugc tinh toan tir phuong trinh (3.10) va (3.11)
. Gia tri tinh s6 thu duoc ctia C, & cAc &p suat tir 0.5GPa dén 19 GPa twong tng

tai nhét d6 400 K, 500 K va 600 K dugc trinh bay trong Hinh 3.7.

Chung ta co thé thay trong Hinh 3.7, cac do thi C, gan nhu nam ngang
khi &p suat thay doi tir 0.5 GPa toi 19 GPa. D6 thi di chi ra su thay dbi rat nho
cua nhiét dung dang tich khi &p suat thay doi trong ving nhiét do 400 K, 500 K
va 600 K. Hay ap suat it anh huéng dén nhiét dung dang tich C, cta BaTiOs.

He s6 goc [dC, /dP| cua db thi c6 gia tri thay ddi trong khoang

97



|dC, / dP|=0.0084—0.0593(J.mol *.K*/ GPa) va dugc trinh bay trong Bang

3.3.
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Hinh 3.8. Sy thay ddi ctia nhiét dung dang ap cia BaTiOs theo 4p suat ¢ nhiét do
400 K, 500 K va 600 K.
Str dung phuong trinh (3.15), gia tri tinh s6 nhiét dung dang ap C,cua
BaTiOs & nhiét do 400 K, 500 K va 600 K, tinh trong khoang &p suat tir 0.5
GPa dén 19 GPa va dugc trinh bay trong Hinh 3.8.

Céac duong d6 thi trong Hinh 3.8 1a dudng di xudng, diéu d6 cho thay
nhiét dung dang ap C,cua BaTiO; Ia ham giam cua ap suét. Su di xudng cia
d6 thi khéng nhiéu chtng to su anh huéng nho cua ap suat 1én nhiét dung ding

ap ciia BaTiOs. Heé s géc |dC, / dP|cua db thi co gié tri thay dbi trong khoang
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|dC,, / dP|=0.023-0.041(J.mol™.K™/GPa) va dugc trinh bay trong Bang
3.3.

Hinh 3.7 va Hinh 3.8 cho thay, khi nhiét d6 tang tir 400 K toi 600 K ca
nhiét dung dang tich va dang &p cta BaTiOs déu ting. Ngoai ra, ké dén anh
huéng cua &p suat, cac gia tri hé sé goc trong Bang 3.2 va Bang 3.3 cho thay

C, va C, déu giam cham khi &p suat tang.

Bang 3.3. H¢ s6 gdc ctia dudng cong nhiét dung dang tich C, va dang ap C, cta
BaTiOs ¢ nhiét o 400 K, 500 K va 600 K.

400 K 500 K 600 K

Hé sé |dC, /dP| 0.0583 -0.0593 0.0279 - 0.0335 0.0084 - 0.0187
(J.mol*.K™/GPa)

He¢ s6 |dC, /dP|
(J.mol*.K™/GPa)

0.0361-0.0410 0.0271-0.0318 0.0230 - 0.0280

Hon nita, cac dd thi trén Hinh 3.6 — 3.8 biéu dién su thay d6i hé sé goc
cta duong cong, tic 1a C, va Cy phu thudc khong tuyén tinh vao &p suat. Sy
thay doi cua hé sé goc nay la hé qua cua sy ton tai cac dao dong phi diéu hoa
ctia nguyén tir trong tinh thé perovskite BaTiOs. Cac dao dong d6 duoc tinh
dén bai phuong phap théng ké mdé men thdng qua cac sé hang phi diéu hoa
duoc ké dén trong biéu thuc giai tich cua dai luong nhiét dong cia BaTiOs. Cac
hinh d6 ciing chi ra rang, thé tich, hé s6 ng dai «, , nhiét dung dang tich C, va

dang ap C, déu giam khi &p suat tang va ting véi Sy ting cta nhiét do.
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Két luan chwong 3

Phuong phap thong ké md men da duoc ap dung dé nghién ctu su phu
thudc &p suat cua cac dai lugng nhiét dong cua vat liéu cau trdc perovskite. Céac
biéu thuc giai tich cho cac dai luvgng nhiét dong cua vat liéu perovskite pha tinh
thé 1ap phuong & ap suat khac nhau dugc xay dung khi ké dén hiéu ung dao
dong phi diéu hoa cua cac nguyén tir. Céc biéu thire d6 gitp tinh s6 dai lwong

nhiét dong cuaa vat liéu tai &p suat khac nhau.

Két qua tinh s6 cho SrTiOs va BaTiOs duoc phan tich, so sanh vai cac
két qua nghién cau i thuyét va thuc nghiém khéac. Két qua tinh toan bang
phuong phap théng ké md men cd sy ph hop véi két qua Ii thuyét va thuc

nghiém khac.
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KET LUAN

Luan &n da str dung phuong phap thong ké mé men dé nghién ctu tinh
chat nhiét dong cua vat liéu cau trac perovskite. Két qua thu dugc ¢é tinh méi
va dugc cong bd trén tap chi khoa hoc trong va ngoai nuéc. Cac két qua chinh
cua luan an gom:

+ P4 thu duoc cac biéu thic giai tich cua nang luong ty do Helmholtz,
phuong trinh trang théi, d6 doi cia nguyén tir khoi vi tri can bang nat mang,
hang s6 mang, hé s dan no nhiét, hé sé nén dang nhiét, nhiét dung dang tich,
nhiét dung dang ap caa vat liéu cau trdc perovskite pha tinh thé Iap phuong khi
ké dén hiéu tmg dao dong phi diéu hoa ciia cac nguyén tir nit mang.

Pé thuc hién tinh s6 cho vat liéu perovskite SrTiO; va BaTiOs, luan an
st dung biéu thuc thé nang tuwong tac cap (2.64) giira cac ion, c6 tham sé thé
nang tuong tac duoc lva chon va téi wu phu hop md ta cho ca ba tuong tac 1a
tuong tac Coulomb, tuong tac cong hda tri va tuong tac van der Waals trong
hai vat liéu perovskite d6. Cac dai lugng nhiét dong duogc tinh s6 & &p suat P =
0 GPa tir nhiét @6 phong — 1998 K cho SrTiO3 va tir nhiét @6 400 K —1500 K
cho BaTiOs. Két qua tinh toan tham sé mang cua BaTiOs va cac dai luong nhiét
dong nhu hang sé mang, hé s6 dan né nhiét, nhiét dung dang ap caa SrTiO;
phl hop véi thuc nghiém va tinh toan If thuyét khéc.

+ Pi xdy dung duoc phuong trinh trang thai cho phép xac dinh biéu thirc
giai tich cua cac dai luong nhiét dong nhu d6 doi cta nguyén tir khoi vi tri can
bang ndt mang, hiang sé mang, hé sé dan no nhiét, nhiét dung dang tich, hé sb
nén dang nhiét, nhiét dung dang ap caa vat liéu cau trdc perovskite pha tinh thé
lap phuong & cac ap suat khac nhau. St dung thé ning twong tac cap (2.64),
luan an ap dung tinh sé cac dai lugng nhiét dong cua SrTiO; trong ving tir 0
GPa dén 9.4 GPa va cho BaTiOs tir 0 GPa dén 19 GPa. Két qua tinh toan tham
s6 mang cho SrTiOs va BaTiOs phi hop vai thuc nghiém va tinh toan Ii thuyét
khéc.
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DINH HUONG NGHIEN CUU TIEP THEO

Trén co s& nhitng két qua da dat duoc cua luan &n, nghién ctu sinh tiép
tuc nghién ctru theo dinh huéng cua dé tai trong thoi gian téi. Mot s6 hudng
nghién ciu cu thé nhu sau:

+Phuong phéap théng k& md men va biéu thac thé nang twong tac cap
(2.64) c6 thé tiép tuc &p dung nghién ciu sy ndng chay cua vat liéu cau tric
perovskite pha tinh thé lap phuong.

+ Phuong phap thong ké md men va biéu thuc thé niang tuong tac cap
(2.64) c6 thé tiép tuc ap dung nghién ctru céc tinh chat dan hoi caa vat lidu cau

trdc perovskite pha tinh thé Iap phuong.
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Chuong trinh tinh sé c&c tham s6 va dai luong nhiét dong cua vat lidu
cau tric perovskite SrTiOs & &p suat P va nhiét 6 T 1ap trinh trén phan mém

Maple.

Chuong trinh tinh s& céc tham s6 va dai luong nhiét dong cua vat lidu
cau truc perovskite BaTiOsz ¢ &p suat P va nhiét do T 1ap trinh trén phan mém
Maple dugc xay dung tir chuong trinh tinh sé cta SrTiOsz voi tham sb tuong

ung cho BaTiOs ¢ trong Bang 2.2.
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VY #7he potential between two ions:

[> al ==0.01-10: 02 :=0.01-10": 03 :== 0.01-10'° : Re] :== rs116: Re2

= yps216: Rc3 :=rs319:

fe( ol -r12 fe( ol -Rel
> tamel12 = heso- ql-q2- erfe(al-r12)  erfc(od-Rel)

ri2 Rcl
erfe(al-Rel) | 2-al  erfe(-al*-Rel?)
P + T “(rI2—=Recl)
Rcl > Rcl
(Pi)
+ cjfz +D12-((1- exp(-B12-(r12 —r012)))* —1) : @112
ri2

= unapply(tamel12,r12) : 121 = unapply(tamell2,ri2) :

> tamdloli2 = diff (p112(r12),r12) : dlpl12 = unapply(tamdipll2,
ri2) :tamdlel2] = diff (p121(ri2),ri12) : dlel2]
L = unapply(tamdlpl21,ri2) :
> tamd2¢@l12 = diff (pl12(r12),r1282) : d2¢l12
= unapply(tamd2¢l12,r12) : tamd2¢l21 = diff (9121 (ri2),ri2
$2) :d2¢121 := unapply(tamd2¢121,ri2) :




>

\ 4

>

\ 4

> tamd3ol12 = diff (pl112(r12),r12%3) : d3¢pl12

= unapply(tamd3pl12,ri2) : tamd3pl21] = diff (9121 (ri2),ri2
_ $3) : d3¢pl121 = unapply(tamd3¢@i121,ri2) :
> tamd4oll2 = diff (pl112(r12),r12%4) : d4¢l12

= unapply(tamd4el12,ri2) : tamd4el21 = diff (9121 (ri2),ri2

$4) : d4¢pl121 = unapply(tamd4¢ei21,ri2) :

fo(al-rll fe( ol -Rel
tamolll = heso- ql'q]- el‘c(a 7 ) ) erc((x c )
7‘]] RC]

erfo(cd Rel) | 2-al erfe( - o’ Rel)

-(rl1 = Rel
Rel? 1 Rel (1l = Rel)
(Pi) °
+ dfz +D11-((1- exp(-Bi1-(r11 —ro11)))* —1) : @111
rll
= unapply(tamelll, ril) :

> tamdlolll == diff (pl11(ril),r1i$1) :dlplll

= unapply(tamdlplll,ril) : tamd2¢l11l = diff (pl11(ril),ril
L $2) :d2@ll11 := unapply(tamd2¢ll1,ril) :
> tamd3@lll = diff (pl11(rll), r11$3) :d3¢plll

= unapply(tamd3olll,ril) : tamd4plll = diff (pl11(ril),ril

$4) :d4plll := unapply(tamd4elll, ril) :

erfc(ol-r31)  erfc(od-Rel)

tamol13 = heso- q3-ql- 3 - Rel
erfc( ol -Rel) 2-a  erfo —alz-Rclz)
o T R (r31 — Rel)
Rcl E
(P1)
c31 2
+ = D31 ((1- exp(-B31- (131 —ro31)) )" —1) : @131
r31

= unapply(tamel13,r31) : l13 = unapply(tameli3,r31) :

> tamdloll3 = diff (pl113(r31),r31$1) :dipll3
= unapply(tamdlpli3,r31) : tamdlel31 = diff (9131 (r31), r31
_ $1) :dlpl31 = unapply(tamdlel31, r3l) :
> tamd2¢l13 = diff (p113(r31),r3182) : d2¢l113

= unapply(tamd2¢@l113,r31) : tamd2¢l131 = diff (9131 (r31), r31
N $2) :d2¢131 = unapply(tamd2¢131, r31) :
> tamd3ol13 = diff (p113(r31),r31$3) : d3¢pl13

= unapply(tamd3@l13,r31) : tamd3pl31 = diff (p131(r31),r31



L $3) : d3¢131 = unapply(tamd3e131,r31) :

> tamd4ll3 = diff (p113(r31),r31%4) : d4pll3
= unapply(tamd4ol13,r31) : tamd4pl31 = diff (p131(r31),r31

$4) :d4pl131 := unapply(tamd4¢l31,r31) :

fi r2 £ ‘Re2
> tam@223 = heso- q2-q3- cr C(O‘Z r 3) _er C(OCZ c )
r23 Re2

erfc( 02 Re2) N 2-02 .erfc(—on-RcZZ)
R 1 Re2
(Pi)
+D23-((1- exp(-B23- (123 —r023)) )  —1) : 9223

-(r23 — Rc2)

c23
(r23)12

+

\ 4

= unapply(tamp223,r23) : 9232 = unapply(tamp223,r23) :

> tamdlp223 = diff (9223(r23),r2381) : dlp223

= unapply(tamdlp223, r23) : tamdl @232 = diff (¢232(r23), r23
L $1) :dlp232 := unapply(tamdlp232,r23) :
> tamd2¢223 = diff (9223(r23),r2382) : d2¢223

= unapply(tamd2¢223, r23) : tamd2¢232 = diff (¢232(r23), r23
L $2) 1 d2¢232 == unapply(tamd2¢232, r23) :
> tamd3¢p223 = diff (9223 (r23),r23%3) : d3¢223

= unapply(tamd3223, r23) : tamd3p232 = diff (9232 (r23),r23
_ $3) : d3¢232 = unapply(tamd3¢p232, r23) :
> tamd4¢p223 = diff (9223 (r23),r23%4) : d4¢223
= unapply(tamd4¢223, r23) : tamd4¢232 = diff (9232 (r23),r23
$4) : d4¢9232 = unapply(tamd4¢232, r23) :

> tamp222 = heso- q2-q2- erfe(02:r22)  erfe(02-Re2)

r22 Re2

2

fc( o2 -Re2 2 - )
erfe(o2Red) | a2 etel-aZRe?) | ) g

R022 1 Rc2

(Pi) 2
! Zfz +D12-((1- exp(-p22- (22 =7022)) )" = 1) : 9222
1

= unapply(tamp222,r22) :

= unapply(tamdlp222,r22) : tamd2¢222 = diff (9222 (r22),r22

|:> tamd1¢9222 = diff (9222(r22),r2281) : dilp222
$2) :d2¢222 := unapply(tamd2¢222, r22) :



\ 4

= unapply(tamd3@222, r22) : tamd4¢222 = diff (9222 (r22), r22
$4) : d4¢9222 = unapply(tamd4¢222, r22) :

H> tamd3¢222 = diff (9222 (r22), r22%3) : d3¢222

. erfc(02-712)  erfc(02-Re2)
> tamp22] = heso- ql-q2 12 Re2

crfo(02Re2) | 202 erfe( - o2’ Re??)
Re2 1 Rc2

(i) 2
+D12-((1- exp(-Bi2-(r12 —r012)))> —1) : @221

“(rl2 —Rc2)

cl?
r12"

+

= unapply(tame221,r12) : 212 = unapply(tamp221,ri2) :

\ 4
> tamdlp212 = diff (p212(r12),r1281) :
dl1@212 = unapply(tamdle212,r12) :
> tamdlp22] = diff (221 (r12), ri12$1) :
dl1p22] := unapply(tamdlp221,ri2) :
> tamd2¢212 = diff (212(r12),r12%82) :
d2¢212 = unapply(tamd2¢212,ri2) :
> tamd2¢221 = diff (9221 (r12),r1282) :
d2¢221 = unapply(tamd2¢221,r12) :
> tamd3¢212 = diff (p212(r12), r12%$3) :
d3¢212 := unapply(tamd3¢p212,r12) :
> tamd3¢221 = diff (221(r12),r12%3) :
d3@221 = unapply(tamd3¢p221,ri2) :
> tamd4¢p212 = diff (p212(r12),r12%4) :
d4¢212 = unapply(tamd4¢212,ri2) :
> tamd4¢g221 = diff (221 (r12), ri2%4) :
d4¢9221 := unapply(tamd4¢221,r12) :

. erfc(03-r31)  erfc(03-Re3)
> tamp331 = heso- q3-ql 31 Re3

erfc(03-Re3) n 2-03 ‘erfc(—odz-Rc32)

Re3? 1 Rc3
(Pi)

+D31-((1- exp(-B31-(r31 —ro31)))" —1) : 9331

“(r31 — Rc3)

c3l
r31'?

+

= unapply(tamp331,r31) : 313 = unapply(tame331,r31) :



> tamdlp331 == diff (331(r31),r3181) : dlp331

= unapply(tamdlp331,r31) : tamdl @313 = diff (9313 (r31), r31
_ $1): dlp313 := unapply(tamdlp313,r31) :
> tamd2¢331 = diff (331(r31),r3182) : d2¢331

= unapply(tamd2¢331,r31) : tamd2¢313 = diff (9313 (r31), r31
N $2) 1 d2¢313 := unapply(tamd2¢313, r31) :
> tamd3¢331 = diff (9331(r31),r31$3) : d3¢p331

= unapply(tamd3¢331,r31) : tamd3¢p313 = diff (p313(r31), r31
L $3) : d3¢313 = unapply(tamd3p313,r3l) :
> tamd4¢p331 = diff (9331(r31),r31$4) : d4¢331
= unapply(tamd4¢331,r31) : tamd4¢p313 = diff (p313(r31), r31
$4) : d4¢9313 = unapply(tamd4¢313,r3l) :

fo(03-733)  erfe( a3 Re3
> tamp333 == heso- q3-q3-| — c(03:r33)  erfc(03-Re3)
r33 Re3

erfc( 03-Rc3) N 2-03 erfe( —0(32-Rc32)
Re3 1 Rc3
(Pi)
c33 2
o +D33-((1- exp(-B33-(r33 —r033)) ) —1) : 9333
= unapply(tamp333,r33) :

-(r33 —Rc3)

> tamdlp333 = diff (9333(r33),r3381) : dlp333

= unapply(tamdlp333, r33) : tamd2¢333 = diff (¢333(r33), r33
L $2) 1 d2¢333 := unapply(tamd2¢333, r33) :
> tamd3¢333 = diff (9333(r33),r3383) : d3¢333
= unapply(tamd3333, r33) : tamd49333 = diff (333(r33), r33
$4) : d4¢333 = unapply(tamd4¢p333,r33) :

. erfc(03-723)  erfc( a3-Re3)
> tamp323 = heso- q2-q3 3 Re3

crfe(e3 Re3) | 2-03 erfe( - 03" ReF)
Re3’ % Re3
(Pi)
+D23-((1- exp(-B23- (123 —r023)))° — 1) : 9323

“(r23 — Rc3)

c23

(r23)
= unapply(tamp323,r23) : 332 = unapply(tamp323,r23) :

T 12

> tamdlp323 = diff (9323(r23),r2381) : d1p323
= unapply(tamdlp323,r23) : tamdlp332 = diff (¢332(r23), r23



\ 4

\ 4

<4

> ulsr =

$1) : dlp332 := unapply(tamdlp332,r23) :

B tamd2¢323 = diff (9323(r23),r23%2) : d2¢323

= unapply(tamd2¢323, r23) : tamd2¢332 = diff (¢332(r23), r23
$2) : d2¢332 = unapply(tamd2¢332,r23) :

B tamd3¢323 = diff (9323 (r23),r2383) : d3¢323

= unapply(tamd3¢p323, r23) : tamd3¢332 = diff (¢332(r23), r23
$3) : d3¢9332 = unapply(tamd3p332,r23) :

(> tamd49323 = diff (9323(r23), r2384) : d49323

= unapply(tamd4323, r23) : tamd49332 = diff (332 (r23), r23
$4) 1 d4¢332 := unapply(tamd4¢9332,r23) :

V¥ # Potential ennergy

(> msrl == 0:1srl ==0: psrl == 12 :msr2 := 0 :Isr2 := 8 : psr2 := 0 :

msr3 = 6 :1sr3 := 0 : psr3 := 0 : msr4 := 0 : Isr4 := 0 : psr4
=24 :msrS5 = 12 :1sr5 := 0 : psr5 := 0 : msr6 := 0 : Isr6 := 0 :
psr6 := 24 :msr7 := 0 :1sr7 := 24 : psr7 :== 0 : msr8 := 8 : Isr8
=0 :psr8 :=0:msr9 := 0 :1sr9 := 0 : psr9 := 48 : msrl0 := 6 :
Isr10 := 0 : psrl0 := 0 :msrll := 0 :Isrl11 := 0 : psrll := 36:
msrl2 := 0:1Isrl2 := 24 : psr12 := 0 :msrl3 := 24 :Isr13 := 0 :
psr13 := 0 :msrl4 := 0:1sr14 := 0 : psr14 := 24 : msrl5 := 24 :
Isr15 := 0 : psrl5 := 0 :msrl6 := 0 :1srl6 := 0 : psrl6 := 72 :

“(msrl-@lll(rsll) +Isrl-@ll2(rsll) +psri-@l31(rsil))

+
Nl»—‘

“(msr2-@l11(rs12) +Isr2-@pl12(rs12) + psr2-pl13(rsi12))

+

~(msr3-@lll(rs13) +Isr3-pl12(rs13) +psr3-@ll3(rsl3))

+

“(msr4d-@lll(rs4) +Isrd-@l12(rsl4) + psr4d-pl13(rsi4))

+

“(msr5-@ll1(rs15) +Isr5-pl12(rs15) +psr5-pl13(rsl5))

+

~(msr6-@l11(rsl6) + Isr6-pll12(rsl6) + psr6-@ll13(rsl6))

+

~(msr7-@l11(rsl7) +Isr7-@l12(rs17) +psr7-@l13(rsl7))

+

“(msr8-@ll11(rs18) + Isr8-@l12(rs18) + psr8-pl13(rsl8))

+

~(msr9-@l11(rs19) +Isr9-pl12(rs19) + psr9-@l13(rsl19))

+

“(msrl0-@l11(rs110) +Isr10-@l12(rs110) + psri0



<4

> ulti ==

~pll13(rsl10)) + %-(msr]]-(p]]](rs]]]) +Isril-@ll12(rslll)
+psril-@ll3(rsill)) + %-(msr]2-(p]]](rs]]2) + Isri2
@pl12(rsl12) +psri2-@ll3(rsl12)) + %-(msr].?-go]l](rsll.?)

+ Isri3-@l12(rsl13) +psri3-pll3(rsl13)) + %-(mer

olll(rsl14) +Isri4-@l12(rsl14) +psri4-pll13(rsii4)) +%

~(msrl5-@ll1(rsl15) +1Isr15-@l12(rsl15) +psri5-oll13(rsil5))
+ L-(msr]6-<p]]](rs]]6) + Isr16-@l12(rs116) + psri6

2
@l13(rsl16)) :

[> mtil = 0:1til :=0: ptil == 6 :mti2 := 8 :1ti2 :== 0 : pti2 := 0 : mti3

= 0:1t13 := 6:pti3 := 0 : mti4 := 0 : 1ti4 := 0 : pti4 := 24 : mti5
= 0:1t5 == 12 : pti5 := 0 : mti6 := 0 : Iti6 := 0 : pti6 := 30 : mti7
= 24 :1ti7 :== 0 : pti7 := 0 : mti8 := 0 : Iti8 := § : pti8 := 0 : mti9
= 0:1t19 := 0:pt19 := 24 : mtil0 := 0 : 1ti10 := 6 : ptil0 := 0 :
mtill := 0:1till := 0 :ptill :== 48 : mtil2 := 24 : 1ti12 := 0 : ptil2
= 0:mtil3 = 0:1til13 := 24 : ptil3 :== 0 : mtil4 := 0 : 1til4 :== 0 :
ptil4 := 48 : mtil5 := 0 : 1til5 := 24 : ptil5 := 0 : mtil6 := 0 : 1til6
= 0:ptil6 :== 30 :

|—

“(mtil-p221(rs21) + Itil-p222(rs21) + ptil-p223(rs21))

+ — - (mti2- 221 (rs22) + 1ti2-9222(rs22) + pti2-p223(rs22))

+

SR N e N N N e ST EN

~(mti3-221(rs23) +ti3-222(rs23) + pti3-p223(rs23))

+

(mti4d- @221 (rs24) + Ilti4-p222(rs24) + pti4- 9223 (rs24))

+

~(mti5- @221 (rs25) + Iti5-222(rs25) + pti5-p223(rs25))

+

“(mti6- 221 (rs26) + lti6- 9222 (rs26) + pti6- 9223 (rs26))

+

~(mti7- @221 (rs27) + Iti7- 9222 (rs27) + pti7-p223(rs27))

+

~(mti8- 221 (rs28) + lti8- 222 (rs28) + pti8-p223(rs28))

+

~(mti9- 221 (rs29) + ti9-9222(rs29) + pti9-p223(rs29))



<4

+ %-(mti10-¢221(rs210) +1ti10-9222(rs210) + ptil0
223 (rs210)) + %-(mti]]-<p22](rs2]1) +ltill-@222(rs211)
+ptill-223(rs211)) + % ~(mtil2-p221(rs212) +1til2
0222(rs212) + ptil2-9223(rs212)) + %-(mti]3-g0221(r5213)

+Util3-9222(rs213) +ptil3-p223(rs213)) + %'(mtiM

@221 (rs214) +1til4-9222(rs214) + ptil4-9223(rs214)) + %
~(mtil5-@221(rs215) +ltil5-@222(rs215) +ptil5-9223(rs215))
+ %-(mti16-(p22](rs216) +Util6-9222(rs216) + ptil6

223 (rs216)) :

> mol —0 lol :=2:pol :=0:mo2 :=4:102 := 0:po2 := 8 : mo3

0:1l03 :==0:po3 :=6:mo4 :=0:104 := 8 :po4 := 0 : moS
8:105 :=0:po5 =16 :mo6 := 0 :106 := 0 : po6 := 12 : mo7
0:107 := 10 :po7 := 0 : mo8 := 8 : 108 := 0 : po8 := 16 : moY
0:109 :=0:p09 := 8§ :mol0 :=0:1010 := 8 :pol0 :=0:
moll :=16:1oll :=0:poll :=32:mol2:=0:1012 := 0:pol2
6:

0:

0:

1

1

mol3 :=0:1013 :=16:pol3 := 0:mol4 := 12 : 1014

pol4 =24 :mol5 == 0:1ol5 := 0 :pol5 := 24 : mol6

lo16 := 16 : pol6 :== 0 :mol7 := 8 :1017 := 0 : pol7
6 :mol8 :=0:1018 := 0:pol8 :=24:mol9 := 0:1019
0:pol9:=0:

> ulo = -(mol-@331(rs31) +lol-@332(rs31) + pol-®333(rs31))

+

- (mo2-¢@331(rs32) +102-9332(rs32) + po2-¢333(rs32))

+

- (mo3-331(rs33) +103-9332(rs33) + po3-¢333(rs33))

+

- (mo4- 331 (rs34) + lo4-9332(rs34) + po4-9333(rs34))

+

- (mo5-@331(rs35) +105-9332(rs35) + poS5-¢333(rs35))

+

- (mo6- @331 (rs36) +106-@332(rs36) + pob-p333(rs36))

+
S I N N N T

- (mo7-9331(rs37) + 107-9332(rs37) + po7-9333(rs37))



+

- (mo8- 331 (rs38) + 108-@332(rs38) + po8-¢p333(rs38))

+

- (mo9-©331(rs39) +109-9332(rs39) + po9-¢333(rs39))

+

*(mo10-9331(rs310) +1010-¢9332(rs310) + pol0

0333 (rs310)) + — - (mol1-9331(rs311) +1ol11-¢9332(rs311)

1
2
+poll-0333(rs311)) + %-(m012-(p331(rs312) +lol2

-0332(rs312) +pol2-9333(rs312)) + %-(m013-@331(rs313)

+1013-¢9332(rs313) +pol3-9333(rs313)) + %-(m014
-@331(rs314) + lo14-0332(rs314) + pol4-0333(rs314)) +%
-(mol15-@331(rs315) +1015-9332(rs315) + pol5-9333(rs315))

+ %-(m016-q>331(rs316) +1016-¢9332(rs316) + pol6

-333(rs316)) + %-(m017-(p331(rs317) +1017-9332(rs317)
+pol7-9333(rs317)) + %-(m018-¢331(r5318) + 1018

-0332(rs318) + pol8-@333(rs318)) + %~(m019-(p331(rs319)
L +1019-¢9332(rs319) +pol19-¢333(rs319)) :

\ 4
|:> dluOsr == diff (uOsr, a) : d1uOti :== diff (u0ti, a) : dluOo = diff (u0o, a) :

d2uOsr = diff (uOsr, a$2) : d2u0ti := diff (u0ti, a$2)d2u0o
= diff (u0o, a$2) :

# Concentration of atoms

P 1. _ 3.
|:> nsr-—s.ntz~—5.n0~ 5

\ 4 # Parameter

Y

> SAlsrsr =0 :8A41srti :== 0:SAlsro := 2 : SA2srsr :== 0 : SA2srti := 2 :
SA2sro := 0 :SA3srsr := 2 : SA3srti := 0 : SA3sro := 0 : SA4srsr
= 0 :SA4srti := 0 : SA4sro := 12 : SASsrsr := 8 : SASsrti == 0 :
SAS5sro := 0 : SA6srsr == 0 : SA6srti := 0 : SA6sro := 20 : SA7srsr
= 0:847srti == 22 : SA7sro := 0 : SAS8srsr := 8 : SA8srti := 0 :




SA8sro := 0 : SA9srsr := 0 : SA9srti := 0 : SA9sro := 56 : SA10srsr
=8 :8410srti == 0:8410sro == 0:SA4A11srsr := 0 :SA411lsrti == 0:
SAllsro := 54 : SA12srsr := 0 : SA12srti == 38 : SAI2sr0 := 0 :
SAI3srsr := 40 : SA13srti := 0 : SA13sro := 0: SAI4srsr := 0 :
SAl4srti == 0:SA14sro := 44 : SA15srsr := 48 : SAI5srti := 0 :
SA15sro := 0:SA416srsr := 0:SA416srti := 0:SA416sro := 156 :

> SAltisr == 0 :SAItiti = 0:SAItio := 0.5 : SA2tisr == 2 : SA2titi = 0 :
SA2tio '= 0 : SA3tisr := 0 : SA3titi :== 2 : SA3tio '= 0 : SA4tisr := 0 :
SA4titi -= 0 : SA4tio := 10 : SA5tisr := 0 : SA5titi := 8 : SA5tio := 0 :
SA6tisr := 0 : SA6titi := 0 : SA6tio := 22.5 : SA7tisr := 22 : SA7titi

= 0:S47tio := 0 : SA8tisr := 0 : SAS8titi := 8 : SAS8tio := 0 : SA9tisr
= 0:SA9¢ti == 0 : SA9tio := 26 : SA10tisr := 0 : SA10titi == 8 :
SA10tio = 0:8A11tisr := 0 :SAI11titi := 0:SA11tio := 68 : SA12tisr
= 38 : S412titi == 0 :SA412¢tio := 0 : SAI3tisr := 0 : SA13titi '= 40 :
SA13tio := 0 : SA14tisr := 0 : SA14titi := 0 : SA14tio := 84 : SA15tisr
= 0:SA415titi == 48 : SA15tio := 0 : SA16tisr == 0 : SAI16titi == 0 :
SAl6tio := 62.5 : SA17tisr == 72 : SAI17titi := 0 : S417tio == 0 :
SA18tisr := 0 : SA18titi := 0 : SA18tio := 174 : SA19tisr := 0 : SA19¢titi
=32 :8419ti0 =0

> SAlosr:=0:S841loti == 0:S4100 := 0:S420sr := 1 :SA420ti := 0 : SA200
i=1:85A430sr := 0 :SA4A30ti := 0 : SA300 = 2 : SA4osr := 0 : SA4oti
=4 :SA4400 = 0 : SA50sr := 2 : SA50ti := 0 : SA500 = 10 : SA6osr
=0 :S5460ti == 0:SA600 := 8 : SA70sr := 0 : SA70ti == 8 : SA700
= 0 :S5480sr := 10 : SA80ti := 0 : SA800 = 10 : SA90sr := 0 : SA90ti
= 0:54900 = 8 :SA100sr := 0 :S4100ti :== 0 :SA1000 = 4 :
SAIllosr = 20:8411oti := 0 :SA41100 = 36 :S4120sr :== 0 : SA120ti
= 0:841200 := 8 : SA130sr := 0 : SA130ti := 24 : SA1300 := 0 :
SAl4osr := 11 : SAl4oti := 0 : SAI1400 = 43 : SA150sr := 0 : SA150ti
= 0:S41500 := 40 : SA160sr := 0 : SA160ti := 40 : SA1600 = 0 :
SA170sr := 18 : SA170ti := 0 : SA1700 = 26 : SA180sr := 0 : SA180ti
= 0:S41800 := 48 : SA190sr := 0 : SA190ti := 16 : SA1900 := 0 :

# Lattice constant
| > ac = ﬁ-rs]] :

# The parameter k

>ksr1==L-(( I d2¢l11(rsll) - I -d]go]]](rs]]))-SA]srsr

2 ]"S]]Z 7’5113
-acz)—i-i msr] -d1<p111(r511)+i-(( L da2e112(rs11)

2 rsll 2 | 122
Isrl

1 1
2 rsll

rsll

3 dlll2(rsll)

-dlel12(rs1l) ) -SAIsrti-acz) +



+ i(( 5 d2¢l13(rsll) - 3 -d](p]]3(rs]]))-SA]sro-acz)
2 rsll rsll
L psrl
i + = T dlpll3(rsll) :
> ksr2 = 1 (( I > d2¢l11(rs12) - I 3 -d]go]]](rs]Z))-SAZsrsr
rsl2 rsi12
IST2 1ol 11(rs12) + - ! S -d2¢112(rs12)
rsl2 rsl2
_— d](p]]2(rs]2))-SAZSFti-acz) + L B2 p112(rs12)
rs12° 2 rsi2
+ i(( I 5 d2@l13(rs12) - I 3 -d]<p]]3(rs]2))-SAZsro~acQ)
2 rsl2 rsl2
1 psr2
Iyl 12
i + = > rsl2 dlpll3(rs12) :
> ksr3 = 1. (( 1 > d2¢l11(rs13) - I 3 -d](p]]](rslj’))-SASsrsr
2 rsl3 rsl3
) L mStS 1111 (rs13) + - ( I S -d2¢112(rs13)
rsl3 rsl3
- d](p]]2(rs]3))-SA3Sm’-acz) + LB g1e112(rs13)
rsl3 2 rsl3
+ L(( I 5 d2¢l113(rsl13) - I 3 ~d](p]]3(rs]3))-SA3sr0'acz)
2 rsi3 rsi3
1 psr3
i + = YL dlpll3(rsi3) :
> ksrd == 1, (( > d2oll11(rsl4) - 3 ~d](p]]](rsl4))-SA4srsr
2 rsl4 rsl4
J -’W" dlgl1](rs14) +i-(( L 2p112(rs14)
rsl4
_— d](p]]2(rs]4))-SA4srti-acz) LB ie112(rs14)
rsld 2 rsl4
+ i(( I > d2¢l13(rs14) - I 3 -d](p]]3(rs]4))-SA4sr0-acz)
2 rsl4 rsl4
. psrd
i + = 2 <4 dlpll3(rsid) :
> ksrh = 1. (( I > d2¢l11(rsl5) - I 3 -d]go]]](rs]5))-SA5srsr
2 rsl5 rsl5
) -””m dlplll(rsl5) +i-(( L 2p112(rs15)
2 2
rsl5
- d1<p112(rs]5))-SA5srti-acz) + LB o112(rs15)
rsl5° 2 rslS

+i-(( L d2g113(r15) - —— -d]<p]]3(rs]5))-SA5sr0-ac2)
2 rsl5 rsl5




P 10113(rs15) ¢

_ 2 rsl5
> k6 = i(( L d2p111(r516) - —— -d](p]]](rs]6))-SA6srsr
rsl6 rsl6
Al | + I o111 (rs16) + - L 020112(rs16)
2 rsl6 rs16>
1 ) 1 Isré
- 5 "d1@l12(rs16) |-SA6srti-ac ) + - dlel12(rsl6)
rsl6 2 rsl6
+ i(( L 20113(rs16) - —1 d1<p113(r516))-SA6sro-ac2)
2 rsl6° rs16°
1 psr6
i + — T dlpl13(rsl6) :
> ksr7 = L. (( I 5 d2¢l11(rs17) - ! 3 -d]<p]l](rs]7))-SA7srsr
2 rsl7 rsl7
ST 10111 (rs17) + ([ —L— -d2p112(rs17)
rsl7 rsl 7>
1 .2 1 Isr7
- 7 dlpll2(rsl7) |-SA7srti-ac” | + —- dlpll2(rsl7)
rsl 2 rsl7
l ( ( d2¢l113(rsl17) - 3 dlpll3(rsl7) ) -SA7sr0-acz)
2 rsl7° rsl7
1 psr7 )
i + — Y 17 dlpll3(rsl7) :
> ksr8 = 1. (( I d2¢l111(rsl18) - I 3 -d](plll(rs]8))'SA8srsr
2 rsl18 rsl8
) -”””8 dlpl11(rs18) +i (( d2112(rs18)
rsl18
- d](p]]2(rs]8)J-SA8srti-ac ) + L B8 1p112(rs18)
rsl8 2 rsl8
+i (( L d20113(r518) - —— -d](p113(rs18))-SA8sro-acz)
rsl18 rsl8
1 psr8
i + = PST, dlpll3(rsl8) :
> ksr9 = 1. (( d2¢l11(rsl19) - 3 -d](p]]](rs]9))-SA9srsr
2 rs19? rsl19
) —. ’Wg dlelll(rs19) + i (( L 2p112(rs19)
rs19°
_— d](p]]2(rs]9))-SA9srti-ac ) + L B 1p112(rs19)
119 2 rsl9

—|—L (( d2@l13(rsl19) -
rs]92

1 psr9 .
ST dlpl13(rs19) :

~-dlpl13(rs19) ) -SA9sro~ac2)
rsl9




1

>ksr10:=—-(( I 1

d2¢l111(rsl10) -
rs]]02 rs]]O3
1 msri0 1 (( 1

) 'd](/)]]](l’S]]O))

dlplll(rsl10) + — -
rs110°

2
SA1Osrsr-ac ) + > 110 5
-dll12(rs110) j -SAIOsm'~aczj TR

d2¢l112(rs110) -

1
rs]]03 2

”0 2 rsIIO2 rSIIO3

-d]<p113(rs110))-SAIOsro-acz) + ; % dlpl13(rs110) -

> ksrll :=i-(( L 21110111y -— 3-d1§0]]](rs111))
rslll rslll

-SAJJsrsr-acz) + S i rsi 1) + i(( 1 2
rslll

2 rslll 2

5 -d1<p]]2(rs]]]))-SAIIsrti'aczj L
rslll 2
) Asrll 1 (( 1 1

d2ol12(rslll) -

dlpll12(rsl1]) + — - -d2¢113(rs11) -
rsill 2 rsll1? rsll]®

L sl yro113(rs111) -

-d]<p113(rs]11))-SA]]sro-acz) + ool

> ksrl2 :=i-(( L azp1i1(rs112)-— 3-d1(p111(rs112))
rsll2 rsll2

~SA12srsr~ac2) + L mSr2 o111 (rs112) + i(( I
rs112°

2 rsll2 2

; -d]<p112(rs112)j-SAIZsrti-acz) L
rsll2 2
srl2 1 (( 1 1

d2¢l12(rsl12) -

dlpll2(rsll2) +— d2¢pl13(rsli2) -
rsll2 rsl 22 rs]]Z3

-d]<p]]3(rs]]2))-SA]Zsro-acz) + ; % dlel13(rs112) :

> ksrl3 = L(( ! 5 d2ol11(rsll3)- I 3 ~d](p]]](rsll3))
2 rsli3 rsl13

L msrl3 -d1<p111(rs113)+i-(( L
rsli13

2 rsll3 2
3 ~d1(p112(r5113))-SABsrti-aczj +%

-SA13srsr~acz) +

d2¢pl12(rsli3) -

rsll3

A3 aro112(rs113) + %((

113 5 d2¢l13(rsl13) - !
rs

rsus rsll3’

_psri3
>y sll3 dlpll3(rsli3) :

-dlpl13(rs113) ) -SA13sr0-acz) + —




1
rs]]42 rsll4

2 1 msri4 1 1
‘SA14srsr- —————-dlellI(rsl14) + -
srsr-ac ) + > 5114 plll(rsll4) + 5 (( Ty

. -d1<p112(rs114))-SA14sm'~ac2j TR
rsll4 2

sri4 1 1 1
. dloll2(rs1l4) + —- (( d2¢l13(rsll4) -
rsll4 2 rs1142 rs]]43

L psrl4 113(rs114) -

2 rsll4
> ksrld = L(( I d2¢l11(rsll5) -

> ksrid = i(( I d2¢l11(rsll4) - 3 -d](p]]](rs]]4))

d2¢l112(rsli4) -

-dlel13(rs114) ) -SAl4sr0-acz) + =

]
rsll5° rsll5

-SA]5srsr~acz) + L'M'dI(P]]](VS]]-S) + L(( 1

3 -d]go]]](rs]]5))

2 rsllS 2 rsll5°

d2¢l12(rsll5) - 3 dlel12(rsl13) ) -SA15srl‘i'aczj + 1

rsll5 2

“5 2 rsll5 rSII53

Lopsrls ,113(rs115) -

-d](p113(rs115))-SA15sr0-acz) + B

> ksr16:=i-(( L azp111(r5116)-— 3-d1(p111(rs116))
2 rsl116 rs116

1 msri6 1 1
-SA16srsr-ac ————-dlelll(rsll6 —-
STSY-ac ) + IT; olll(rsll6) + 5 (( Ty

-dlpl12(rs116) ) -SA16srti-ac2) L
rsll6 2

Usri6 1 1 1
: dlpl12(rs116) + — (( -d2¢113(rs116) -
rsl16 2 rsll6° rsll6°

-d]<p]]3(rs]]6))-SA16sro-ac2) LIS yo113(rs116) -

d2¢l12(rsll6) -

2 rsllé6

=> ksr = ksrl + ksr2 + ksr3 + ksrd + ksr5 + ksr6 + ksr7 + ksr8 + ksr9
| + ksr10+ ksrll + ksri12 + ksri3 + ksri14 + ksvl5 + ksrl6:

> ktil == 1, (( d2¢221(rs2l) - I 3 dlp221 (rs21) j -SA]tisr~acz)
2 rs21° rs21
1 mtil 1 1 1
+ —- (rs21) + —- 5 d2¢222 (rs2l) - i
2 rs2l rs21 rs21
. 2 1 il 1
dlp222(rs2l) |-SAltiti-ac”™ | + — - dlp222(rs21) + —
2 rs2l 2

1
2

) ( ( 1 5 d2¢223(rs21) - -dlp223(rs21) ) -SA]tio-acz) +
rs21

rs21 3



CPUL 110223 (rs21) -
rs21

>kti2:=%-(( L 20221 (rs22) - -d1<p22](r322)j-SAZtisr-acz)

rs22 rsZZ3

L2 0001 (rs22) + i(( I S d20222(rs22) - I :
2 rs22 rs22 rs22
oY 1 2 1
-d19222(rs22) | -SA2titi-ac* | + — - d19222(rs22) + —
2 rs22 2

1
2

(( I 5 d2¢223(rs22) - 3
rs22 7s22

-d19223(rs22) ) ~SA2zio~ac2) +

PU2 10223 (rs22) -
rs22

> kti3 =%( ( L 20221 (r523) - —1 -d1<p221(rs23))'SA3tisr-ac2)

rs23° rs23’
A M 1221 (rs23) +i-(( L d2¢222(rs23) - —

2 rs23 rs23° rs23

. 2 1 43 1

-dlp222(rs23) |-SA3titi-ac” | + —- dlp222(rs23) + —
2 rs23 2

. ( ( 5 -d2¢223(rs23) - 3
rs23 rs23

L PUS 110223 (r523) -
rs23

-d1p223 (rs23) j 'SA3tio~ac2) + %

>kzi4:=i-(( L 20221 (rs24) - — -d]<p221(rs24)j-SA4tisr~acz)

2 rs24 r5243

Lomiid 10221 (rs24) +i-(( L d2p222(r524) - ——
2 rs24 rs24 rs24
) 1 lti4 1
dlp222(rs24) |-SA4titi-ac” | + —- dlp222 (rs24) + —
2 rs24 2

+

(( 1 > -d2¢223(rs24) - -d1¢223(r524))-SA4ti0-acz) +
rs24

1
rs243 2

PUE 19223 (rs24) -
rs24

> ktis = i(( L 20221 (rs25) - —— -d1<p22](r325)j-SA5tisr-ac2)
2 rs25 rs25

1 mti5 1 1
—- -dlp221 (rs25 —- ~d2¢0222 (rs25) -
J s dlp221(rs25) + ((rs252 0222(7525)

1

+
1”3253

1 It5 1
ST dlp222(rs25) + >

-d19222(rs25) ) -SA5titi~acz) +

(( 1 5 d2¢223(rs25) - ! 3 'd1<p223(rs25))~SA5ti0~a02) +
rs25 rs25

LPUS 15223 (rs25) -
rs25

1
2




> kti6 == (( -d2¢221 (rs26) - ! 3 -d]qo22](rs26)j-SA6tisr-acz)
rs26°

rs26
1 mti6 1 1 1
+ —- dlp221(rs26) + — ( ( d2¢222 (rs26) -
2 rs26 2 rs26> rs26°

d19222(rs26) | -Sd6titi-ac | + ~ -0 419222 (rs26) + -
2 rs26

(( ;6 1d2¢223(rs26) - 3 'd1¢223(rs26)).SA6tio-a02) +
rs

7s26

1
2
WL;‘Z d19223(rs26) -

> kti7 = i(( L 29221 (r527) - —— -dl<P221(rs27))-SA7tisr-a02J
2 rs27 rs27
1 mti7 1 1 1
- dlp221(rs27 —- d2¢222(rs27) -
" 2 rs27 ¢ (rs27) % 2 (( rs27* v (r527) rs27
-d](p222(rs27))-SA7titi-acZ) + 1 w7 -dlp222(rs27) +%

2 rs27

(( I 5 d2¢223(rs27) -
rs27

. pi7.
| rs27
> kti8 = L. ( ( I d2¢221 (rs28) - I dlp221 (rs28) j -SA8tisr-acz)
2 rs28° rs28°
1 mt8 1 1 1
+ - dlp221 (rs28) + — ( ( d2¢222(rs28) -
2 rs28 rs28 rs28°

-d19222(rs28) | -SAStiti-ac® +i- 8 119222(r528) + L
2 rs28 2

< -d19223(rs27) ) -SA7ti0-acz) +

1
rs27 2

dlp223(rs27) :

(( L 120223 (rs28) - —1 -d1<p223(r528))-SA&io-acz)+
rs28* rs28

L PUS 10223 (r528) -
| rs28

1
2

> kti9 == i(( I d2¢221 (rs29) - ! -d]qo22](rs29)j-SA9tisr-acz)
2 rs297 rs29°

1 mti9 1 ! 1
+ —- dlp221(rs29) + — ( ( d2¢222(rs29) -
2 rs29 rs29” rs29°
-d19222(rs29) | -SA9titi-ac* | + i- M9 119222(rs29) + L
2 rs29

(( L 120223(rs29) - —1 -d1<p223(rs29))-SA9ti0-ac2)+
rs292 rs293

PO 110223 (r529) -
rs29

> ktil0 = 1. ( ( I d2¢221(rs210) - 1 dlp221(rs210) )
2 rs210° rs210°

1
2




-d19221(rs210) + — -
2 w210 2100 2 rs210°
I -d]g0222(rs210))-SAIOtiti-acz) 4L
rs2103

2
Lo d}(pzzz(mzw)Jri.(( L a29223(r5210) -

-SA]Otisr-aczj + L mil0 I (( !

d2¢222(rs210) -

1
rs210 2 rs2102 7’52]03

_ptil0
> 210 dlp223(rs210) :

> ktill :zi-(( L a2g221(r5211) - — 3-d1¢221(rs211)j
rs211 rs2l1

-SAIItisr-aczj + L mall dl221(rs211) + i(( 1 5
rs211

2 rs21l 2
-d19222(rs211) j ~SA11titi-ac2) + -

-d19223(rs210) ) -SAIOtio-aczj + =

d2¢222(rs211) - 3
rs211 2
il d19222(rs211) —I—i(( 1 3 d2¢223(rs211) - 1

rs211 2 rs211 rs211°
-d]<p223(rs211))-SAlltio-ach +Loptll 0223(rs211) :

2 rs2ll

> Ktil2 :=i-(( L a2g221(r5212) - — 3-d1<p221(rs2]2)j
rs212 rs212

. 2 1 mtil2 1 1
-SA12tisr- + —- dl@221(rs212) + —-
isr-ac j > 5212 Q (rs ) ( ( 17

2
5 -d1<p222(rs2]2))-SAIZtiti-acz) L

d2¢222(rs212) -

rs212 2

12 1 1 1
. dl@222(rs212) + — (( d2¢223(rs212) -
rs212 rs212 rs212°

1 ptil2
PS5 dlp223(rs212) :

-d19223(rs212) ) -SA]Ztio-aczj + =

> ktil3 :=i-(( L a2g221(r5213) - — 3-a’1<p221(rs213)j
rs213 rs213

~SA13tisr-aczj  LomtiI3 001 (rs213) + L(( L
rs213

2 rs2i3 2
3 -d1<p222(rs213))~SA131iti-acz) +%

d2¢222(rs213) -

rs213

i3 1 1 1
. dlp222(rs213) + (( -d2¢223(rs213) -
rs213 2 rs213* rs213°

1 gn13
213 dl1p223(rs213) :

dlp223(rs213) ) -SA13ti0-aczj + —

> kiild = L(( L a29221(r5214) -
2 rs214

3 dlp221(rs214) j
rs214




. 2 1 mtild 1 1
-SA14tisr- - dlp221(rs214 -
isr-ac j + Y eiq e (rs214) + ) (( Yy

1

d2¢222(rs214) - 3 dlp222(rs214) ) -SA14titi-acz) + —
rs214 2
til4 1 1 1
. dlp222(rs214) +—(( -d2¢223(rs214) -
rs214 2 rszM2 rs214°

UL 10223 (r5214) ¢

.2
d](p223(rs214)) SA414tio-ac j + = > 1214

>kti15:=%-(( L a2g221(r5215) - — -d1¢22](rs215)j

rs215 1192]53
-SA15tisr-aczj + 1 mil5 -dl1p221(rs215) + i(( 1

2 rs215 2 rs215%

d2¢222(rs215) - 3 dlp222(rs215) j ~SA15titi-acz) + 1

rs215 2

IS 19222(r5215) +i-(( s d29223(75215) - —
rs215 2 rs215 rs215

1 gn15
> 215 dl1@223(rs2l15) :

-d19223(rs215) ) -SAl5tio-ac2) + =

> kﬁ]é:zi-(( L a2g221(r5216) - — 3-d1<p221(rs2]6)j
2 rs216 rs216

. 2 1 mtil6 1 1
-SAl6tisr-ac” | + —- dlp221(rs216) + — ( (
j 2 rs2l6 2 rs216>

-d19222(rs216) ) -SAI6titi-ac2) L

d2¢222(rs216) -
rs216° 2

1til6 1 1 1
. dlp222(rs216) + — ( ( -d2¢223(rs216) -
rs216 2 rs216° rs216°

1 ptil6
PSIT -dlp223(rs216) :

=> kti == ktil + kti2 + kti3 + kti4 + kti5 + kti6 + kti7 + kti8 + kti9 + kti10
| +ktill +ktil2 + ktil3 + ktil4 + ktil5 + ktil6:

-d19223(rs216) ) -SA16tio-aczj + =

-d19331(rs31) j -SAIosr~aczj

> kol = L. (( -d2¢331(rs31) - 3
2 rs31 rs31
4 L. mo d](p331(rs31) L (( d20332(rs31) - ——
2 2 rs31° rs31
) 1 ol 1
-dlp332(rs31) |-SAloti-ac” | + —- -dlp332(rs31) + —
2 rs3l 2

) ( ( 1 ) d2¢333(rs31) - 3 -dl1p333(rs31) ) -SA]oo-acz) + 1
rs31 2

rs31

2oL 110333(rs31) -
| rs31



> ko2 = i-( ( L 20331 (rs32) - —— -d1<p331(rs32)j-SAZosr-aczj
2 rs32 rs32
mo

+ 2-d1<p331(rs32)+%-(( I -d2¢332(rs32) - I

1
2 rs32 rs32* rs32°

-d19332(rs32) ) ~SA20n'~aczj L1 lo2

1
> 532 dlp332(rs32) + )

(( L 20333 (rs32) - — -d1<p333(rs32))~SAzoo-ac2) TS
rs32 rs32 2
P92 110333 (rs32) -
| rs32
> ko3 = i~( ( L d29331(r533) - —— 'dl</’331(rs33))-SA.?osr-acz)
2 rs33 rs33
+Lomo3 0331 (rs33) +i-(( L 120332(rs33) - —
2 rs33 2 rs33° rs33°
-dlp332(rs33) -SA3oti-ac® | + 1 lo3 -dlp332(rs33) + 1
2 rs33 2
(( I 5 -d2¢333(rs33) - 3 -d]g0333(rs33))-SA300-acz) + 1
rs33 rs33 2
. po3_ :
33 dlp333(rs33) :
> kod = i(( L2331 (rs34) - —— -a’1<p331(rs34)j-SA40sr~aczj
2 rs34 rs34
Lot 10331(rs34) + i(( L 120332(rs34) - —1
2 rs34 2 rs34* rs34
) 1 o4 1
-dlp332(rs34) |-SA4oti-ac” | + —- -dlp332(rs34) + —
2 rs34 2

(( 1 5 d2¢333(rs34) - -d1p333(rs34) ) -SA400-ac2) + 1
rs34 2

rs34
P 110333 (rs34) -

rs34
> koS = i(( L 20331 (rs35) - —— -d1<p331(rs35)j-SA5osr-aczj
2 rs35 rs35
1 mob 1 1 1
+ —- -dlp331(rs35) + —- > -d2¢332(rs35) - 3
2 835 rs35 rs35
) 1 lo5 1
-dlp332(rs35) |-SASoti-ac” | + —- -dlp332(rs35) + —
2 rs35 2
(( - -d29333(1s35) - —— -d1<p333(rs35))-SA5oo-ac2) TS
rs35 rs35 2
P9 115333 (rs35) -

rs35

>ko6:=%-(( L 420331 (rs36) - — -dl</’331(rs36))'SA60sr-ac2)

rs3 62 rs3 63




1 mob 1
+ —- d1p331(rs36) -I——-(( -d2¢332(rs36) -
2 rs36 2 rs36° rs36°
.2 1 o6 1
-dlp332(rs36) |-SA6oti-ac™ | + — - -dl1p332(rs36) + —
2 rs36 2

l\.)l»-ﬂ

: ( ( L 20333 (r536) - -d19333(rs36) j ~SA6oo~ac2) n
rs36

rs3 63

P 110333 (r536) -
L rs36

>k07:=i'(( I d2¢331(rs37) - I -d](p331(rs37)j-SA70sr~aczj

rs3 72 rs3 73

+%- "O7 . d1¢331(rs37) +%(( L 429332(rs37) - —

rs37 rs37° rs37°

1 o7
2 rs37

-dlp332(rs37) +

l\)l»—‘

-d19332(rs37) ) -SA70ti-aczj +

-d19333(rs37) ) -SA7oo-acz) + %

(( 1 > -d2¢333(rs37) - 3
rs37 rs37

P97 119333 (rs37) -

| rs37
> ko8 = i-( ( L 20331 (rs38) - —— 'd1<p331(rs38)j-SA80sr-aczj
2 rs38° rs38
1 mo8 1 1 1
+ —- -dlp331(rs38) + —(( -d2¢332(rs38) -
2 rs38 2 rs38 rs38>
dl1p332(rs38) -SA8oti-ac® | + 1 lo§ dlp332(rs38) + 1
2 rs38 2

(( l d2¢333(rs38) - I 'd1<p333(rs38))~SA800~ac2)—l—%

rs38° rs38°
P9 110333 (rs38) -
| rs38
> ko9 :=i-(( L 120331 (rs39) - —1 -d1<p331(rs39))-SAQosr-aczj
2 rs39° rs39°
1 mo9 1 1 1
+ —- dlp331(rs39) + —- ( -d2¢332(rs39) -
2 rs39 2 ( rs39° rs39°
-dlp332(rs39) -SA9oti-ac® | + 1 lo? -dlp332(rs39) + 1
2 rs39 2

(( I -d2¢333(rs39) - I -dlqo333(rs39)j~SA900'acz)+

l\.)l»-ﬂ

rs392 rs393

P 119333 (r539) -
rs39

_ 1
> kol0 = ((

1 1
d2¢331(rs310) -
rs3102 rs3]03

1 mol0 1 1
-SA1 act | + —- -dl 1 10) + —-
SA10osr acj > 1310 dlp331(rs310) ) (( Yy

1331 (rs310) j




1 1
rs3103 2

 Lol0 -dlp332(rs310) -I-i(( I -d2¢333(rs310) - I

d2¢332(rs310) -

-dlp332(rs310) ) -SA]Ooti-acz) +

rs310 2 rs310° rs310°
1 pol0

> 310 -dlp333(rs310) :

-d19333(rs310) ) ~SAlooo~ac2) +

> koll :=i-(( L a29331(r5311) - — 3-d1</’331(rs311))

2 rs311 rs311

2 1 moll 1 1
‘SA1losr: - dlp331(rs311 -
osr-ac ) + Y 31 e (rs311) + 5 (( 31

-d1p332(rs311) ) -SAI]oti-acz) 4L

-d2¢332(rs311) - 3
rs311 2

oIl dlp332(rs311) +i(( I 2~d2(p333(rs311)— I 3
rs3l11 2 rs311 rs311

_poll
31l dlp333(rs311) :

1333 (rs311) ) -SAlloo-aczj TS

> kol2 :zi-(( L a29331(r5312) - — 3-d1¢331(rs312)j
rs312 rs312

-SAIZosr-acz) L mol2 0331 (rs312) + i(( I .
rs312

2 rs3i2 2
~-dl9332(rs312) j 'SAIZOtz*acz) T

-d2¢332(rs312) -

rs312 2

fol2 d1¢332(rs312)—l—i'(( L 429333(r5312) - ——
rs312 2 rs312% rs312

1 pol2
> 312 -dlp333(rs312) :

-dlp333(rs312) ) -SAIZoo'acz) + =

> kol3 :=i-(( L a29331(r5313) - — 3-d1<p331(rs313)j
rs313 rs313

2 1 mol3 1 1
-SA130srac® | + — - -d1p331(rs313) + — -
o7 “Cj 2 rsziz d19331s3I5) A (( 3] 3

< -d19332(rs313) ) ~SA13oti~ac2) + %

d2¢332(rs313) -

rs313

ol3 1 1 ]
- d1332(rs313) + ( ( -d2¢333(rs313) -
rs313 2 rs3132 rs313°

-d](p333(rs313))-SA1300-ac j + 5 % dlp333(rs313) :

> kold :=i-(( L a29331(r5314) - — 3-a’1<p331(rs314)j
rs314 rs314

~SA140sr-acz) Lo mold 0331 (rs314) + - (( L
rs314

2 rs3l4 2




d2¢332(rs314) -

1
2

1
rs314°

-dlp333(rs314) :

rs314
ol -dlp332(rs314) -I-i(( I -d2¢333(rs314) -

3 -d1¢332(rs314))-SA]40ti-acz) +

rs314 2 rs3142
1 pold
2 rs3l4

-d19333(rs314) ) -SA14oo-aczj +

> kols :=i-(( L 420331 (rs315) - —— -d1</’331(rs315))
2 rs315 rs315
1 molS5 1 1
- -dlp331(rs315 -
2 315 Y (rs319) + 2 (( rs315%
1

5 -dl9332(rs315) ) -SA150ti-acz) + —

-SA150sr-ac2) +

-d2¢332(rs315) -

rs315 2

lo]5 1 1 1
. -dlp332(rs315) +—(( -d2¢333(rs315) -
rs315 2 rs3152 rs315°

_pols
PEIL dlp333(rs315) :

dlp333(rs315) ) -SA1500~aczj + —

> kol6 = i(( L 420331 (rs316) - —— -d1<p331(rs316)j
rs316 rs316

1 mol6 1 1

=. -d19331(rs316) + — -

2 rs3pg PPN E ((:«3162

1

5 -d1<p332(rs316))-SAMoﬁ-acz) + =
rs316 2

10]6 1 1 1
. dlp332(rs316) + — (( d2¢333(rs316) -
rs316 2 rs316° rs316°

-d]<p333(rs316))-SAI600-ac2) + = L pol6 -dl1p333(rs316) :

-SA160sr-a02) +

-d2¢332(rs316) -

2 rs3l6

> k017:=i-(( L a29331(r5317) - — 3-d1<p331(rs3]7)j
rs317 rs317

2 1 mol7 1 1
-SA170sr-ac” | + —- dlp331(rs317) + — ( (
) 2 rs3l7 2 rs317%

-d19332(rs317) ) 541 7oti-ac2) o

d2¢332(rs317) -

rs317

lol7 1 1 1
. dlp332(rs317) + — (( -d2¢333(rs317) -
rs317 2 rs317° rs317°

1 pol7
Y 317 -dlp333(rs317) :

1 1 1
> kol8 = —- -d2¢331(rs318) -
2 (( rs318° rs318°
1 mol8 1 1
> 318 dlp331(rs3 8)—I—2 ((rsj’]é’z

-dlp333(rs317) ) -SA1 700-a02j + =

dlp331(rs318) j

~SA180sr-acz) +




\ 4

\ 4

1

rs3183

 fol8_ -dlp332(rs318) + 1, ( (

d2¢332(rs318) -

1
2
1 ]
-d2¢333(rs318) - 3
rs318 rs318

1 pol8 :
PEIT, dlp333(rs318) :

1 1
-d2¢331(rs319) -
rs319° rs319°

1 mol9 1 1

—~. dl1p331(rs319) + — -

2 rszrg HISIIO) ((r53192
1

L 210332(rs319) ) -SAIQoti-acz) + —
rs3193 2

lo19 1 1 1
————-d1p332(rs319) +—(( -d2¢333(rs319) -
rs319 2 rs319° rs319°

dlp333(rs319) ) -SA1900~aczj + L-JM~a’](p333(rs319) :

-dlp332(rs318) ) -SA180ti-acz) +

rs318 2

-d19333(rs318) ) -SA18oo-aczj +

>koz9:=i-((

. 1331 (rs319) )

-S4 190sr-acz) +

-d2¢332(rs319) -

2 rs319

_> ko = kol + ko2 + ko3 + ko4 + ko5 + ko6 + ko7 + ko8 + ko9 + kol0
+koll +kol2 +kol3 +kol4+ kol5+kol6+ kol7 +kol8 + kol9:

|:> dlksr == diff (ksr, a) : d1kti == diff (kti, a) : d1ko = diff (ko, a) : d2ksr

== diff (ksr, a$2) : d2kti :== diff (kti, a$2) : d2ko = diff (ko, a$2) :

# Physical constants
|:> b= 1.054571817-10 % : kb := 1.380649-10 3 :

\ 4 #Mass

> massr = 1.660539040-102"-87.62 : masti = 1.660539040-10%-47.867 :

maso = 1.660539040- 10_27- 15.9994 : massto = nsr-massr + nti-masti
+ no-maso :

=27

\ 4 #Frequence

ksr ) kti ko
> wsr = LI = - .o = - .
L massto massto massto

V# Equation of state for SrTiO3

> es = nsr (d]uOsr 43 Jeosr -d]ksr) + nti- (dluOti 43 o -dlkti)
4  ksr 4  kti
+ no- (d]uOo + % h}{(;)o -d]ko) : fes == unapply(es, a) :



H> rll ==ﬁolve(es+ %~a2-(0.72~109) =0, a, a=0..(2-10_10)) :

V #The parameters

\ 4

> SBlsrsr := 0 :S8Blsrti == 0:SBlsro := 0.5 : SB2srsr :== 0:SB2srti := 0.5 :
SB2sro := 0 : SB3srsr := 2 : SB3srti := 0 : SB3sro := 0 : SB4srsr
= 0:SB4srti := 0 :SB4sro := 9 : SBSsrsr := 8 : SBSsrti := 0 : SB5sro
= 0 :SB6srsr := 0 :SB6srti := 0 : SB6sro := 41 : SB7srsr := 0 :
SB7srti :=41.5 : SB7sro == 0 : SB8srsr := 8 : SBSsrti == 0 : SB8sro
= 0:SB9srsr := 0 :SB9srti := 0 : SB9sro := 98 : SBIO0srsr := 32 :
SB10srti := 0 :SB10sro :== 0:SBllsrsr := 0 :SB1l1lsrti == 0:SBIIsro
= 169.5 : SB12srsr := 0 :SB12srti := 81.5 : SB12sro := 0 : SB13srsr
=136 : SBI3srti := 0 :SB13sro := 0 :SBl4srsr := 0:SBl4srti := 0 :
SB14sro := 89 : SB15srsr := 144 : SB15srti := 0 : SB15sro := 0 :

L SB16srsr := 0 :SB16srti == 0 : SBl6sro := 651 :

> SBltisr :== 0 :SBItiti '= 0:SBltio := 0.125 : SB2tisr := 0.5 : SB2titi := 0 :
SB2tio := 0 : SB3tisr := 0 : SB3titi :== 2 : SB3tio := 0 : SB4tisr := 0 :
SB4titi := 0 : SB4tio := 8.5 : SB5tisr := 0 : SB5titi := 8 : SB5tio :== 0 :
SB6tisr := 0 : SB6titi := 0 : SB6tio := 26.625 : SB7tisr := 41.5 : SB7titi
= 0:SB7tio := 0 : SBS8tisr := 0 : SBS8titi := 8 : SB8tio := 0 : SBYtisr
= 0: SBYtiti := 0 : SB9tio := 48.5 : SB10tisr :== 0 : SB10titi := 32 :
SB10tio := 0 : SB1ltisr := 0 : SB11titi := 0 : SB11tio := 185 : SB12tisr
:= 81.5: SBI12titi := 0:SB12tio := 0 :SBI13tisr == 0 : SBI3titi := 136 :
SB13tio := 0 : SBl4tisr :== 0 : SBi14titi := 0 : SB14tio := 273 : SB15tisr
= 0:SBI15titi := 144 : SB15tio := 0 : SB16tisr := 0 : SB16titi := 0 :
SB16tio := 246.625 : SB17tisr := 354 : SB17titi '= 0 :SB17tio := 0 :
SBI18tisr := 0 : SB18titi := 0 : SB18tio '= 673.5 : SB19tisr :=0:
L SB19¢iti := 128 : SB19tio =0 :

> SBlosr:=0:SBloti := 0:SBloo := 0:SB2osr := 0.25 : SB2oti := 0 :
SB20o = 0.25 : SB3osr := 0 : SB3oti := 0 : SB300 := 2 : SB4osr := 0 :
SB4oti := 4 : SB4oo := 0 : SB5osr == 0.5 : SB5oti := 0 : SB500
= 8.5 : SB6osr := 0 : SB6oti := 0 : SB6oo := 8 : SB70sr := 0 : SB7oti
= 8 :S8B700 = 0:SB8osr := 20.5 : SBSoti := 0 : SB8oo := 20.5:
SB9osr := 0 :SB9oti := 0 : SB90o0 := 8 : SBI10osr := 0 : SB10oti := 0 :
SB10oo := 4 :SBllosr =41 :SBlloti:= 0:SBlloo := 57 : SBI20sr
= 0:SB120ti := 0:SB1200 := 32 : SB13osr := 0 : SB13oti := 72 :
SB1300 := 0:SBl14osr := 20.75 : SB14oti := 0 : SB1400 = 148.75 :
SB150sr := 0 :SB15oti := 0 :SB1500 := 136 : SBl6osr := 0 : SB16oti
=136 : SB1600o := 0 :SBl70sr := 40.5 : SBl70ti := 0 : SB1700
:=48.5 : SB18osr := 0 :SB18oti := 0 : SB180o := 144 : SB190osr := 0 :
L SB19oti := 64 : SB1900 := 0 :




> SClsrsr:i=0:8CIsrti == 0:5Clsro := 0.25 : SC2srsr :== 0 : SC2srti

= 0.5:5C2sro := 0 :S8C3srsr:=0:5C3srti := 0:S5C3sro :=0:
SC4srsr == 0:SC4srti := 0 : SC4sro := 4.5 : SCsrsr := 4 : SCSsrti

= 0:SC5sro := 0:SC6srsr := 0:SC6srti := 0:SCé6sro :=4.5:
SC7srsr == 0:SC7srti :== 9.5 : SC7sro := 0 : SC8srsr := 8 : SC8srti

= 0:85C8sro == 0:S5C9srsr:=0:85C9srti == 0:SC9sro := 49 :
SCI10srsr:=0:S8CIl0srti := 0 :8C10sro = 0:SCllIsrsr:=0:8CIIsrti
= 0:8C11sro = 36.75 : SC12srsr := 0 : SC12srti := 49.5 : SC12sro
= 0:SCI3srsr:=32:8CI3srti := 0:S5SCI3sro :=0:SCl4srsr :=0:
SCl4srti == 0:S5Cl4sro := T76.5 : SCl5srsr := T2 : SCl5srti :=0:
SC15sro :=0:8Cl6srsr:=0:SCl6srti := 0:S5Cl6sro := 181.5:

> SCltisr :== 0:SCltiti '= 0:SCltio := 0: SC2tisr := 0.5 : SC2titi := 0 :
SC2tio := 0 : SC3tisr := 0 : SC3titi := 0 : SC3tio := 0 : SC4tisr :=0:
SC4titi := 0 : SC4tio := 2 : SC5tisr := 0 : SC5titi := 4 : SC5tio == 0 :
SCétisr := 0 : SC6titi := 0 : SC6tio := 12 : SC7tisr := 9.5 : SC7titi

= 0:SC7tio := 0 : SC8tisr := 0 : SC8titi := 8 : SC8tio := 0 : SCYtisr
= 0:8C9%iti == 0:SCYo = 18 : SC10tisr := 0 :SCI10titi =0 :
SC10tio := 0:S8Cl11tisr :== 0 :SCI1titi := 0:SCl11tio := 52 : SCI2tisr
:=49.5:SCI12titi := 0:S8CI12tio := 0:SCI3tisr := 0:SCI3titi := 32 :
SC13tio := 0: SCl4tisr == 0 : SCI4titi := 0:SCl4tio := 84 : SC15tisr
= 0:S8CI5tti == 72 : SC15tio := 0 : SCl6tisr :== 0:SCI6titi == 0 :
SClé6tio := 72 : SC17tisr := 66 : SC17titi := 0 :SC17tio := 0 : SCI8tisr
= 0:8CI8¢tti == 0:SCI8tio := 294 : SC19¢isr := 0 : SC19titi := 64 :
SCI19tio == 0

> SClosr == 0:8Cloti == 0:85Cloo == 0:S5C20sr := 0:5C20ti == 0:S5C200
= 0.25:SC30sr := 0 :SC30ti := 0 :SC300 := 0:S5C4osr := 0 :
SC4oti :=1:5C400 := 0:SC50sr := 2 :SC50ti := 0:S5C500 :=2.5:
SCo6osr := 0 :5C60ti == 0:5C600 =4 :5C70sr :=0:S8SC70ti :==2:
SC700 := 0 :85C80sr :== 0:S5C8oti := 0:S5C800 :=4.5:5C9osr :=0:
SC9oti := 0 :5C900 = 8 : SCl0osr := 0 : SC100ti := 0 : SCI0o0
:=9:8Cllosr :=20:5Clloti :=0:5Clloo :=29:5C[20sr :=10:
SCl20ti :=0:8C[200 := 0:S8CI[30sr := 0:S5CI30ti := 22 :SCI300
= 0:SCl4osr := 8 : SCl4oti := 0 :SCl400 = 28.75 : SCl50sr := 0 :
SCl50ti := 0:8C1500 := 32 :S8Cl60osr := 0:SCl6oti := 10 : SCl600
= 0:8Cl70sr := 18 : SCl170ti := 0 :SCI1700 := 58.5:SCI8osr := 0 :
SC18oti := 0:SCI1800 := 72 : SC190sr := 0 :SC19oti := 36 : SC1900
=0:

> SDIisrsr:= 0 :8DIsrti == 0:SDIsro := 4 : SD2srsr :== 0 :SD2srti := 4 :
SD2sro := 0 :SD3srsr := 4 : SD3srti := 0 : SD3sro := 0 : SD4srsr
= 0:SD4srti := 0 :SD4sro := 24 : SD5srsr := 16 : SD5srti := 0 :
SD5sro := 0 : SD6srsr := 0 : SD6srti := 0 : SD6sro := 40 : SD7srsr
= 0:8D7srti == 44 : SD7sro := 0 : SD8srsr := 16 : SD8srti := 0 :




\ 4

SD8sro := 0 : SD9srsr := 0 : SD9srti := 0 : SD9sro := 112 : SD10srsr
=16 :SDI10srti := 0 :8D10sro == 0:SDI1srsr :=0:8DIIsrti == 0:
SD11sro := 108 : SD12srsr := 0 : SD12srti :== 76 : SD12sro := 0 :
SD13srsr := 80 :SDI3srti := 0 :S8D13sro := 0:SDI4srsr := 0 :
SDI14srti == 0:SDI4sro := 88 : SDI15srsr := 96 : SD15srti := 0 :

SD15sro := 0 :8D16srsr := 0:SDI16srti := 0 :SDI16sro := 312 :

> SDltisr :== 0 :SDItiti '= 0:SDItio := 1 :SD2tisr :== 4 : SD2titi := 0 :
SD2tio := 0 : SD3tisr := 0 : SD3titi := 4 : SD3tio := 0 : SD4tisr := 0 :
SD4titi := 0 : SD4tio := 20 : SD5tisr :== 0 : SD5titi := 16 : SD5tio

= 0:SDé6tisr := 0 : SD6titi := 0 : SD6tio := 45 : SD7tisr :== 44 :
SD7titi := 0 :SD7tio := 0 : SD8tisr :== 0 : SD8titi := 16 : SDS8tio

= 0 :SD9%sr := 0 :SDY9%iti := 0 :SD9%io := 52 : SDI10¢tisr := 0 :
SD10titi := 16 : SD10tio :== 0 : SD11tisr := 0 : SDI11titi :== 0 :SD11tio
=136 : SD12tisr := 76 : SD12titi :== 0 :SD12tio := 0:SDI13tisr := 0 :
SD13titi := 80 : SD13tio := 0 : SDI14tisr := 0 : SDI14titi := 0 : SD14tio
= 168 : SD15tisr := 0 :SD15titi := 96 : SD15tio := 0:SDI16tisr := 0 :
SD16titi := 0 : SD16tio := 125 : SD17tisr := 144 : SD17titi := 0 :
SD17tio := 0:SDI8tisr := 0:SDI8titi := 0:SDI18tio := 348 :

SD19%isr := 0: SD19tti :== 64 : SD19%io := 0 :

> SDlosr :=0:8Dloti :== 0.5:S5Dloo := 0 :85D2osr :==1:SD2oti := 0 :
SD20o := 3 :SD3osr := 0:SD3oti := 0:SD300 := 4 : SD4osr := 0 :
SD4oti := 6 : SD400 := 0 : SD5osr := 10 : SD5oti := 0 : SD500
= 14 : SD6osr := 0 : SD6oti := 0 : SD60oo := 16 : SD70sr := 0 :
SD7oti := 14.5 : SD700 = 0 : SD8osr := 10 : SD8oti :== 0 : SD8oo
= 30 : SD9osr := 0 :5D9%oti := 0 :SD%0 := 16 : SD10osr := 0 :
SD10oti := 0 :58D100oo = 22 :SDI1losr := 36 : SDI1loti := 0:S5DI1oo
=76 :SDI120osr :=0:SDI20oti := 0:SDI1200 := 16 : SDI130sr := 0 :
SD13oti := 44 : SD1300 := 0 : SDI4o0sr := 43 : SD14oti := 0 : SDI1400
= 65:8SDI150sr := 0:SDI150oti := 0:SDI500 := 80 :SDI6osr := 0 :
SD16oti := 44 : SD160oo := 0 :SDI170sr := 26 : SDI170ti := 0 :SDI1700
=62 :SDI18osr :=0:SDI8oti := 0 :SDI1800 := 96 : SDI190sr := 0 :

SD19oti :== 46.5 : SD1900 := 0 :

Y #Calculating the parameter gamma y1

=1 (_1
> vYlsrl = 43 (

rsil
-SAIsrsr-acz) d3pl11(rsI]) + (

-SBlsrsr

4

'd4(p111(rs11)-SBIsrsr'ac4+ (— s

rsll
15

rsll
)-quoIII(rsll) + (-

4 4
-ac + 3 e -SBlsrsr-ac

rsll

18 -SAIsrsr~ac2 +

rsll

15
rs]]7

3-msrl
rsll 2

4




-SA]srsr-a02 — 3-msr

rs]]5 rs113

L( L d4pl12(rs11)-SBlsrti-ac* + (
48 rsll

-SA]srti-aczj -d3¢l12(rs1l) + (

-SB]srsr-ac4 +

)-d](p]]](rs]]))

6
rsll

-SBlsrti- ac4

-SBlsrti- ac4

5
15
rsll

)~d2(p]]2(rsll) + (—

+

3 6

rsll
18

rsll

4
-ac +

3-Isrl
2

15

rsll

)-dhpllZ(rsll)) + L(

~SA]sn‘i-ac2 +

-SB1srti

4 7

rsll

-SAlsrti-a02 — 3-bsrl

rSII5 rs]]3

d4pl13(rsll) -SBlsro-ac® + ( -

1
rsll

-SAlsro

48 4

5 -SBIsro-ac4 + 3
rsll rsll

-SA]sro-ac2

15 o -SB]sro-ac4 —

rsll rsll

-acz) d3¢l13(rsl1) + ( Z

+ 3epsrl )-d2¢]]3(rsll) + (— 15 .SBlsro-ac* + “SAlsro

rs]]2 rsll’
2_ 3psrl )~d](p]]3(rs]])):

-ac
rs]]3

rs]]5

| |
> Ysr2 = ——
ST (

rsl2

-SAZsrsr-acz) d3plll(rsi2) + (

-SB2srsr

- -d4gl11(rs12)-SB2srsr-ac® + ( -

rsl 25

15 -SBZsrsr-ac4

rsi12
j d2¢l11(rs12) + (—

4
ac’ + 3 5

rsi2

I8 -SAZsrsr'ac2 +

rsi2
~SBZsrsr-ac4 +

15
rs127

)~d](p]]](rs12))

3-msr2

rsl 22

18 s -SA2srsr-a02 — 3.mS’;2
rsl2 rsi2

i( L L -d4gl12(rs12)-SB2srti-ac” + (
48 rsi2

-SAZsrti-acz) d3p112(rs12) + (

4

6
rsl 25

-SB2srti- ac4

-SB2srti- ac4

15
rsl 26

) d2¢l12(rs12) + (—

+
rsl 23

18 1 -SAZsrti-ac2 + 3-Zsr22
rsl2 rsl2

-ac4 + -SA2srti -ac2 _3 -lsr32
rsi2 rsl2

d4pl13(rs12) .SB2sro-ac® + ( -

15
rsl2

1 1
-d]go]]Z(rs]Z)) + —- (
j 48 rs12*

-SA2sro

7 -SB2srti

5

-SBZsro-ac4 +

5 3

rsi2

15 p -SB2sr0~ac4— 184
rsi2 rsl2

+ i&rf ) d2@l13(rs12) + (— 15 S -SB2sro-ac* + 5
rsl2 rsl2 rsl2

rsl2
-SA2sro- a02

~acz) d3pl13(rsi2) + (

-SA2sro




cact — i&’f ) -d](p]]3(rs]2)) :
rsl2

=L (_1
> Ylsr3 = 43 (

rsi3*
-SA3srsr-acz) d3pll1(rs13) + (

s -SB3srsr

-d4pl11(rs13)-SB3srsr-ac® + ( -
rsi3

15
rs136

j-dZ(plll(rsl.?) + (-

-SB3srsr~ac4

4
-ac +

rsl 33

18 -SA3srsr-acz+ 3:msr3 15

rsl3 rs13 rsi3’
-SB3srsr-ac® + 18 -SA3srsr-ac® — 3emsr3 ) dlplll(rsi3) )

4

rsl3> rsl3’

I ( I -d4g0]]2(rs]3)-SB3srti-ac4+(— 6

rsl3
-SB3srti- ac4

-SB3srti- ac4

48 rsl3t S

-SA3srti-aczj -d3¢112(rs13) + ( 15

rsl3
3573 )~d2(p]]2(rsl3) + (
rsl3

-SA3srti -a02 _3 -lsr33
rsl3 rsl3

d4pl13(rsi3) .SB3sro-ac’ + ( -

+

3 6

rsl3
18

rsl3

4
-ac +

15
rsl3

)-dhpllZ(rsl.?)) + L( I
48 rsl3

-SA3sro

-SA3srti -ac2 +
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~acz) 30332 (rs38) + (

lo8

rs3 82
2 lo8

act —
rs383
d4¢p333(rs38) + | -

+ ) -d2¢332(rs38) + ( -SDSoti

48 z

)-d1<p332(rs38)j 46 (( I -SC800-ac4j
rs38

6 3 -SC800-ac4+ 3
rs38 rs38

15 5 -SC800-ac4 — 7 -SD800-ac2 + -&8)
rs38 rs38 rs382

-d2¢333(rs38) + | - 15 -SC800-ac* + -SD800-ac®
rs38

_ Mj-d1<p333(rs38)) :

-SD8oo- aczj

-d3¢333(rs38) +

7 S

rs38

6 1 4
> Y209 = — -SC9osr-ac’ | -d4¢331(rs39) + (—
48 (( rs39* j

3 -SC9osr
rs39

I -SC90sr-ac4

rs393

3 2
) -SD9%osr-ac” +
rs39 rs392
~ac4 + s -SD9osr~ac2 _ mo9
7s39 rs393

-SC90ti~ac4) d4332(rs39) + ( .

15
rs39

j -d2¢331(rs39) + (—

cact + -SD90sr-acz) ~d3¢331(rs39) + ( 6
15

rs39

6 1
'd1<p33](rs39)) + — ( (
) 48 rs39*
6

< -SCoti-ac* + —— -SDYoti
rs39 rs39°

15 c -SC90ti-ac4 — 2 -SD90ti-a02
rs39 rs39

15 > -SC90ti-ac4 + G
rs39 rs39

mo9

5 -SC9osr

-acz) 30332 (rs39) + (

lo9
rs392

+ -SD9oti

j d2¢332(rs39) + ( -




lo9
rs3 93

-d4¢9333(rs39) +

2 6

~ac

)-d]qo332(rs39)j

6

rs3 95
15

rs39
15
rs3 97
) 1333 (rs39) ) :
|

( ( rs310*

-SCIOosr-ac4 +

-d3¢333(rs39) +

6

d2¢333(rs39) +

po9
rs3 93
6

48

> Rol0 =

-SD10osr- ac2

rs310°

-SC1 00sr-ac4 — -SD1 OOSI"ac2

rs310*

15 scr0osract +

rs310
1331 (rs310) )

+ (
+ ( 15 - .SC10oti-ac* —
rs310

-d2¢332(rs310) + ( -

rs310°

(=

rs310*
.SC10oti-ac* +

6
T g

1

310°

6
rs310°

rs

rs310*

15
rs310°

lo10 j d19332(rs310) )

rs310°

6
+48

s
-SC900-ac4 +

4
-SC900-ac

-SC900-ac” +
-SC]Oosr-ac4J -d4p331(rs310) + (

-SD10osr-ac™ —

.SD10oti-ac® +

-SC10oti-ac* +

1
rs3 94

{

-SC9o00 -ac4j

3 -SD9oo-aczj
rs39

poY
rs39°

-SD9oo- a02

-SD9oo-ac2 +

rs3 94

|

rs3 95

6

rs310°
15

rs310°
j-d2¢331(rs310) + (

|

j -d3¢p331(rs310) + (
mol0

310°

2

_|_

rs
mol0

rs3103

-SC]Ooti-ac4) d4332(rs310)

-SD]Ooti-acz) -d3¢332(rs310)
lol0

rs310° )

-SD10oti- ac2

rs310°
]

( (—4 -SCIOoo-ac4)

rs310

449333 (rs310) + ( 6 .sC1000-ac* + —— -SD]Ooo-acz)
rs310 rs310
-d3¢333(rs310) + ( 15 5 -SC1000-ac* — y -SD1000-ac’
rs310 rs310

+ Mj-dzwﬁ(rssm) + ( 15 ~-SCI000-ac* + -
rs310° rs310 rs310
-SD1000-ac® — % ) -d19333(rs310) ) :
| rs310
6 1 4 6
> Yoll == — 7 SCllosr-ac’ |-d4¢331(rs311) + | - 5
48 |\ 5311 rs311

SClIosr-ac* + —— -SD]]osr-aczj-d3<p331(rs311) +( 3
rs311 rs311

SClIosrac* — —— -SD1losr-ac® + 1L j'd2¢331(rs311) + (
rs311 rs311



15 7 -SCIlosr-ac* + 3 : .SD1losr-act — m0”3 j
rs311 rs311 rs311

-d]go33](rs3]])) + 6 ( ( I 1 -SC]]oti-ac4) -d4¢9332(rs311)
48\ rs311

+(— 6 5-SC110ti~ac4+
rs311

+ ( B .sClioti-ac* -
rs311

d20332(rs311) + (

5 -SDlloti-acz) -d3¢332(rs311)
rs311

-SD]]oti~ac2 + 10—112 )
rs311

-SD1 ]oti-a02

rs311*

B sclioti-act + ——
rs311 rs311

)-d1<p332(r5311))+i(( ! 4-SC1100-ac4)
48 (\ rs311

6 3 -SC]]oo-ac4+ 3
rs311 rs311

15 -SC]]oo-ac4— -SDIIoo-ac2
rs311

j -d2¢333(rs311) + ( -

loll]
rs311°

-d4¢333(rs311) + (

-SD]]oo-aczj

-d3¢333(rs311) + ( G 1
rs311

poll 15 -SC]]oo'ac4+

rs311 rs311

SD1100-ac* — £21L. ) 'd](p333(rs311)) :
rs311

1
rs312

-SC]Zosr-ac4 +

3
rs311°

+

2 7

6

>}/2012==—(( 6

rs312°
15

rs312°
j -d2¢331(rs312) + (

4

T -SC]Zosr-ac4j -d4p331 (rs312) + (

3 -SD]Zosr-aczj -d3¢331(rs312) + (
rs312

) -SDI20sr'ac2 + m0]22
rs312 rs312

15 'SC120sr-ac4+ 3 s -SDI120sr-ac* — m0]23 j
rs312 rs312 rs312

-d]<p331(rs312)) 40 (( I -SC]Zoti-ac4)'d4(p332(rs312)

-SCIZosr-ac4 —

7

48 \ \ rs312*

+(— S —.scizoti-act + ——
rs312 rs312

-SD]Zoti-acz) -d3¢332(rs312)

+( > .sCizoti-ac* — —— -sD120ti-ac* + 10122)

rs312 rs312 rs312

-d2¢332(rs312) + ( 15 —-SC12oti-ac* + < -SD12oti-ac®
rs312 rs312

_ o2 j-d1<p332(rs312)j +i(( L -SC]200-a04j

rs312 48\ rs312

d4¢333(rs312) + (— 6 s -SC1200-ac* + 3 -SD1200'a02j
rs312 rs312

30333 (rs312) + ( L .sC1200-ac* = —2— -SD1200-a¢

rs312 rs312



+ Mzzj-d2¢333(rs312) + ( 15 +-SC1200-ac* + ;
rs312 rs312 rs312

.SD1200-ac® — 212 ) -d19333(rs312) ) :

i rs312°
6 1 4 6
> Yol3 = — -SC130sr-ac” |-d4¢331(rs313) + | -

rs313°
15

rs313°
j-d2<p331(rs313) + (

48 \ | rs313*
-SC130sr-ac4 +

s -SD13osr-aczj 30331 (rs313) + (
rs

1 -SD]30sr-ac2 + m0132
rs313 rs313

-SC]3osr-ac4 + 3 2_ mol3 j

-SC]30sr-ac4 —

15
rs313
6

-d](p331(rs313)) + — ( (

7 z -SD13osr-ac” —
rs313

rs313°
1 -SC13on'-ac4)~d4<p332(rs313)
rs313

48 4

+ ( 6 scisoti-act +

rs313° rs313°

+ ( 15 5 -SCISoti-ac4— 1 -SD]30ti~ac2 + 10132 )
rs313 rs313 rs313

B _.sci30ti-ac* + —>— -SD130ti-ac’
rs313 rs313

3 j-d]<p332(rs313)) + i(( I -SC]300-ac4)

48 (\ rs313

6 -SC1300-ac4 +

rs313
15

rs313

+ -&ij-d&pﬁﬂrsﬂj’) + ( 15
rs313 rs313

SD1300-ac — L2 ) -d]<p333(rs313)) :
rs313

> Yol4 = 6 (( I -SC140sr-ac4) -d4¢9331(rs314) + (-
48 rs314"

-SD13oti-acz) -d3¢332(rs313)

d2¢332(rs313) + ( -
lol3

rs313

4
]
rs313°

-SD1300-ac2

-d4¢9333(rs313) + (— :

-SD]300-acz)

'SCI300-ac4 —

-d3¢333(rs313) + ( c

rs313*
-SC1300-a64 +

7 rs313°

6

rs314°
15

rs314°
j-d2¢331(rs314) + (

-SCI40sr-ac4 +

3 -SD14osr~aczj -d3¢p331(rs314) + (

rs314

~SDl4osr-ac2 + m0]42
rs31 44 rs314

15 - -SCl4osr-ac* + 3 : -SD14osr-ac® — m0143 )
rs314 rs314 rs314

-d1¢331(rs314))+i(( I -SC140ti-ac4)-d4(p332(rs314)
48 rs314*

~SC140sr-ac4 —

+ ( 6 sClioti-act +

3 3 -SD14oti-acz) -d3¢332(rs314)
rs314 rs314



+( B scidoti-ac* — -SD14oti-ac® + 10142)
rs314 rs314" rs314

15 scrdoti-ac + .SD14oti-ac’
rs314
6

j -d1q0332(rs314)j + E ( (
6

rs314

15 5 -SCI400-ac4—
rs314 rs3144

+-&412)-d2<p333(r5314) + ( L .SC1400-ac* + ——
rs314 rs314 rs314

-SD1400-ac® — J% ) -d19333(rs314) ) :
rs314

1
rs3154

-SC]50sr-ac4 +

-d2¢332(rs314) + (— - z
rs314

lol4 -SC]400-ac4j

s34
d4¢333(rs314) + (—

1
rs3]44

~SC1400-ac4 +

-SD1400'a02j

5 3

rs314
-SD1400-ac2

-d3¢p333(rs314) + (

6

>}/2015:=—(( 6

rs3155
15

rs315°
j-d2<p331(rs315) + (

- ~SC15osr'ac4j 4331 (rs315) + (

pre -SD15osr-ac2) 30331 (rs315) + (
rs315

-SD150sr-ac2 + m0]52
rs3154 rs315

-SC]5osr-ac4 + 3 S -SDISOSr-ac2 —
rs315

1

rs3]54
1

rs315

-SC150sr-ac4 —

15
rs315
6

-d]go33](rs3]5)) + — ( (

mol5
7

rs315°
-SC]50ti-ac4) -d49332(rs315)

48
6 . 4
+ (- -SCl50ti-ac” +

rs315° 3

+( 15 -SC15oti-ac4—

~SD15oti-aczj -d3¢332(rs315)

rs315°
d2¢332(rs315) + ( -

SDI50ti-ac® + 212 )
rs315* rs315

15 g ~SC150ti-ac4 + z ~SDl5oti-ac2
rs315 rs315

6 1 4
-d](p332(rs315)) +-0 (( -SC1500-ac )
) 48 rs315*

6 s -SC1500-ac4+ 3
rs315 rs315

15 5 -SC]500-ac4 — 3 -SD1500-ac2
rs315 rs315°

j -d2¢333(rs315) + ( - .SC1500-ac* +

lol5
rs3153

d4¢9333(rs315) + ( -

-SD]500-aczj

-d3¢333(rs315) + (

pols5 15

rs315° rs315
SD1500-ac* — 2212 ) d1333(rs315) ) :
| rs315

[ 6 1 4
> Y20l6 == — (( -SCl6osr-ac j-d4<p33](rs316) + (—
48 rs316°

3

+ 5
rs315

7

6
rs316°




15
rs3166

) -d2¢331(rs316) + (

-SC]60sr-ac4 +

; -SD]60sr-aczj -d3¢331(rs316) + (
rs316

-SD]60sr-ac2 + m0]62
rs316° rs316

15 5 'SCI6osr-ac4+ 3 s 'SD]60sr'acz — Mj

rs316 rs316 rs316°

~d1<p331(rs316))+i(( I ~SC160ti-ac4)-d4<p332(r5316)
438 rs315‘

-SC]60sr-ac4 —

+(— S .scl6oti-act + ——
rs316 rs316

+( 15 -SCl6oti-ac* — .SD16oti-ac* + 10162)
rs3166 rs3151 rs316

15 : -SCl6oti-ac* + ; .SDI6oti-ac’
rs316 rs316

6 1 -SC1600-ac4)

~SD160ti-ac2) -d3¢332(rs316)

d2¢332(rs316) + ( -

lol6
rs316°

-d4¢9333(rs316) + ( -

j -d]g0332(rs316)) + — ( (
rs316°

48
6 4
s -SCl600-ac” +
rs316

15 4
-SCl60o0-ac” —
rs3166 rs3164

+-&62)-d2<p333(rs316) + ( B scl600-ac* + ——
rs316 rs316 rs316

SD1600-ac® — L10- ) d1333(rs316) ) :
rs316

1
rs3174

-SC1 70sr-ac4 +

1
3

-SD1 600'a62j
rs316

-SD1 600-ac2

d3¢p333(rs316) + (

6

>}/2017==—(( 6

rs317°
15

rs3176
)-d2<p331(rs317) + (

43 ~SC]7osr'ac4j -d4¢p331(rs317) + ( -

3

.SDI 7osr-aczj 30331 (rs317) + (
rs317

-SD1 7osr-ac2 + m0]72
rs3174 rs317

15 > -SC170sr-ac4+ 3 3 -SD17osr-ac2 — m0]73 )
rs317 rs317 rs317

-dlp331(rs317) ) + 6 ( ( ! -SC]70ti-ac4) -d4¢9332(rs317)
438 rs3174

+ ( 6 < -SCl7oti-ac* + I 3
rs317 rs317

+( 15 -SC17oti-ac* — .SD170ti-ac* + 10172)
rs317° rs317" rs317

15 g ~SC170ti-ac4 + = -SDI7011'~ac2
rs317 rs317

6 1 4
-d1<p332(rs3l7)) + 0 (( -SC1700-ac )
) 48 rs317*

-SC1 70sr~ac4 —

.SD1 70ti-acz) -d3¢332(rs317)

d20332(rs317) + ( -

lol7
rs31 73




6 3 -SC]700-ac4+ 3
rs317 rs317

15 3 -SD1 700-ac2

-d4¢9333(rs317) + ( - -SD1 700-aczj

4
-SCl700-ac” —
rs3]76 rs3174

+ L]Zj-d2<p333(rs3l7) + ( 15 —-SC1700-ac* + :
rs317 rs317 rs317
.SD1700-ac® — 227 ) 1333 (rs317) ) :

rs31 73

-d3¢333(rs317) + (

6 1

> 20l8 :z—(( 4-SC]8osr-ac4j-d4q0331(rs318)-l—(— 6
438 rs318

rs318
15

rs318°
j -d2¢331(rs318) + (

-SC]80sr-ac4 +

3 -SD]8osr-aczj -d3¢331(rs318) + (
rs318

) -SDISosr'ac2 + mol&
rs318 rs318

15 .SC18osr-ac* + 3 5 .SD18osr-ac® — _m0183 j
rs318 rs318 rs318

-d]<p331(rs318)) 40 (( I -SC]80ti~ac4)-d4(p332(rs318)

-SCI80sr-ac4 —

7

48 \  rs318*

+(— S .scisoti-act + ——
rs318 rs318
lol8

+( B scisoti-ac* - 4-SD]80ti-ac2+—)
rs318 rs318 rs318°

15 scisoti-ac + .SDI18oti-ac’
rs318 rs318
6 ]

j -d19332(rs318) j + ( (—4 -SC]800-ac4j
48 | rs318
6 ~SC1800-ac4 +
rs318
15 : -SC1800-a04— )
rs318 rs318

+M)-d2¢333(rs318) + ( B sC1800-act + ——
rs318 rs318 rs318
-SD1800-ac> — L218_ ) -d19333(rs318) ) :
rs315ﬁ
6 |

> 2019 = | ——
48 (( rs319*

.SC190sr-ac* +

-SD18oti-ac2) -d30332(rs318)

7

-d2¢332(rs318) + (— :

lol8
rs318

d4¢333(rs318) + ( -

1
rs318

S

3 -SD1800'a02j

30333 (rs318) + ( -SD1800-ac?

6

rs319°
15

rs319°
j-d2<p331(rs319) + (

~SC19osr'ac4j d4331 (rs319) + (

pre -SD190sr-ac2) 30331 (rs319) + (
rs

mol9
rs319* rs319°

15 5 -SC190sr-ac* + 3 : -SD190sr-ac* — m0]93 j
rs319 rs319 rs319

-SC190sr-ac4 — -SD19osr-a02 +




6

-d](p33](rs3]9)) + — ( ( !

rs319*
6 . 4 1
+ | - -SC19oti-ac” +

48

rs319° rs319°
+ ( 15 sci9oti-ac —

rs319°

d2¢332(rs319) + ( -

rs319*

15
rs319’

lol? ) -d19332(rs319) ) n

rs319°

6
48

\ 4

+ 12018 + 2019 :

\ 4 #Calculating the parameter gamma vy
|:> wri=4-( ylsr +2sr) :
|:> Wi = 4-( yiti+2t) :

_|:> 10 :=4-(vlo+ 7o) :

-SC19oti-ac* +

-SC]90ti-ac4) -d4¢p332(rs319)

-SD]90ti-acz) -d3¢332(rs319)

lol9

'SD]90ti'acz + —

rs3]92

rs319°

rs319*

(( 1 -SC19oo-ac4)

-d4¢9333(rs319) + (— 6 G -SC1900-ac* + 3
rs319 rs319

-d3¢333(rs319) + ( 15 5 .SC1900-ac* — 7
rs319 rs319

+ Mj-d2¢333(rs319) + ( 15 ~-SC1900-ac* +

rs319° rs319
-SD1900-ac® — 22 ) -d19333(rs319) ) :
L rs3]93

> Yo = Yol + 202 + 203 + Y204 + 205 + 206 + 207 + Y208 + 209
+ 2010 + 2011 +R2012 + P20l3 +20l4 + Rol5 + 2016 +Rol7

\ 4
V #Parameters for A

> x .= hp—w :

L 2-0
> al =1+ % :

B 2
> al = 13—3 + % - x - coth(x) + %-xz- (coth(x)) :

i —25
> a3 = R %-x- coth(x) — 53—0 X (coth(x) )2— 13—6 X

- (coth(x))*— %-x4- (coth(x))*:

-SD19oti- a02

-SD]900-aczj

-SD1 900-ac2

rs319°



> a4 = Rl + 23 x - coth(x) + 169 b (coth(x))z-l— 83 X
3 2 3 3
(coth(x))’ + % X" (coth(x))* + % X+ (coth(x))’
I 105 749 363 > 391 3
> ald 3 S x - coth(x) ) x" - (coth(x)) 3 X
(aﬂz(x))t% o (coth(x))4—% X (coth(x))s—%-x(’
_ . (coth(x))6:
> a6 : =65+ 52£ -x - coth(x) + 14389 e (coth(x))2+ % 3
- (coth(x))’ + 72—3 X' (coth(x))* + 1‘2‘—5')?- (coth(x)) + 3—1
0 (coth(x))6—|— %'x7- (coth(x))7:
V 4 Formular of A
2 3 4 5
2 0 3 0 4 0 5 0
>A=al+y - —F-a2+y - —F-a3+y -—~-ad+y - —5-ad
K K° K K"
76' e6
+ 2 - a6 : fA == unapply(4, K, ,v, 0, hp) :
\ 4
| [ a4 = diff (4, 0) : fdd == unappiv(dA, K, o, v, 8, hp) -

V¥ #Atomic displacement yo
276 4

O ] : fyo = unapply(yo, K, ®, v, 6, hp) :

> yo = sqrt[

V¥ # Formular for calculating linear thermal coefficent

S rodai i M.(l +E.@£):
(a-0) 2 Ap

| > foT = unapply(nodai, yop, 0, Ap, dAp) :

V¥ #Formular for calculating Cv

2 .
> xcv = howey tamev =3 - kb - ( (x7) > T 2 egv ’ ((2 “2cv
2-0cv (sinh(xcv))

kev

Ylcv ) (xcv)3-coth(xcv) n Ylev 1+(’CC—")2 —Y2cv
3 3 ( )’

4 A §
. ( xev 4 2 xev - (coth(xcv)) ] ) ] : fev = unapply( tamev,
(

+

(sinh(xcv) )2 sinh (xcv

sinh (xev))* (sinh(xcv))?



|_|_ Ocv, wev, kev, ylev, R2cv) :

wli—l

\ 4
\ 4
wsr ) h - ot h - wo
> Xsri= tXt = X0 =
L 0 2-06 2-0
\ 4
> d2nltdsr =3 - 1 ~d2uOsr +0- | xsr- coth(xsr) | d2ksr—
3 2 ksr 4-ksi?
2
. (d]ksr)2 . [xsr- coth(xsr) + Lz ) ]] cd2nltdti == 3 - (
(sinh(xsr))
- d2u0ti + 8- | xsr PN o - (dlki)? - | xti
2- kti 4kttt
2
- coth(xti) + Lz ) J) :d2nltdo =3 - (L ~d2ulo + 0- (xo
(sinh (xti)) 3
coth(xo) 2
c——— - d2ko— 5 (dlko)” - | xo-coth(xo)
2 ko 4-ko
2
)|
L L (sinh(x0))
\ 4
V #Nearest neibourgh distance a:
_|:> a=rll:
\ 4
_|:> ksrso = evalf (ksr) : ktiso := evalf (kti) : koso = evalf (ko) :
V#ow
|:> wsrso = evalf (wsr) : otiso = evalf (wti) : woso := evalf (wo) :
[>
NS
VY # v1

_|:> ylsrso = evalf (ylsr) : yltiso = evalf (yiti) : Yloso = evalf (ylo) :

\EX7
_|:> Rsrso = evalf (12sr) : P2tiso = evalf (2ti) : Roso = evalf (}20) :




\ 4

\ 4

\ 4

#y
> wrso = 4-( ylsrso + 12srso ) : iso == 4-( yltiso + Ptiso) : Wso = 4
( yYloso + 20s0) :

> Asrso = evalf ( fA(ksrso, wsrso, prso, 0, h) ) : Atiso := evalf (fA( ktiso,

otiso, Yiso, 0, h) ) : Aoso := evalf ( fA( koso, woso, Wso, 0, h) ) :

> dAsrso = fdA(ksrso, wsrso, Brso, 0, h) : dAtiso = fdA(ktiso, wtiso, Yiso,
0, 1) : dAoso := fdA( koso, woso, Wso, 0, h) :

> yosrso = evalf ( fyo(ksrso, wsrso, rso, 0, h)) : yotiso := evalf (fyo(ktiso,

wtiso, Yiso, 0, h) ) : yooso := evalf ( fyo(koso, woso, wso, 0, h) ) :

\E Calculating atomic displacement yo and linear thermal coefficent

> T1:=298:T2:= 2290 : stepT := 83 : Knhiet :=
array(1..(Knhiet+ 1)) :

2= : NhietdoT :=
stepT

# yo
> riIT = array(1..(Knhiet + 1)) : acT := array(1..(Knhiet+ 1)) : yosto
L = array(1..(Knhiet+ 1)) :
> forifrom1 by 1 to (Knhiet+ 1) do
0 = kb-(TI + stepT- (i — 1)) : dichuyenSr = evalf (yosrso); dichuyenTi
= evalf (yotiso); dichuyenO := evalf (yooso); yosto[i] = evalf (nsr
-dichuyenSr + nti-dichuyenTi + no-dichuyenQO); riT[i] == a + yosto[i];
acT[i] == 2-riT[i];
end do:

# Linear thermal coefficent

> ofsr == array(1l..(Knhiet + 1)) : alti := array(1..(Knhiet+ 1)) : alo

_ = array(1..(Knhiet + 1)) : alsto := array(1 ..(Knhiet+ 1)) :

[ > 0 :="0"

> forifrom1 by 1 to (Knhiet+ 1) do

0 := kb- (TI + stepT- (i — 1)) : oTsr[i] := evalf (foT (yosrso, 0, Asrso,
dAsrso) ); ofti[i] = evalf(f(xT(yotiso, 0, Atiso, a’Atiso) ); odo[i]
= evalf(focT(yooso, 0, Aoso, dAoso) ); oTsto[i] == nsr-odsr[i] + nti
-alti[i] +no-adoli];

end do :



\ 4

4

#Cv

\ 4

> cvsr = array(1..(Knhiet+ 1)) : cvti == array(1..(Knhiet+ 1)) : cvo
= array(1..(Knhiet + 1)) : cvsto = array(1..(Knhiet+ 1)) :
L cvmolsto == array(1 ..(Knhiet+ 1)) :
[ > 0 :="0"
> forifrom1 by 1 to (Knhiet+ 1) do
0 :=kb-(T1 +stepT-(i — 1)) : cvsr[i] :== fcv( 0, wsrso, ksrso, Yylsrso,
2srso) : evti[i] = fev(O, wtiso, ktiso, Yltiso, 12tiso) :
cvoli] == fcv( 0, woso, koso, yloso, yZoso) . cvsto[i] == nsr-cvsr[i] + nti
-evti[i] + no-cvolil; cvmolsto[i] = cvsto[i]-Na :
end do:

#Numberical calculation of Kapa for SrTiO3: kapasto.

| > kapasto := array(1..(Knhiet+ 1)) : d2nltdsto := array(1 ..(Knhiet+ 1)) :
[ > 0 :="0"
> forifrom1 by 1 to (Knhiet+ 1) do
0 :=kb- (Tl + stepT- (i — 1)) : d2nitdsto[i] := evalf (nsr-d2nltdsr + nti
-d2nltdti + no-d2nltdo) : kapasto[i]
3_( FIT[i] )3

a

= evalf 5

m ~d2nltdsto[i]

| > cpsto == array(1 ..(Knhiet+ 1)) : cpmolsto := array(1..(Knhiet+1)) :
[ > 0 :="0"
> forifrom1 by 1 to (Knhiet+ 1) do

0 :=kb-(T1 +stepT-(i — 1)) : cpsto[i] == evalf[cvsto[i]

(9.9. (§ ) : (r]T[i])3'(OCTS10[i])2)

5
+ (kb-kapasto[i])

] : cpmolsto[i] := cpsto[i]-Na :

end do:
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