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BANG CHU CAl VIET TAT

MI bién moi Mott
SF (Superfluid) Trang thai siéu chay
SS (Supersolid) Trang thai siéu ran
S(m,m) Hé sé cau tric tinh
BEC Ngung tu Bose-Einstein
u Thé hoa
Ps Mat do siéu chay
p Mat d6 hat
J Yéu té ma tran nhay
H Hamilton
U Thé ning tuong tac trén mot nat
2 Thé ning tuong tac cua hai boson lan can gan nhat
2 Thé ning tuong tac cua hai boson lan can gan nhat
tha hai
I(r) Cuong do dién truong
N S6 hat
LxL Kich thuoc mang
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MO PAU

Véi mong mudn nghién ciu vé pha di thuong trong cac hé

boson tuong quan manh chung toi da chon dé tai cua khoa luan nay

la
thwéc nano bang phwong phdp Monte Carlo heong tir.”.

: ”Nghién cizu s hinh thanh céc pha dj thuwong cua hé boson kich

’

Muc tiéu cia khoa luan

1.

Sur dung phuong phap Monte Carlo Iugng tir sir dung thuat toan Séu
ap dung vao mo hinh Bose-Hubbard dé nghién ctiu hé Boson mang
twong quan manh & nhiét d6 thap va kich thudc 16n khi co truong
ngoai..

Thay d6i mét do hat va vé gian do pha tai cac mét do khac nhau dé
tim ra pha ran va pha long dic trung ctia hé nham kiém nghiém lai cac
két qua da biét trong truong hop khong co trudng ngoai va nghién ciu
sw xuat hién ctia cac pha mai khi c6 mat truong ngoai.

Tim kiém pha siéu rin bing cach thay ddi cuong do cua trudng ngoai
va tuong tac ctia cac 1an can gan nhat. Xac dinh diéu kién dé co pha
siéu rin bang cach sir dung tham s trt tu diic trung cho pha siéu ran
va kha ning kiém nghiém thuc nghiém trén cc hé He* va mang
quang...



CHUONG 1. TONG QUAN

Nam 1937 tinh chat siéu chay cua He* (mot loai hat boson)
lan dau tién duoc biét dén nho phét hién ciia nha Vat 1y nguoi Nga
Pyotr Kapitza.

Phai dén nam 2004, mét cudc bung nd trong nghién cau pha
siéu ran xay ra ngay sau khi E.Kim va W.Chan c6ng b di thanh
cong trong viéc quan st thyc nghiém thay pha siéu ran.

Trong khoéa luan nay, ching t6i sir dung phuong phap tinh
toan Monte Carlo luong tir dé khao séat anh huong cua céc tham sb
vat ly cta hé.

Trong luan van da chimg minh dwoc sy ton tai cia pha siéu rin
khi tang cudng do cua trudng ngoai dén mat gia tri téi han trong md hinh
twong tac gan nhat Bose-Hubbard. Pang chu ¥, pha siéu ran ndy khdng
xuat hién trong m6 Bose-Hubbard thong thuong, tic 1a khéng ¢ mat
trudng Ngoai.



CHUONG 2. CAC PHA PAC TRUNG CUA HE BOSON O
NHIET PO THAP

2.1. Cac pha ciia He* & nhiét do thap

He* s& giir & pha siéu chay & nhiét d6 thap, ap suat thap.

Long

1 1 Siéu chay

Khi

o

3 4
TXK)
Hinh 2.1: Gidn do pha ciia He*é nhiét d6 va ap sudt thap.

2.2. Cac pha cia nguyén tir siéu lanh trong boson trong mang
quang

2.2.1. Mang quang hoc

Mang gquang la mot md hinh mang nhan tao, dwgc hinh thanh
tir s giao thoa cac chum tia laser don sic cuing tan sé chiéu nguoc
chiéu nhau, tao ra mot mod hinh khdng gian c6 cau trdc giéng nhu
mang tinh thé. .



a Mang quang
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Hinh 2.2. M6 hinh cua mang quang(a) M6 hinh mang tinh
thé thuc (b)

Dang hinh hoc mang quang hec:

.

laser

Thé nang khac nhau

Mang vudng
A
laser "'—,_.z
Mang tam giac

Hinh 2.3:Cdc kiéu mang quang co ban 1,2,3 chiéu



2.2.2.Pha di¢n méi Mott

Hinh 2.4.Trang thadi dién moi Mott

2.2.3.Phasiéu rin
2.2.3.1. Tham sé trat tw trong pha rin
Dé dic trung cho vi tri nGt mang trong tinh thé nguoi ta st

dung gia trj trung binh cua ham mat do dinh xtr cua cac hat p(r)

trong khong gian €2
2.2.3.2. Tham sé trat ty trong pha siéu chay

Trong 46 p,(r)=p, va py (r)=py tuong ung la mat
d¢ dinh x@ trung binh déc trung cho pha siéu chay va pha long théng
thuong.



2.2.3.3. Tham sé trat tw trong pha siéu ran

Y tuong vé mot pha chira dong thoi ca hai trat tu tréi nguoc
nhau din dén khéi niém vé pha siéu rin, & d6 c6 sy ton tai ddng thoi
trat ty duong chéo DLRO va trat ty ngoai duong chéo ODLRO.



CHUONG 3: MO HINH BOSE-HUBBARD

3.1. M6 hinh bose-hubbard

Mo hinh Bose Hubbard 13 mé hinh don gian nhét dugc sir
dung dé biéu dién tuong tac cua cic hat boson. Hamiltonian dugc
biéu dién dudi dang :

H=-3> &8 +ho) +%u > Hii -1 u>h

<ij>

Hinh 3.1 Gian d6 mod ta md hinh bose-hubbard.

3.2.Pidc trung Vit ly caa mé hinh Bose Hubbard

Hinh 3.2. Trang thdi siéu chdy (a) va Mott insulator (b)
trong md hinh Bose Hubbard hai chiéu
7



(a) Trang thdi siéu chay (b) trang thdi Mott insulator.

Hinh 3.3. Trang thai siéu chay (a): nguyén tir tw do di
chuyén trong mang quang va trang thdai Mott insulator :nguyén tir

dinh xu trong trong mang (b)
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Hinh 3.4. M6 hinh mang va cdc tuong tac trong mo hinh
Hardcore Boson



CHUONG 4 : PHUONG PHAP MONTE CARLO LUQNG TU

Phuong phap mé phong Monte Carlo MC a mét cong cu s6

thudong duoc sir dungdé khao sat cac hé cd kich Ion, dic biét 1a cac

hé luong tir twong quan manh (vi du: thé nang tuwong tac co cung bac
v6i dong nang) khi Iy thuyét nhidu loan khdng thé mé ta duoc .

4.1 . Thuat toan Sau (Worm)

WA lan dau tién duoc gisi thiéu cho md hinh théng ké
lwong tir Prokof “ev,SvistunowaT upitsyn (1997). Sau dé duoc téng
quét thanh mé hinh ¢cé dién boi Prokof ‘ev and Svistunov (2001). Y
tuong cua WA vo cung don gian , tudng tuong tit ca khong gian ciu

hinh déu dugc dai dién bai tap hop cac duong khép kin.

4.2. H¢ hai mirc nang lwong

Hinh 4.1 : So d6 nang heong trong mé hinh hé hai mirc ndng

luwong



4.3.H¢ don hat.
4.4.H¢ nhiéu hat.

Xét hé nhiéu hat thoa man diéu kién boson 16i rin, tinh dén
tuong tac giita cac cap lan can gan nhat va lan can gan tha hai,
Hamiltonian caa hé cé dang:

H :—jZ(bﬁbj +h.c)+V1<Z>:ninj +V2<Z>:ninj +> .,
ij ij ij i
xi la thoi gian a0, &, 1a s6 dinh xu trong khong gian

4.5.Ap Dung phuwong phip QMC

Chung t6i quan tim dén gii han hitu han caa hat hard-cord
boson twong tac voi nhau trén, khong ton tai hon mot hat & trén cing
mét vi tri va bao gom lyc twong tac giira cac hat 1an can gan nhat.

Hinh 4.3: Cdu triic khi ¢é truong ngodi trong mang vuéng
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yes: Close

Hinh 4.4 Gian dé mé ta WA- LOWA
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CHUONG 5: KET QUA THAO LUAN

5.1. Gian d6 pha khi khéng cé trwong ngoai.

T T ¥, T s T
.

e 2
i Siéu chay b

2F Mott Insulator

00 041 02 03 04 05 06 07
PAYY

Hinh 5.1. Gian dé pha cua md Bose-Hubbard.

Quan sat gian d6 pha hinh 5.1 ta thiy né co hai trang thai
trén gian d6 duoc biéu thi khac nhau va phan céch bai duong bién.
Trang thai thir nhat Ia trang thai dién méi Mott — MI (dang tha hinh
la chat ran), ddc trung bai tham sé trat ty la hé s6 cau trac tinh S(r,m)
# 0 con mat do siéu chay bang 0.

5.2. Gian d6 pha khi cé twong tic xa hon 1an can gan nhit
Khi thém vao hé twong tac cua hat xa hon 1an cin gan nhat

thi da xudt hién trong mang pha siéu rin trong mang vudng[19].

12
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Hinh 5.3: Mdt do siéu ran o phan trén cua do thi va chi so

cu tric tinh theo mdt do hat ¢ phia duoi cua do thi.
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Hinh 5.4:Mdt do siéu chay va chi $6 cau tric theo nghich
dao kich thuéc mang tai mdt dé hat p =0.292 .
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Hinh 5.5 : Mat do siéu chay é’phd‘n trén ciia dé thi va chi sé

cau truc ¢ phan dwdi cua do thi .
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Hinh 5.6 Mt d@6 hat p theo thé héa i1V,

5.3. Gian d6 pha khi ¢é trwong ngoai

V6i céc gia tri p khac nhau, hé s& c6 sb hat twong tmg. Dé
ching minh diéu nay, ching toi da thay do6i thé hda trong md phong
va quan sat su thay d6i s6 hat nhu trén hinh v& véi céc gia tri khac

nhau cua truong ngoai €.
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Hinh 5.7.8w phu thudc cia mdt do hat vao thé héa khi c6
truong ngodi .
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Hinh 5.8: Moi lién hé gitta mdt dé va thé héa khi cé truong

ngodi va thé thé nang gitka hai hat lan cdn gan nhat V1= 6.
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Hinh 5.9: Gidan do pha tai trang théi co ban
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KET LUAN

Chung t61 da ap dung thanh cong phuong phap Monte Carlo
luong tir sir dung thuat toan Sau dé tinh toan cho md hinh Bose
Hubbard ma rong vai hé boson I8i ran trong mang vudng c6 tinh dén
tuong tac 14n can gan nhat trong didu kién ¢ mit tir tredng ngoai.

Chung t6i da xay dyng dwoc gian do cua trang thai co ban
nho cac md phong ¢ nhiét do rat thip va véi cac cuong do truong
ngoai khac nhau. Tinh toan chi ra rang, khi truong ngoai vuot qua
gia tri ngudng, hé s& hinh thanh cac pha rin tai cac mat do p=1/3 va
p = 2/3. Pang chu ¥ 1a cac pha ran nay khéng xuat hién khi khéng c6
truong ngoai. Tai mat do p = 1/2, twong tac 1an can gan nhét van cé
anh huong khi truong ngoai yéu, pha ran dang 6 ban cd van ton tai
nhu khi khong c6 truong ngoai.

Tha vi nhit 1a ching t6i di tim duoc pha siéu ran khi ting
hodc giam mat do hat xung quanh céc pha rin. Pay 1a mot két qua
dang cha ¥ vi cac tac gia khac khong tim thiy pha siéu rin trong mo
hinh khong c6 truong ngoai. Ching toi ciing chi ra rang, pha siéu ran
xuit hién dong thoi véi su c6 mit cua cac pha ran tai cac mat do
khac nhau. Ngay khi trudng ngoai qué yéu, khong dir dé on dinh pha
ran thi pha siéu rin s& bién mét.

Cac két qua nghién ctu cua ching toi c6 thé duoc kiém
chang thuc nghiém bang cac hé nguyén tu siéu lanh bay trong mang
quang, cac hé Helium hip thy trén graphite hay céc cip exciton
ngung tu trong cac hbc vi md.

18
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