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MO PAU

Nghién ctru m6 hinh mang spin luén nhan dugc nhiing quan tam
dic biét trong 1y thuyét chét rdn hién dai. i v6i hé tir tinh twong tac
manh, cac mo hinh spin c6 ¥ nghia quan trong trong hiéu biét va du
doan cac tinh chat vat 1y cua cac ho vat liéu tur tinh.

Lop cac vat liéu tir nhan duoc su cha y dac biét gén day la cac
hop chét co chira cic dam nguyén tir tir tinh khac nhau tuong tac véi
nhau, cdc nam cham tir hinh hoc frustration'... Trong cac vat liéu nay
qué trinh chuyén pha déu xay ra dudi tac dung cta tir trudng ngoai.
Qua trinh tir hoa 1y thu duge quan tim nghién ctru nhiéu 13 qua trinh
tir hoa loai I voi dac trung 1a cac bude nhay trong dudng cong tir hoa.
Céc budc nhay nay trong dudng cong tir cia cac da tinh thé perovskite
Mangan déu lién quan dén sy canh tranh ciia cac dam sat tir (FM) va
phan st tir (AF) cung ton tai ¢ ving nhiét 6 xac dinh. Cac ddm FM
va AF hinh thanh tir canh tranh twong tac siéu trao dbi giita cac i6n
Mangan cung hoa tri voi cac twong tac trao doi kép giita cac i6n
Mangan khac hoéa tri. Khi truong ngoai dugc dat vao, canh tranh gitra
hai dam tuong tac FM va AF da gay ra cac budc nhay tir.

Hién twong th vi ndy ciing xdy ra trong cac vat lidu tir ¢6 ciu tric
hinh hoc frustration nhur SrCux(BOs), va tetraboxit dat hiém RB4. Cac
hop chét nay bao gdm 16p lién két yéu ctia cac ion tir sap xép trong mang
tuong duong voi mang hinh hoc Shastry — Sutherland. Nguoi ta 3 quan
st thay chudi budc nhay xay ra & cac gia tri phan s cia mémen tir ti
dbi. Cac két qua nay da kich thich nd luc nghién ciru ciia cac nha khoa
hoc vé mang hinh hoc frustration Shastry — Sutherland. Trong hé thong
frustration, khong thé xay dung duoc trang thai co ban v6i ham ning
luong cuc tiéu va cAu trtic hinh hoc frustration dugc biét dén 14 loai hinh

! Twong tac tir frustration 1a tinh chét trong d6 spin khong thé sip xép dinh
hudng khi tuong tic véi cac spin 1an can dé hé dat dwoc nang luong cuec tiéu.
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hoc c6 tinh chét bién ddi trong twong tic nhu hdn hop cua lién két FM
va AF.

Céc két qua thue nghiém doc dao da thu hut cac nha khoa hoc bit
tay vao tim kiém mo hinh vi mo dé giai thich ban chét cta hién twong
Xay ra trong cac vat lidu tir. Cac hop chét tir perovskite Mangan tir va
tetraboxit RB4 c6 hiéu g truong tinh thé 16m c6 thé duge mo ta tét
bdi mé hinh Ising. Vi thé, ching t6i khao sat mé hinh Ising canh tranh
tuong tac FM va AF v6i muc dich giai thich ngudn gdc ciia qua trinh
tir hda xay ra trong cac loai vat li¢u ké trén.

Mot linh vuc khac ciing thu hat sy cha ¥ cia cong dong nghién
ctru 1a chuyén pha trong cac hé tuong quan manh. Vao dau thé ki 20,
phat minh vé hién tuong siéu din duoc cong bd mo ra rat nhiéu img
dung trong khoa hoc vat li¢u. Nhirng nd luc nghién clru tim kiém ban
chat vét 1y pha siéu din & nhiét d6 cao di tao cac hudng nghién ctru
méi cho cac hé twong quan manh. M& dau 1a phat hién tinh siéu long
trong nguyén tir He* ctia Kapitza cho thay vai trd quan trong ciia trong
tac trong qua trinh hinh thanh céc pha lugng tir di thuong. Nguyén ti
He* duoc xem xét nhu hat boson. Trong qua trinh phat trién khéao sat
cho hé hat boson, cac nha khoa hoc da thu dugc mot Kkét qua bét ngo.
D6 1a tham sb trat tu ngoai duong chéo tam xa (ODLRO?) dic trung
cho tinh siéu 1ong (SF) c6 thé ton tai dong thoi cung v6i tham s trat
tu duong chéo tAm xa (DLRO?) dic trung cho tinh dinh xtr ctia cac hat
ma vé ban chét hai thudc tinh nay loai trir 1dn nhau. Day chinh 1a dic
diém cua pha siéu rin duoc goi tén boi Penrose va Onsager vao nim
1956. Cong cude nghién kiém tim kiém pha siéu ran chi thuc sy bung
nd sau khi Andreev — Liftshitz va Chester dua ra quan diém cho rang

2 Ma tran mat d6 hat n(r, r’) = (1 ()Y (")) tién t6i gia tri ng # 0 khi r —r’
— 00 ¢6 nghia 1a hé ¢6 trat tu ngoai duong chéo tim xa ODLRO.
3 Ma tran mat do hat n(r, r’) = (T () (r")) khi r =’ thi n(r, r’) = n(r,r)
= n(r) va n(r) thoa min diéu kién n(r + T) = n(r) c6 nghia hé c6 trat tyr
duong chéo tam xa DLRO.
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cac khuyét tat c¢6 thé di chuyén tu do trong hé thdng va ngung tu Bose
- Einstein - mot trang thai vat chét cling dugc dac trung bdi tham $6
trat twr ODLRO va duong nhu ¢6 lién hé mat thiét v6i tinh SF.

Moi nd lyc tim kiém pha SS trong cac tinh thé thyc déu thét bai do
tap chat va khé diéu khién cac twong tac bén trong. Do d6, mét hé thong
sach, khong chira tap chét va d& diéu khién cac tham sd vat 1y 1a nhu cAu
thiét yéu. Mang quang hoc xuit hién trong vat Iy gin diy mo ra 16i thoat
trong nghién ciru thuc nghiém tim kiém pha siéu ran. Gan déy, cac tin
hiéu tich cuc cta pha siéu ran dong loat dugc xac nhén trong céc thi
nghiém mang quang cho cac nguyén tir si€u lanh. Mat khac, dong luc
hoc ciia cac nguyén tir siéu lanh trén mang quang duge mé ta ddy da boi
mo hinh Bose — Hubbard. Hang loat két qua nghién ciru 1y thuyét va mo
phong cho mé hinh Bose — Hubbard déu chi ra pha siéu rin dugc 6n
dinh boi cac trong tac tim xa nhu tuong tac 14n cin gan nhat (NN) va
lan can gn thir hai (NNN) cho ca truong hop hat boson 13i cimg va
boson 18i mém. Nhung hau hét déu 1a SS gay ra boi khuyét tat gitra niit
& phia trén mét d¢ tinh thé. O bén dudi mat do tinh thé, hién tugng phéan
tach pha xay ra, hé thong chira hdn hop pha SF va pha tinh thé.

Mot yéu tb khac dong vai trd hd tro hinh thanh pha siéu ran 1a
dién thé ngoai tuan hoan. Ching t6i di khao sat cho mo hinh hat boson
16i ctmg dudi biéu hién ciia tuong tac gitta cac nut NN va dién thé
ghim tudn hoan, pha siéu rin duogc tim thiy & ca hai phia ctia mat do
tinh thé twong (mg véi siéu rin dugc giy ra boi khuyét tat 15 trong va
khuyét tat gitra nut. Cau hoi dugc dat ra la dién thé ngoai tudn hoan c6
thé 1am phat sinh pha siéu ran gdy ra boi khuyét tat 18 tréng trong mo
hinh chi ¢6 tuong tac tim ngin hay khong? Do d6, van dé tht hai ma
chung t6i quan tdm chinh 14 tin hiéu cta pha siéu rin trong mé hinh
Bose — Hubbard ciia hat boson khi c6 dién thé ghim.

Trong luan 4n nay ching toi tién hanh khao sat pha va chuyén
pha trong cac mé hinh mang hai chiéu 1a: mé hinh spin Ising ¢6 canh



tranh twong tac va mo hinh Bose — Hubbard chu yéu bang phwong

phap mo phong.

Noi dung nghién ciru

1. Khdo sat anh huong clia xac suat phan b, thing giang trong
tuong tac lén qua trinh tir hoa trong md hinh Ising cho mang vudng va
mang Shastry — Sutherland

2. Khao sat gian d6 pha va cac tham sb trét tu dic trung trong mé
hinh Bose — Hubbard ciia cic hat boson 15i cimg va 16i mém dudi tac
dung dién thé ghim tuan hoan.

Phwong phap nghién ctru

Phuong phép giai tich trudng trung binh két hop vdi tinh toan sb
trén 1ap trinh Matlab khao sat cho md hinh Ising c6 canh tranh tuong
tac.

M6 phong Monte Carlo cb dién véi thuat toan Metropolis sir
dung dé khao sat mé hinh Ising v&i thing giang trong tich phan trao
d6i trong mang Shastry — Sutherland.

Phuong phép Monte Carlo lugng ttr v6i thuat toan Worm dugc
ap dung d& mo6 phong cho hé hat boson twong quan manh trong mé
hinh Bose — Hubbard.

Y nghia khoa hoc ciia luin 4n:

Nghién ciru da thu duge céc két qua méi sau:

» Da giai thich qua trinh tir héa loai I (c6 cac budc nhay tir trong
dudng cong tir hoa) ciia mot sd perovskite Mangan dua trén mo
hinh Ising c6 tich phan trao d6i thing giang.

> Chi ra anh hudng ciia thing giang clia trong tic va xac suat thing
giang 1én qua trinh hinh thanh cac budc nhay phén s tir trong mé
hinh Ising trén mang Shastry — Sutherland.

» Chi ra kha nang ton tai ctia pha siéu ran & 1an can mat do pha tinh
thé trong mo hinh hat boson 15i cimg va 16i mém trong mang
vudng.

Céu tric ludn an



Chuong 1: Trinh bay 1y thuyét vé pha, chuyén pha, Iy thuyét
Landau trong chuyén pha tir va dic diém ctia mot sé pha di thuong
trong chuyén pha luong tu.

Chuong 2: Dé cap dén tinh toan giai tich cho mé hinh Ising c6
canh tranh tuong tic va két qua nghién ctru anh hudng ctia x4c suat va
d6 thing giang cua tich phan trao dbi 1én duong cong tir trd cling voi
két qua so sanh dudng cong tir hda va tir tré gitta mo hinh 1y thuyét
v6i thue nghiém cho cac vt liéu perovsike Mangan.

Chuong 3: Gidi thiéu vé mé hinh Ising c6 canh tranh tuong tac
trong mang Shastry — Sutherland, phuong phap Monte Carlo ¢b dién
v6i thudt toan Metropolis va trinh bay cac két qua khao sat anh huong
clia xac suét thang giang, d thing giang trong duong cong tir hoa.

Chuong 4: M6 ta phuong phap Monte Carlo Iugng tr voi thuat
toan Worm va mé hinh Bose — Hubbard ctia cac hat boson trong mang
vuéng hai chiéu.

Chuong 1: Tong quan vé pha va chuyén pha
1.1. Pha va dac trung pha

Pha 1a trang thai ctia hé nhiét dong duoc dac trung bai tinh déng
nhét trong d6 cac tinh chét vat 1y va thanh phﬁn hoéa hoc tai moi diém
déu nhu nhau hodc néu c6 bién doi thi ching bién doi lién tuc tir diém
nay sang diém khac.

Qué trinh chuyén pha c6 thé chia thanh hai loai la: chuyén pha
loai I va chuyén pha loai II. Trong chuyén pha loai I, trang thai bj bién
d6i dot ngdt, dao ham bac nhat ctia ham thé nhiét dong bi gian doan tai
diém chuyén pha. Chuyén pha loai IT ham thé nhiét dong va dao ham
bac nhét cta cac thé nhiét dong lién tuc nhung dao ham béc hai cua

thé nhiét dong thi bi gian doan.



Tham s trat ty 1a dai lugng phan anh trang thai cua cac pha, ky
hiéu 14 m. Tham sb trat tu m thay ddi tir gia tri m = 0 (trang thai mat
trat tw tuyét dbi) dén m = 1 (trang thai trat tu tuyét déi).

Hién tugng téi han 1a hién tuong li€n hé voi nhitng biéu hién dic
biét cta vat chét khi & gﬁn hodc & tai diém chuyén pha lién tuc (con
duoc goi la diém toi han). Trong nhiét dong luc hoc, diém t6i han la
diém cudi cta dudng cong can bang pha.

1.2. Chuyén pha tir

Ap dung 1y thuyét landau cho chuyén pha tir hay 1y thuyét truong
trung binh ¢6 thé xac dinh duoc cac chi sb t6i han c6 giatrif=1/2va
6 =3.

1.3. Chuyén pha lwong tir

Chuyén pha lugng tir 13 qua trinh chuyén pha xay ra khi thay ddi cac
tham s6 nhu ap Sudt, tir truong hodc thanh phén héa hoc ..o khong 3o
tuyét d6i T =0 K.

Mt 56 pha lwong tir di thuwong:

Pha siéu 16ng (SF): 1a dac tinh duy tri dong chay lién tuc, khong
ma sat ctia mot chat. Hién twong SF lién quan véi sy ngung tu Bose-
Eistein. Trong trudng hop xay ra ngung tu Bose-Einstein, hé thong s&
biéu hién trat ty tim xa ngoai duong chéo ODLRO.

Pha siéu rin (SS): 1a mdt trang thai luwong tir ki la cia vat chét
trong d6 cac phan tir vira sip xép theo céu tric tinh thé dong thoi biéu
hién tinh chit chay khong ma sat. Nhu vdy, pha SS cung ton tai hai
loai trat ty khac nhau: trat ty duong chéo tam xa DLRO dugc mo ta
thong qua hé s6 ciu tric tinh S(k) dic trung cho ciu tric tinh thé va
trat ty tim xa ngoai duong chéo ODLRO dic trung cho tinh chat SF.



Chuong 2: Qua trinh tir hoa loai I trong perovskite Mangan
2.1. M6 hinh Ising véi canh tranh twong tac sit tir (FM) — phan
sit tir (AF)
Hamiltonian cho trong hé spin S = 1/2 ¢6 hinh chiéu theo phwong z
la S7 =0;/2 (trong d6 o; = +1):
H:—%ZJMO',O',(—/JBhEZO'i (2.1) . N

izk i

Trong d6:0;, o : spin ¢ vi tri nat thir i va k.

Ji: tich phan trao ddi giira hai nit mang i va k; h.:

tu truong ngoai dat vao trong don vi ndng lugng J. 7
Jir > 0 tuong tac la FM; Jx <0 tuong tac 1a AF. Hinh 2.1 Mg hinh Ising
Canh tranh twong tac gitra cac dam spin FM va AF theo quy luét phan
bd xac sut:
P(J,) = pSLJy =Ty 1+ (1= p)SIT, = J 1] (2.2)
Jo, =JA+A)J . =J(1-A)lagia tri trung binh cia cuong do tuong
tac FM va AF; J 1a gié trj trung binh cua tich phan trao ddi va dwoc
chon bang 1; A 13 d6 thing giang cua tich phan trao ddi (khéng c6 thir
nguyén).
2.2. Gidi tich truwdng trung binh cho mo hinh Ising c6 canh tranh
tuong tac
Mo men tir ti d6i trung binh trén mot niit mang:
n=((o:), 23)
Ap dung hé thirc Callen, gia tri trung binh nhiét dong ctia mémen
tir ti d6i dugc tinh boi cong thire:

(o) =(tanh BE ) (2.4)

. o h
Trong do: E 22‘]‘;{"1 +guh ; Dat h:L;a:f =Jp.
J
k



Tinh trung binh theo phan bd ngiu nhién cta twong tac (ky hiéu 1a
(...),) ta xac dinh duoc moémen tlr trung binh trén mdi nit mang:

m=Y C'4,(a,p,A,z,hym" 2.5)

n=0

C} 1a hé s0 nhi thirc, va hé s6 4, dugc xac dinh:

4= wsm(amﬁ)m 2.6)
N 2
0 smh()
2
a= pcos[ﬂJ(1+A)t]+(1—p)cos[ﬂ](l—A)t]

b=psin[J(1+A)t]+1-p)sin[ps(1-A)¢]
Theo 1y thuyét tir tré khdng 16 xuyén ngam, tir trd ti dbi trong trudng

2.7)

ngoai dugc danh gia theo cong thirc:
oz, h) 1

MR (2.8)

P 14 d phan cyc electron dan, p(z, h) 1a dién tro suét khi ¢o truong
ngoai A & nhiét d6 7, p, () 1a dién tro suat khi khong co truong ngoai.
Phan cuc electron bao hoa dugc tinh boi cong thirc:

moy oyl
P = ”IT +n¢ = tanh [Jz'(stzg +2]] (29)

2.3. Chuyén pha tir trong mé hinh Ising canh tranh twong tac

2.3.1. Ung dung mé hinh Ising "
khdo sdat dwong cong tir hoa trong
vét liéu ProsCaosMng.95C00.0503

Hinh 2.2: D6 thi so sanh két qua 1y thuyét va

Tir 6 (pa/f u)

thue nghiém cho duong cong tir hoa, cac tham os] i

o —a— Ly thuyét
P o Thire nghidm T=23K

6 ciia dwong Iy thuyétlaz=4,p =0.41, A = R S T S

Tir trudmg H (T)

1.04



Bdng 2.1: So sdnh gid tri mémen tir va tir truong t6i han giita Iy thuyét va thuc

nghiém cho mau Pro.sCao.sMno.9sC00.0503

bai Ly thuyeét Thire nghiém
lrong

m(jip) 1.1200 0.7000 1.3740 0.8802

He(T) 2.1765 4.6640 2.3200 4.5114

Hinh 2.2. va bang 2.1 thé hién dudng cong tir hoa theo 1y thuyét co hai
budc nhay kha tuong ung véi budc nhay tr do dugce trong vat ligu
Pro.sCa0sMngosC00.0s0s. Biéu hién momen tir ting mot cach dot ngot
O gia tri tor truong ngoai xac dinh (cac budc nhay tir) twong ung voéi
qua trinh chuyén tir hoa 1.

2.3.2. Sw phu thujc ciua tir tré vao tic truong ngodi

» Duong tir tré ¢ cdc 10

nhiét do khdc nhau " R
B ] B § 0ot v =003
O nhiét do thap T =0.01 va 2 08 A
\ . . ) \
T = 0.001, duong tr tro 5 \
xuat hién hai budc nhay £ o [ SCT.
r-] 07 T
tuong ung véi chinh hai N
0.5 SR SS S

budc nhay trong duong YRR P Py

cong tur hoa. Tang nhiét do Tir trwimg ngodi h
1én 7 = 0.03, budc nhay t

Hinh 2 3: Db thi 5w pie thude eia tir frer i i

bi bién mat, tr tro giam oS g Veio He Frieomg ngodi o cde Mgt do T

tuyén tinh theo tur tm(‘mg Hhac mhauveiz =4, p=041 A =104
ngoai nhu biéu dién trong S, =3/2 JgJ=3.
hinh (2.3).



> Puong tir tré ¢ nhiét dg thdp khi xdc sudt ciia tirong tdc va

thang gidng ciia tich phdn trao déi thay doi.

1.0

1.0
P —p=0.2 [eesa e, =—A=103
Lo . o p=0.4 - A=104
. 09 b 0.1 A\t
< - < .t
< o8 o e, 2 08 B
= -
3 e
= 074 . 1 = L] .
S e 2 07
£ N ,
- \ £
0.6 3
(= L] g 0.6 4 . .
. \
054 L .
0.5 R |
. T
0.05 0.10 0.15 0.20 T T T
0.05 0.10 0.15 0.20
Tr trwémg ngoai h Tir trwdng ngodi h

Hinh 2.4: D6 thi phu thugc ciia tir tré ti doi . )
_ Hinh 2.5: D6 thi tir tro ti doi phu thuéc
vao tu truong ngoai cho hai gia tri phdan bo
vao thang giang A khdc nhau véiz = 4,

xdc sudt khac nhaup = 0.2vap = 0.4 véi z
p=021=001S,, =3/2 JuJ=3.

=4,A=1.031t=0.01, Stzg =3/2, Ju/J= 3.
Tur hinh 2.4 c6 the thay xac suat phan bo tac dong 1én do 1on cuia tir tro

h¢ thong. Con thing giang A tac dong lam thay ddi vi tri ciia cac bude
nhay tir nhu biéu dién trong hinh 2.5.
> So sanh dwong tir tré Iy thuyét va thue nghiém

Bang 2.2: So sanh gia tri tir tro va tur

20004, L —wThye nghi¢m T=2.5K
L} o Ly thuyét N , . i~ , A
_ s truong toi han giita ly thuyét va thuc
E 1500 .
o & nghiém cho mau ProsCao.sMno.97Gao.030s.
= 1000
£ p (Qem) He(T)
E  so0 L. — — — —
. Ly thuyet | Thue nghiém | Ly thuyet | Thye nghiém
° ) 7w
Tir trudmg H (T) 1716.1 1688.58 3.9269 3.9633
Hinh 2.6: D6 thi so sanh dwong tir tré theo
, £ N A = 525 4 3
Iy thuyet va thuc nghiém cho mau I2348 38018 80773 71041

ProsCao.sMno.97Gao.os0s. Puong cong ly
thuyét dwoc vé o cdc tham s6z= 4, 4=1.03,

T=0.001, p = 0.35, S, = 3/2, Juld = 3.



Chuong 3: Buéc nhay phéin s tir trong mé hinh Ising trén mang
Shastry - Sutherland

3.1. Mang Shastry — Sutherland

Mang Shastry — Sutherland 12 m6 hinh

\
\

I
mang hai chiéu mo ta tuong tac gitra cac \ \

\
\

vi tri 1an can gan nhat va 1an can gan thir /

hai nhu trong hinh 3.1. \ \ \ /
Hinh 3.1: Mang Shastry — Sutherland voi \_ \ \

NN Jva NNN J.

\
\

3.2. M hinh Ising mét trt tw trong mang Shastry —Sutherland
Hamiltonian:
H=Y IS8+ Y J,8S8 - hz LA (3.1)
(u4) {40}
Jix: twong tac gitra cac vi tri 1an can gan nhat NN, J .. tuong tac gitta
cac vi tri lan can g?ln thir hai NNN .

Tich phan trao d6i J;, va J';, dugc ldy theo quy luat xac suit p va p’

xéc dinh: P, = p8(J =J) + (1= p)S(J, ~J3)
P(J)=pS(Jy=J)+ (1= p)S(J, ) (3.2)
Voi: ' Nt
Jp=JU+A); Jy=J(1-A)va T =J'(1+A ) y=ra-n)  (33)
J; J'va A; A'la cac gia tri trung binh ) :\
twong Ung voi do thing gidng cua Pyt
tich phan trao d6i. Pé don gian chon | — ip ‘Dmi_,_
gia tri p:p’VéA:A'. M , - \l"j;—
3.3. Phwong phip mé phong 1 . w:? ) ‘ 3
Monte Carlo. : ME @
-
Hinh 3.2: So do thudt todn Metropolis (xi:?:m & / ¥ / : {“‘“‘"‘5"‘“} T
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3.4. Chuyén pha trong md hinh
Ising trong mang Shastry -
Sutherland

3.4.1. Kiém tra higu ikng kich thwéc
hitu han

Hinh 3.3 cho thiy ¢ kich thuéc mang
nho L = 8 va 16, budc nhay tir chinh
1/3 bi phén tach thanh hai budc nhay
khac nhau. Tang kich thudc mang
L = 32 va 64 hé thdng chi ton tai
budc nhay chinh 1/3 phu hop voi
cac két qua khao sat trudc do. Vi
vay, cac két qua dudi day dugc
tinh cho L = 32.

3.4.2. Anh huéng ciia nhigt dp
lén dwong cong tir hoa (Hinh
3.4)

O nhiét do thap t = 0.05, budc
nhay chinh 1/3 6n dinh trong

Mamen tir ti dbi m/m,

vung tor truong rong. Nhiét do

tang 1én 0.1 va 0.15, budc nhay

Mémen tir ti d6i m/m,

______

b Ir=1
20

1.0 15 25 30

Tir trudng h
Hinh 3.3: P6 thi phu thugc ciia mémen
tir ti d6i m/mo vdo tir truong ¢ cdc kich
thuwéc mang khac nhau voi ti $6 (a) JJ’
=0.5 va (b) JIJ =101 =0.01 trong
mang Shastry — Sutherland khong co

nhieu loan

Jf‘.=1

0.8

0.6}

0.4

—r=0.05
r=0.10
- = =015

0.2f

" M L L
15 2.0 25 3.0

Tir trudmg h

thu hep dan va dan bién mat. Do
d6 cac két qua khao sat duoc
chon thuc hién & nhiét do thap T
=0.01.

3.4.3. Anh hwong ciia thing

giang lén dwong cong tir hoa

Hinh 3.4: Bé thi phu thu¢c cia mémen tur ti
ddi m/mo vdo tir truomg & cdc nhiét dg khdc
nhau véi ti s6 J/J’ = 1 trong mang Shastry

— Sutherland khéng c6 nhiéu loan

12



»  Cuong dj twong tac J/J" = 0.5

Khi thang giang A nho
(A= 0.2) dugc thém
vao trong tuong tac
NN, NNN va ca hai

loai, dudng cong tu

£

Momen tir ti doi m/my

chi biéu hién duy nhat

budc nhay chinh 1/3.
Khi thing giang 16n A =
0.5 tac dong vao trong
trong tac lan can gan
thr hai NNN budc nhay

0.8

0.6

0.4

02}

a) NN

08+

06t

04T

b) NNN

08+
0.6+
041

0271,
J

¢) both

=05 9

p=0.1

A=02 == - -

(4]
0 2 3

3

Tir trwimg b

C]

3

4

Hinh 3.5: P6 thi mémen tir ti doi m/mo phu thugc vdo

truong ngoai voi J/J' =050 1 =0.01, p = 0.1 khi

do thang giang khac nhau dwoc thém vao trong cdac
tuwong tac (a) NN, (b) NNN va (c) ca hai twong tac.

ttr 1/3 van giir 6n dinh va xuat hién thém mot budc nhay ¢ phia trén

budc nhay chinh. Nguoc lai, tac dong vao trong tuong tac NN va ca

hai loai tuong tac, budc nhay 1/3 mat on dinh va ciing phat sinh cac
budc nhay nhé khac (Hinh 3.5).
» Cuong do tuwong tac J/J" =1

Cuong d6 twong tac ting 1én, sd luong budc nhay ciing ting 1én.

Thém thang giang vao trong twong tac NNN, budc nhay chinh 1/3

xuat hién duy tri trong ving tir truong rong hon. Nhidu loan trong

twong tac gitra cac vi tri NN va ca hai loai tuong tac lam cho budc

nhay tir chinh 1/3 din mat 6n dinh ngay ca khi thing giang A nho.

13



Tang A =

0.5, cac

budc nhay nho on

dinh va mo rong
hon (Hinh 3.6). Nhu

vay:

3

Madmen tir ti doi m/m,,

038

0.6

b) NNN
0.819

0.67

0.6 1

0.4 1

¢) both
0.8 1

b=l
p=0.1

Budc nhay tu chinh T, T T T T T T,
m/mo = 1/3 dugc duy
tri 6n dinh khi twong
tac NN chiém uu thé

Tir trubmg h
Hinh 3.6: Do thi mémen tir ti doi m/mo phu thudc vao
treong ngoai voi J/J’ =10 t=0.01, p = 0.1 khi d¢
thang giang khac nhau dwoc thém vao trong cac

: twong tac (a g va (c) ca hai twong tac
va cuong do tuong tac ic (@) NN, (b) NNN vd () cd h .

NN tang 1én, cac budc
nhay tr nhd khac cling dugc on dinh.

3.4.4. Anh hwéng ciia phén bé xdc sudt lén dwong cong tir héa
» Tilé cuong do twong tac nho JII =05

1
Hinh 3.7 biéu dién NN b NNN ) both
. . , R g 08 0.8 038 =05
duong cong tr hoa ¢ = =02
, , 3 06 067 0.6
cac phan bo xac suat
E 04 0.4 _,_1 0.4
khéc nhau trong truong £ | r
0.2 ]l 024 0.2 p:lr:,é —_—
- .7 5 ] p=to ===
hop thang giang nho (A o =03
0 2 3 4 6 | 2 4 6 1 2 4 5

= 0.2). Khi cuong do

tuong tac trao ddi gitra

Tir trwrirng h
Hinh 3.7: D6 thi mémen ti ti doi m/mo phu thuge
vdo truong ngodi ¢ cdc gid tri xdc sudt phan b6

khac nhau voi J/J’ = 0.5, t=0.01, A = 0.2 khi dj

cac vi tri NNN vuot troi so

véi tuong tac gilra cac vi )

. x . mat trdt tu dwoc thém vao trong tuong tdac NN,

tri NN, nhicu loan nho R ,
: NNN va ca hai logi tuwong tdc.

trong tuong tdc NN khong

gy anh huéng dén budc nhay tir 1/3 ciing khong 1am phét sinh céc

budc nhay tir khac & tit ca cac gia tri xac suit phan bd. Tuy nhién, khi

14



£

Momen tir ti doi m/m,

“own| thing gidng tic dong
=05 . i " ,
=05 vao tuong tac gitra cac

vi tri NNN, hé théng

a) NN b) NNN
081 087t

06 06

0471 04% . , ., .,

‘-'“ : sinh ra budc nhay nho

02 b¢ 02+ 02§/ p=0.l —— , R , N .

I ; p=05----{ phia trén budc nhay tir

o i

01 23 48 1 2 3 406 1 23 4 5 chinh. Nhu vay, khi
Tir trwomg h

thang giang nho khong
Hinh 3.8: D6 thi mémen tir ti doi m/m0 phu thudc A . , X
gdy anh hudng dén
tinh chit tr cia hé
théng.
Khi A= 0.5 (hinh 3.8),

thém d¢ mét trat tu vao tuong tac NNN, budc nhay tir nho xuat hién &

vao truong ngoai o cac gid tri voi J/J’ = 0.5, T =
0.01, A = 0.5 khi d6 mat trt tw dugc thém vao

trong tuwong tac NN, NNN va ca hai logi.

céc xac suat phan bd khac nhau. Tuy nhién, khi x4c suat phan bd cang
16n, budc nhay tir nho sinh ra cang gan véi budc nhay tir chinh 1/3.
Nguoc lai thiang giang tac dong vao trong tuong tac NN, cac budc
nhay tir cang ngdy cang mat on dinh ¢ xac suét I6n. Dau hiéu tuong tu

cling dugc quan sat J

both . ' Ir=l
1

0871 A=0.2

thé'y trong thﬁng g]éng a)NN

tac dong vao trong ca

0.6t 06T

hai loai tuong tac NN
va NNN.

A . . 024 02t | 024 p0l —
» Ti ¢ cuong do I3 [l =05 e

04t 04t -

Mémen tir ti déi m/m,

[
=
@
1o
s
¥

twong tac lom 0 01 2 3 4 8 |1 .

J/J’=] ‘ Tutrm:mgh'

.2 A . Hinh 3.9: B6 thi mémen tir ti doi m/mo phu thuéc vao

Biéu hién tu trong ) ’

h d truong ngodi ¢ cdc gid tri xdc suat phdan bo khac nhau voi

trueon, cuong do .
g hop g d J/II=1,1t=0.01,A = 0.2 khi do mat trdt tuw dwoc thém vao

4 b R—
tuong tac J/J” = 1 trong trong tuong tac NN, NNN va ca hai logi twong tdc.
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hinh 3.9 hoan toan khac biét so véi truong hop J/J” = 0.5 & gia tri thang
giang A nho (A = 0.2). Budc nhay chinh 1/3 van duy tri 6n dinh kém
theo budc nhay tir nhd. Xac suat phan bd p nhé (p=0.1) tac dong vao
trong twong tac gitta cac vi tri NN sinh ra s6 budc nhay nhé nhiéu hon
so voi truong hop xéc suét thiang giang 16n (p = 0.8). O gia tri p =0.5,
budc nhay tir chinh 1/3 bién mat, cac budc nhay tir khac on dinh trong

khoang tuo trudng |

~ Je . _ ' b) NNN <) hoth h J;Jl‘=|
rong hon. Két qua g 0.8 084 08 b A=0.5
tuong tu khl tac dong % 0.6 0.6+ 0.6 i
< ., . z
thang giang vao trong 2 04 0t 04
N . . y, £
ca hai loai tuong tac £ , 02t of’ m—
S - B p=0.5 ===
NN va NNN. o La o ol P08
. z 0 | 2 3 4 8 | 2 34 68 1 2 3 4
Hinh 3.10 cho thay Tit truimg h

khi cuong do tuong
tac NN cung vdi thing

giang 16n, cac budc

Hinh 3.10: Pé thi mémen tir ti doi m/mo phu thuéc
vdo trieong ngodi & cdc gid tri xdc sudt phdn bé khéc
nhau voi J/J’ =1, Tt = 0.01, A = 0.5 khi do mat trat
ty dwoc thém vao trong twong tac NN, NNN va ca hai

nhay tir 6n dinh hon so . '
véi céc truong hop khao 0% fwomR e

sat & trong truong hop A= 0.2 v6i moi gid tri xac suat khao sat. Gia
tri xac suat phan b6 khac nhau tac dong dén sb luwong va vi tri cla cac
budc nhay duogc sinh ra trong tir trudong. O gia tri xac suat 16n p =0.8,
cac budc nhay ¢é xu hudng xay ra ¢ phia tir truong 16n.

3.4.5. Khio sat ning lwong ciia hé théng

Véi gia tri xac suat p =0 va 1, h¢ théng nam trong trang thai khong c6
nhiéu loan. Ning luong trung binh cua hé thong nam ¢ trang thai can
bang thap hon so véi trudng hop khong cé thiang giang ¢ cac gia tri

xéc suat p khac 0 va 1.
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z b e Nang lugng trung binh bén trong h¢
z N thong giam khi thang giang tang tur
él -0 ,
:é oo A=0.2t61 A=0.5. Nhu vay, d0 mat
T loos trat tur ¢6 thé on dinh trang thai co
z A3 T A .
0 S ban ctia mo hinh (Hinh 3.11).
0 02 04 0.6 0.8 1
Xiic suit p o0 05 10 15 20 25 30
Hinh 3.11: Po thi nang leong trung _m_w"?f-‘:‘-—\.ﬁ:.\
binh tinh trén mét spin (trong don vi asp A, A\'\‘::;\\
J’=1) phu thudc vao xdc suatpvéi JiI° 5 ;)-”F_D;i ’ \\‘1‘:,‘ .
s ozp H ~
= 0.5, 7= 0.01, h = 0 khi thing giang & |
2 0al” RPN el e
dwoc thém vao ca trong twong tac ¢ cd as] T e
. . ——-A=05 “-.\:7‘. N
vi tri NN va NNN. ] R
. .- e o5 10 15 20 25 30
Trong trudng ngoai, canh Tirtruimg b

tranh gitra nang lwong Zeeman  Hinh 3.12: D6 thi nang lwong hé thong
va tuong tac trao d6i 1am cho  phu thugc vio tir truong ngodi voi p

biéu hién cua ning luong kha =0.1, = =0.01 khi thang giing dwoc
thém vao trong cd hai logi tuong tac NN

va NNN 6 (a) J/J’ = 0.5 va (b) JIJ’ = 1

phtrc tap véi nhidu diém ki di
(Hinh 3.12).

Chuwong 4: Chuyén pha trong md hinh Bose — Hubbard ciia hat
boson véi dién thé ghim tudn hoan
4.1. M6 hinh Bose — Hubbard
Hamiltonian:

H=Y (a1, +h.c.)+%z;2f(fa[ - 4.1
(i.)) i i

. \ £ g AT oy s ,
Trong d6: ¢ 1a tham so nhay; a; va a; lan lugt 1a toan tr sinh huy hat
N R N T ST
boson & vi tri thir i; n; = a; a;1a todn tr s0 hat boson & vi tri thir i; U la
cuong do turong tac trén cung mot nit mang; 4 1a thé hoa hoc.
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U=00: boson 15i ctmg con U hiru han: boson 16i mém; Hamiltonian
(4.1) chi biéu hién pha siéu long (SF) va pha cach dién Mott.
M6 hinh Bose-Hubbard ma rong:

At A U A A ~~ A A ~
H:—t;;(a,- aj+h.c.)+EZni(n,~—1)+I/,1,7<Z>:ninj ++VW<<Z>:>n,-n_/ —Z(,u+,u[)n,' (4.2)
i,j i i ij i

i~ , ., . O———
Vi 1a trong tac gitra cac vi tri NN, Vi, 1a tuwong EI ._I:I

tac gitra cac vi tri NNN; y; 1a dién thé ghim trén

moi nat mang va lan luot bang 0 va € & trén cac
. . '\\ ¥
vi tri nit mang xac dinh. LI 5

4.2. Phwong phap Monte Carlo lugng tir Hinh 4.1: M6 hinh man

Xéc dinh cac tham s trat tu £, va S(Q),

boson twong tdc 16i mém

( Bitdiu )

chung ta c6 thé nhan biét dugc cac pha
trong hé théng. Pha tinh thé: S(Q) # 0, p
=0, pha SF ¢6 S(Q) = 0, pg # 0 trong khi
pha SS thi S(Q) # 0, ps # 0.

4.3. Biéu hi¢n pha siéu rin (SS) duéi tic ..

dung ciia dién thé ghim tuin hoan trong ‘
mang vuong

4.3.1.Mé hinh hat boson I6i citng: Hinh 4.2: Sodo thugt todn Worm.

H== @ a;+he)+V, S nm =S (u+ ) (4.3)
) o) ;
Hinh 4.3 biéu dién cau trac ghim céc hat / o e 0o
z g e o0 0 e
O vi tri xac dinh tuong g voi mat do

hat p=1/3.
» Khao sat duong cong (p, )

Hinh 4.3: Cau triic dién thé ghim
tuan hoan trong mé hinh boson
16§ citng.
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Quan sat trong hinh 0 10 -

= 2=05t e&=51

’ R 1 A \ ce= i ve=15 ]
4.4 c6 the thay duong [ ™ & ' A
A ‘A £ osq 06
cong (p, ) xuat hién ¥ S - e
. E 0.4 04 i

. N e ponssvses sngmadinnt
cac doan nam ngang 02/ o 02 # '.“'

hay o . 14 /
( ay cac cao nguyen) "0 5 0 5 10 15 20 25 a 00 0 10 0 10 20 3
lan luwot xuat hién & Thé héa hoc

cic gié tri p= 1/3,172 Hinh 4.4: Do thi phu thu¢c ciia mdt d¢ hat p vao thé

va 2/3. Trén cic cao héa hoc i trong cdc gid tri dién thé ghim tudn hoan &
, khac nhau voi Vi = 6t.
nguyén hé s6 nén k =
0 dic trung cho cac pha tinh thé. Khi & =0.5¢, chi xuit hién cao nguyén
tuong ing vai pha tinh thé 6 ban cd ¢ p = 1/2 gidng voi md hinh dong
nhit khong co truong ngoai. Budc nhay trong duong cong (p, t) &
£ =0.5t biéu hién qua trinh phan tach pha. Tang & = 2¢ va € = 5¢, hé
thong hinh thanh thém céc pha tinh & mat do hat p = 1/3 va 2/3. Khi &
vuot trdi so voi Vy, (g = 15¢), pha tinh thé & mat d6 p = 1/2 bién mat,
dudng cong (p, ) bién ddi lién tuc & ca phia trén va dudi mat do tinh
thé p = 1/3 va 2/3. Pha SS ¢6 thé duoc hd trg hinh thanh & giita pha
SF va pha tinh thé voi trat tw CDW. O phia trén mét do tinh thé, pha
SS dugc gay ra boi khuyét tat giita nut.
» Khdo sat tham sé trdt tw cia mé hinh
Céc tham s trat tr S(Q) va ps dugc xéac dinh trong hinh v& (4.5). Khi
& nho (hinh 4.5a), & p = 1/2, S(m,m) ¢6 gia tri cuc dai trong khi p, =0
tuwong tmg 13 pha tinh thé 6 ban cd. O cac gia tri méat d6 con lai S(mr,m)
=0 con pg # 0 tuong duong vdi pha SF. Véi € = 5¢ (hinh 4.13b), tai
p =1/2, p=1/3 va 2/3 1an luot c6 S(m, w) # 0, S(4n/3, 2m/3) # 0 con
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ps=0.0p<1/3,ca
S(4r/3, 2m/3) va ps
déu khac 0, day chinh
la didc trung ctia pha
SS. Pha SS dugc quan
sat thiy r hon véi €
= 15¢. Cy thé, & mat
do p =1/3 va 2/3 chi
¢6 pha tinh thé ton tai
voi S(4r/3, 2m/3) #
0, ps = 0. O céc ving
lai,

mat do con

S(4m/3, 2m/3) # 0 va

1
0.5¢ ¥ (a) 016 (b)s* £=5
" St . . .
& o8 P < .
o= osz] .
= 06 = »
= =
2 2 008{s -
e ™ s
= Ll
& zo04] .
2 o2 .y L g .
.
= .
=] oo 02 04 08 08 10 1000 a 04  os am a0
@& o = "
z s b S
£ o1z & 08 v SOTL2T0)
= = > S
£ g !
= T 06
T oos ]
- E
-4 3 04
“2 006] -
& 4
= % 02
003 @ v
H L v
oo 0z o0a 06 08 10

0.0 02 04 o8 08 1.0

Mat di hat p Mt dj hat p

Hinh 4.5: Do thj biéu dién sw phu thudc cia hé 56
cdu triic tinh S(Q) va mat d¢ siéu long ps vao mat
dé hat p ¢ cac gid tri dién thé ghim tuan hoan: (a)
=0.5t, (b) € =5t va (c) € = 15t v6i Vun = 6.

ps # 0, theo dinh nghia ta c6 thé két luan pha SS ton tai & moi noi bén

ngoai ving mat do tinh thé. Tuy nhién, pha SS chi thuc su c¢6 ¥ nghia

trong vung lan can cAu tric tinh thé. O xa cac mat do tinh thé, ban chit

hé thong dugc dic trung boi pha long véi bién diéu mat do.

4.3.2. M6 hinh hat boson 16i mém

H=~Y (aa; +h.c.)+%z;n(;l,- 1= (et s
(i.) i i

Dbién the ngoai tuan hoan ghim cac hat & vi

tri xac dinh nhu hinh 4.6 tuong tng voi mat

d6 p=1/2.

4.4

Hinh 4.6: Cdu triic dién thé ghim

trong mé hinh boson 16i mém
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> Khdao sdt gian do pha

Biic tranh pha hinh 4.7 cho thiy duong bién pha ¢ mat do hat p = 1/2
va 3/2 dién thé ghim t6i han €, giam don diéu khi U ting 1én. Nguoc
lai, duong bién pha ¢ mat do hat p =1 co biéu hién khac biét. Gia tri

t61 han &, ti 18 tuyén tinh v6i nang luong tuong tac diy U.

.
w wn p o=l 2 e p=l o3 u np=3/2

E = [ ] 2 .l N [ ]

- . .

= ® CDW2 . a

°r " CDWI " . . S CDW3
“w

z . J oo

& (] . b SF 15 n

: [ L}

5‘“ SF .'ll|| . w{ SF "y

0
s 5
4 & nu %A 2 4 6 8 W o1 HME R

Tuwong tic trén ciing mt nit mang U

Hinh 4.7: 6 thi ham (U, &) biéu dién dirong bién pha giita trang thdi co
ban la SF va CDW ¢ cac mdt do hat khac nhau p = 1/2,1 va 3 /2 theo ham (U, ).

»  Khdo sdt dwong cong (p, 1)
Hinh 4.8 cho thiy khi cuong do
dién thé ghim du 16n, cac doan
céc cao nguyén lan luot xuit hién
O cac gia tri mat do hat tuong ing
p=1/2,1va3/2. O gia tri twong
tac U hitu han, khi ting dién thé
ghim ting tir 18t 1én dén 30t
vung cao nguyén tai mat do hat
p =1 mo rong va xuét hién cao

nguyén tai p= 3/2. Cac cao

Mit dj hat p
Py

—e— =8
—e—c=15r
—_—r =18
—t & = 301

0 10 20 30 40
Thé héa hoe p
Hinh 4.8: D6 thi mdt dg hat p phu thuge vio
thé héa hoc p cho cdc gid tri dién thé ghim

khac nhau véi cuong dé twong tac U = 8t.

nguyén ndy tuong ng véi cac trat tu tinh thé. Nhu vay hé thong xay

ra qud trinh chuyén pha tir SF t6i CDW.
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» Khdo sdt cdc tham s6 trdt tw trong mo hinh

Cac tham sé trat ty la pg va
S(, 0) bién dbi theo mat do hat p &
cac gia tri dién thé ghim tuong Gng &
= 15t, 18t va 30t theo hinh 4.9. Lan
luot & p = 1/2, 1 va 3/2, gia tri ps

bang 0 trong khi hé sé céu tric tinh

Miit do siéu long pg

S(m, 0) khac khong. O cac ving con

(0°)s yun a0 ned o5

lai ctia mat d¢ khac mat 6 p = 1/2,
1 va 3/2, ca hai tham sb trat tu 13 pq
va S((m,0) déu khac khong. Kha
ning pha SS ton tai ¢ giira hai pha

Miit dg hat p

SF va tinh thé CDW. Hé thdng xdy  Hinh 4.9: D6 thi phu thugc ciia mat

ra chudi hai qua trinh chuyén pha @ siéu long ps va hé so cau tric

lién tiép twong Umg: qué trinh the 7 S(m,0) vao mdt dg hat & cac
gid tri dién thé ghim khdc nhau khi

U =6t

nhit 13 tir pha SF sang SS va qua
trinh thir hai 1a tir pha SS sang pha
tinh thé & cac mat d6 hat dudi mat do tinh thé. Mot chudi chuyén pha
tuong tu ciing xay ra & phia trén cac mat d¢ tinh thé. Tuy nhién, qua
trinh nay c6 khac biét d6 1a bat dau tir trat tw CDW sang SS r6i cudi
cung tré vé trang thai SF.

Tham sé trdt ty trong gioi han nhiét dong lyc hoc
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D¢ khang dinh sy 6n dinh cia céc
tham sé trat ty trong gioi han nhiét
dong luc hoc, chiing t6i d3 mo phong
cho hé & cac kich thudc mang khac
nhau véi gié tri thé héa p = 10 trong
don vi nang luong t tuong ung véi
mat do hat p =~ 0.83 biéu dién trong
hinh 4.10. Ca hai tham s déu ton tai
va khac khong khi kich thudc mang
dugc ngoai suy ra dén vo cung.

> Anh hudng ciia cuong do twong

tac U

Dé kiém tra tic dong cta cudng do
tuong tac gilta cac hat trén cung
mot nut U 1€n qua trinh hinh thanh
pha, ching t6i khao sat sy phu
thudc ctia mat do hat p theo thé
héa hoc trung binh u cho cac

gia tri tuong tac U khac nhau
biéu dién trong hinh 4.11. RS
rang, & gia tri U nho (U = 4t),

chi ¢6 cao nguyén & mat do p =

1 xuét hién. Ting cudng do

Mat dj hat p

Tham sb triit ty S(Q) va py

004 008 012 016
Nghijch dao kich thwée mang 1/L

Hinh 4.10: D6 thi tham s6 trét tw
phu thudc vao nghich ddo kich
thuéc mang o mdt do hat p = 0.83.
Puong nét dirt biéu dién ngoai suy

dén kich thirde mang 16m vé cing.

2.04

0.5

0.0

T T T T
0 10 20 30

Thé héa hoc p
Hinh 4.11: D6 thi mdt dj hat p phu
thuoc vao thé héa hoc trung binh u
voi dién thé ghim € = 20t 6 hai gid
tri twong tac U = 4t va U = 8t.

twong tac U = 8t, cac cao nguyén & mat do hat p = 1/2 va 3/2 duoc

thém vao dong thoi viing cao nguyén p = 1 bi thu hep lai so voi trudng

hop tuong tac U nho.
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KET LUAN
Céc két qua chinh ma luan an thu duoc la:
1. Da giai thich qua trinh tir hoa loai I va bude nhay cua duong cong
tir trd trong cac vt liéu perovskite Mangan bang mé hinh Ising mét
trat ty c6 tich phan trao ddi sét tir hodc phan st tir thing giang véi xac
suét va d6 16n khac nhau. Ban chét cua hién tugng 1a sy dinh hudng
lai dot ngot cac dam spin AF, sy md rong cac dam spin FM trong
truong ngoai ¢ nhiét d6 xac dinh.
2. Str dung mo6 hinh Ising c6 canh tranh twong tac cho mang Shastry —
Sutherland va chi ra vai tro cua cuong do tuong tac gitra cac vi tri NN
tac dong lén sy hinh thanh va dn dinh cua bude nhay tir chinh m/m0 =
1/3. Da chi ra duoc cac diéu kién va yéu t6 anh huong dén qua trinh
phat sinh céc budc nhay phan s6. D6 1a khi cudong do tuong tac J/J” =
1 voi xac suét p va thing giang A 16n tuong tng twong tac trao doi AF
giita cac vi tri NNN chiém wu thé so véi twong tac AF trong cac vi tri
NN, chudi cic budc nhay tir ngay cang 6n dinh hon. Ly thuyét nay
g6p phan 1am sang t6 co ché hinh thanh cac budc nhay nhé trong vét
liéu tetraboxit dat hiém RB4.
3. Tim thdy ba pha tinh thé xuét hién & cac mat 6 p=1/3, 1/2 va 2/3
trong md hinh hat boson 181 clirng dudi tac dung ctia cuong d6 tuong
tac NN va dién thé ghim tuan hoan va & cic mat do twong tmg p = 1/2,
1, 3/2 trong mé hinh boson 16i mém khi dién thé ghim va cuong do
tuong tac trén cung mot vi tri ¢t 16n. Khao sat duong cong (p,p) va
cac tham s trat tu cho thay qua trinh chuyén pha tir trang thai SF sang
trang thai CDW xay ra trong mo hinh.
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