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Mé& dau

1 Li do chon dé tai

Hién tugng ngung tu Bose-Einstein (BEC), duge Einstein dy dodn vao nam 1924,
13 mot vi du dién hinh vé sy phé vé déi xiing tu phat trong 1y thuyét truong luong ti, co
vai tro quan trong trong nhiéu linh vyc vat 1§ tit vi mo dén vi mo. Mic du céc Iy thuyét
nhu Gross-Pitaevskii (GP) va Bogoliubov da mo ta t6t khi Bose lodng & nhiét do thép,
song ching van con han ché khi xét dén tuong tac va hiéu tng nhieét. Phuong phap téc
dung higu dung bat kha quy hai hat (CJT) cung cdp mot khuon khd 1y thuyét he théng
hon, cho phép khdo sat cac dai lugng nhiét dong vugt ra ngoai gan ding trudng trung
binh. Bén canh d6, cac nghién citu vé sy chuyén pha uét vi trang thai tién dinh u6t trong
hé BEC hai thanh phan vn con rat it va chua duoe kiém ching thuce nghiem.

T nhing 1y do trén, ching toi lya chon dé tai clia luan an 13 “Nghién ctu tinh chét
nhiét dong cia khi Bose lodng & nhiét do cyc thap”, trong dé ching toi khao sat pha tién
dinh u6t ctia BEC hai thanh phan bang 1§ thuyét GP va phan tich cdc didc trung nhiét
dong ctia khi Bose dong nhat ¢ nhiét do hitu han trong khuon kho 1y thuyét CJT.

2 Muc dich nghién ctu

Trong luan an nay, ching t6i dat ra hai muc dich chinh:

1. Tim cac bidu thitc giai tich ctia mot s6 dai lugng dac trung cho trang thai tién
dinh w6t (prewetting). Nhitng két qua nay hy vong sé dinh hudng cho viéc thiét ké céc
thi nghiém dé quan sat dugc hién tuong chuyén pha w6t trong hé ngung tu Bose-Einstein
nhiéu thanh phan.

2. Tinh toan nhiét do chuyén pha clia khi Bose loang va sut bién déi clia cac dai
lugng nhiét dong & nhiet do hitu han, lan can nhiét do chuyén pha ngung tu. Trén co s6
d6 chiing ta c6 thé hiéu duge anh hudng ctia nhiét do len qua trinh chuyén pha uét.

3 Dbi tuong va pham vi nghién ciu

D6i tugng nghién citu cta luan an 1a he khi Bose lodng, tuong tac yéu, mot va
hai thanh phan ¢ nhiet do cyc thap so véi nhiét do phong (cd vai chuc dén vai tram
nano Kelvin), bao gom ¢4 mién nhiet do trén va dud6i nhiet do chuyén pha ngung tu
Bose-Einstein. .

Pham vi nghién citu gom:

D6i vai khi Bose hai thanh phan: luan 4n khéo séit hé trong khong gian khong dong
nhat ¢ nhiét do khong tuyét doi.

D6i v6i khi Bose loang mot thanh phan: luan an xem xét hé trong khong gian dong
nhét & nhiet do hitu han, cu thé 1a & mién lan can nhiét do chuyén pha 7, vi & mién nhiet
do cuce thap so véi T, (trong luan an goi 1a nhiet do lan can khong).
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4 Nhiém vu nghién ctu

Trong luan an nay, ching toi tap trung nghién citu nhitng van dé sau:

1. Nghién cttu sy dinh u6t cta hé ngung tu Bose-Einstein hai thanh phan bdi tuong
cing.

2. Ly thuyét vé ngung tu Bose-Einstein & nhiét do hitu han bén canh 1y thuyét
Hartree—Fock—Bogoliubov dang dugc sit dung rong rai.

3. Nghién citu tinh chat nhiét dong ciia khi Bose lodng trong pha ngung tu § nhiét
do cuc thap.

4. Nhiét do chuyén pha ngung tu 7. ctia khi Bose lodng tuong tac yéu.

5. Tinh chit nhiét dong ctia khi Bose loing & lan can diém chuyén pha.

5 Phuong phap nghién citu

Trong luan an nay, ching toi sit dung phuong phap nghién citu nhu sau:

1. Khi nghién citu vé khi Bose lodng ¢ nhiét do khong, ching toi sit dung 1y thuyét
Gross—Pitaevskii. Do khong c¢6 nghiém giai tich chinh xac d6i v6i tham s6 trat tu clia he,
duge dua ra trong hé phuong trinh Gross—Pitaevskii, 1a mdt hé phuong trinh vi phan phi
tuyén bac hai, nén ching t6i khic phuc bing cach sit dung thém phuong phap gan ding
parabol kép (DPA). Anh hudng bdi truong ngoai va anh hudng do thing giang lugng tit
dugc bd qua trong nghién citu nay.

2. Khi nghién cttu vé khi Bose lodng & nhiét do cyc thap, ching toi sit dung phuong
phap tac dung hiéu dung Cornwall-Jackiw—Tomboulis (CJT), trong d6 tac dung hiéu
dung 13 phiém ham ctia ham truong va ham truyén. Viéc tim chinh xac tac dung la
vo ciing khé khan, do d6 tac dung hieu dung duge ching toi xac dinh trong gan dung
Hartree Fock cai tién & mitc do gan ding hai vong. Anh huéng ciia thing gidng hiong ti
va su kich thich nhiét duge ching t6i xem xét trong nghién cttu nay.

6 Cau triac cua luan an

Ngoai phan md dau, két luan-kién nghi, cdc danh muc v tai lieu tham khao, phan
n6i dung chinh ctia luan an gom bén chuong nhu sau:

Chuong 1: Téng quan vé ngung tu Bose Einstein.

Chuong 2: Cac phuong phap gan ding.

Chuong 3: Tinh chéat nhigt dong clia khi Bose lodng ¢ nhiét do khong.

Chuong 4: Tinh chat nhiét dong ciia khi Bose lodng & nhiét do hitu han.




Chuong 1

Tong quan vé ngung tu
Bose—Einstein

1.1 Ngung tu Bose—Einstein

1.1.1 Théng ké Bose—Einstein

Theo vat ly théng ke luong tit, sd boson trung binh ¢ trang thai don hat |n;) ting
véi mic nang lugng ¢; la
1
<nl> = eBlei—m _ 1’ (11)
trong d6 8 = (kgT) " v6i T la nhiet do va kg 1a hiing s6 Boltzmann. Vé phai cia phuong
trinh trén duge goi 1& ham phan bd Bose—Einstein.

1.1.2 Su ngung tu cua khi Bose

S6 hat trung binh ¢ trang théi co ban (g9 = 0) la

1

(no) = PR (1.2)

va do d6, sé c6 lugng 16n céc hat trd vé trang thai co ban khi thé héa p dan tdicg =08

phia am.
Nhiét do t6i han cua khi Bose i tudng tu do la
92 2/3 B2 2/3
T.="" (L ) ~33122 (1.3)

trong d6 p = N/V 1a mat do hat.
S6 hat ngung tu Ny cta khi Bose li tuéng dong nhat ¢ nhiet do T (< T,) 1a

3/2
NozN—NeX:Nll—(Z)

- (1.4)

Theo phuong phap nhiéu loan Bogoliubov va phuong phap gia thé Lee-Huang—Yang,
ti 1é khong ngung tu cta khi Bose lodng & nhiét do khong 1a

N, 8
e 3 1.
RN A (1.5)

trong d6 a, 1a do dai tan za song s (s-wave scattering length).
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1.2 Cac két qua thuc nghiém vé ngung tu Bose-
Einstein

1.2.1 Céc két qua thuc nghiém vé sy ngung tu ctia khi Bose

Thang 6 nam 1995, Cornell va Wieman tai JILA (Joint Institute for Laboratory As-
trophysics) 1an dau tien quan sét duge ngung tu Bose—Einstein khi lam lanh khi Rubidium-
87 (3"Rb) dén nhigt do 170 nK, tao nén trang thai ngung tu véi khoang 2000 nguyen tit. Sy
hinh thanh BEC duge xac nhan qua cac dic trung 16 rét trong phan bd van téc va dude
ghi nhan bang k¥ thuat chup dnh thai gian bay (TOF imaging). Ngay sau d6, Ketterle tai
Vién Cong nghé Massachusetts (MIT) (thang 9 nam 1995) da tao BEC ctia Sodium-23 &
200nK. Céc thi nghiém tién phong nay tao ra sy phét trién manh mé trong cac nghién
citu vé BEC, c& vé Iy thuyét 1an thyc nghiem.

1.2.2 Cac két qua thuc nghiém vé su ngung tu ctia hdén hop khi
Bose

Sau khi tao dugc ngung tu Bose-Einstein dau tién, cac thi nghiém tiép theo dd md
rong sang hé hon hop BEC nhiéu thanh phan, bao gom c& cdc hé dong vi va di nguyén
t. Nho k¥ thuat lam lanh cAm ng va diéu chinh tuong tac bing cong hudng Feshbach,
cac nha nghién cttu da quan sat duge hién tugng chuyén pha gitta trang théi tron 1an va
phan tach pha. Nhitng két qua nay gitp hiéu ré hon vai tro cia tuong tac lien loai trong
cau tric va dong lie hoc ciia hé Bose siéu lanh, ddng thoi tao nén tdng cho mé phéng
lugng tir va cong nghé lugng tit trong tuong lai.

1.2.3 Cac cong nghé tao tudng ciing

Hai phuong phap, bdy quang hoc gan bé mat va guong phan xa anh sdng xanh, déu
chitng minh ring c6 thé tao ra cac bién gan nhu tudng citng cho heé BEC bing cong nghe
quang hoc tién tién. Nhitng k§ thuat nady md ra kha ning mo phdéng céc he lugng ti ¢
diéu kién bieén xac dinh, tit d6 phuc vu cho cac nghién citu 1y thuyét va thie nghiém trong
cac he BECs néi riéng va cac hé lugng tit néi chung.

1.3 Cac ly thuyét nghién citu ngung tu Bose—Einstein

1.3.1 Ly thuyét Gross—Pitaevskii

Phuong trinh Gross—Pitaevskii phu thuoc thoi gian mo ta4 ham séng ngung tu la

ma\pé? 2 (—;—mvz + Ve (1) + g (r, t>|2) U(r,1), (1.6)

2
as 13 hang s6 tuong tac cip, véi a, 1a do dai tan xa song s.

trong d6 g =
o) trang thai co ban, ta c6 thé viét ham séng clia ngung tu dudi dang

pnt

U(r,t) = Vo(r)e "7, (1.7)




trong d6 u 1 thé héa va Wy 1a mot ham thyc théa méan didu kien chuin héa [ dr¥? =
Ny = N. Thay (1.7) vao (1.6) ta thu dugc phuong trinh GP khong phu thuge thoi gian
(TIGP),
h2
(—%V2 + Vet (1) + g\II(Q)(r)) Uy(r) = puWy(r). (1.8)

1.3.2 Phuong phap tac dung hiéu dung Cornwall-Jackiw—
Tomboulis

Ung v6i st triet tieu ctia ngudn ngoai (J = K = 0), trang théi co ban ctia he vat 1y
phai thoa man phuong trinh khe

ST [Wy, G

= 1.
va phuong trinh Schwinger-Dyson (SD)
O [Wg, G]
—_— = 1.1
trong d6 I'[¥g, G] 1a tac dung hiéu dung 2PI:
h
T[Wo, G] = So[¥o] + % tr (InG™" + Gy (Wo)G — 1) + o[ Ty, G. (1.11)

Mat do thé nang hieu dung CJT tng véi tac dung hieu dung (1.11)) ¢6 dang:

Vet = Vo(Ug) — %_L/ gj:; tr [InG~' (k) + Gy ' (k)G (k) — 1] + Va[¥o,G],  (1.12)

trong do Vo(¥g) 1a thé c6 dién.




Chuong 2

Cac phuong phap gan ding

2.1 Gan duang parabol kép

2.1.1 Gan diang parabol kép trong nghién ctitu hé ngung tu Bose—
Einstein mot thanh phan

Y tudng co ban ciia gn ding DPA nay 1 thay thé GP bac 4:
VGP = —,U,“I}o|2+g’\llo|4 (21)

bing mot thé bac 2 (goi 1a thé DPA):

Vopa(Wo) = 902 2 <1 - %) - % . (2.2)

Sy thay thé nay khién phuong trinh GP mo t4 ham séng ngung tu trd thanh phuong trinh
vi phan tuyén tinh, vi tit d6, ching ta c6 thé dé& dang tim dugc nghiém giai tich ctia né.

2.1.2 Gan diang parabol kép trong nghién cttu hé ngung tu Bose—
Einstein hai thanh phan

Hé phuong trinh TIGP khong tht nguyén mo ta ham séng ngung tu khong tha
nguyén cua hé c6 dang:

2
—ddj’; s+ 0P+ K[ = 0,
2d2¢2 3 2 _
—£ W_¢2+1/}2+K|¢1| Py = 0. (2.3)

Xét truong hop hai thanh phan ngung tu ciing can bing & pha khéi va § trong khong gian
rong vo han, ta c6 diéu kién bién Dirichlet nhu sau:

(2.4)




Dé thu dugce biéu thic giai tich clia ¥; véi moi gid tri clia K va &, ta can sit dung
phuong phap DPA, v6i thé GP khong thit nguyén ctia hé BEC hai thanh phan dugc thay
thé boi thé DPA khong thit nguyeén:

Vora (1,2) = 2151 — 1+ (K = Dl = 3. (2.

Két qua thu duge 1a sy xuat hién cia hai phuong trinh doc 1ap tuyén tinh mo ta
gan dang cdc tham s6 trat ty rat gon clia hé:

>y,
T8 a1 =0
&y
_52% + (K = 1)1y = 0. (2.6)

Nghiém cua hai phuong trinh trén tuong tng la

o VK +1 -
Pi(2)=1— NN e mexp <—\/§|Z|> :
o VK -1 K—-1_
¥y (2) = \/§+—mexp (—TM) ’ (2.7)

véi (7,7) = (1,2) néu 2 > 0 va (4,5") = (2,1) néu 2 < 0.

2.2 Gan dang Hartree—Fock

Trong gan diing Hartree—Fock, ta chi giit lai dong gép 2PI don gidn nhat trong
phiém ham Ty cta tdac dung hiéu dung CJT, cu thé 1a gidn dd bong bong kép (double-
bubble). Gidn d6 nay biéu dién cic higu tng tu tuong tac bac thap nhat (lowest-order
self-interaction) mot cdch nhit quan (phi nhidu loan), ddng thai thuc hién phép tong vo
han mot 16p cac gidn do nhidu loan, cu thé 1 céc gidn dd kicu “hoa ctc” (daisy) va “da
hoa ciic” (superdaisy). Ngoai ra, né mo ta céc hiéu ing trudng trung binh nhu tuong téc
tryc tiép (Hartree), va trong mot s6 hé 1a ca tuong tac trao doi (Fock).

2.2.1 Mat do Lagrangian tuong tac trong gan ding HF
Trong 1y thuyét ¥4, mat do Lagrangian 13

LIV, U] = U* —mﬁ—h—QVQ qf—u\qf|2+gy\m4 (2.8)
’ ot 2m 2 ' '

Theo hinh thtic luan thoi gian 40 6 nhiét do 7" hitu han, mat do thé nang hiéu dung CJT
c6 dang:

Vogr = —p¥g + % / tr [InG~1(k) + G (k)G (k) — 1] + Va(¥o, G), (2.9)
B

Trong phuong trinh trén, ky hicu fﬁ duge chiing toi quy ude 1a

_L S Ak
[r0=5 5 [ Gosttn w (2.10)




Vi wy, = 2nmh A7 14 cac tan s6 Matsubara doi v6i boson.
Trong gan ding HF, biéu thite cia V5(¥y, G) ¢6 dang:

3
Va(To, G) = gqu + gqu (3P + Pa) + %PHP22 + gg (P2 +P2), (2.11)
trong do Pj; fﬁ ;i(k) (v6i j = 1,2) 1a cac loop biéu dién cdc tich phan xung lugng

trong khong gian xung lu(jng.

1 \111 \PQ \112
+ g
2
v,

Vo

Hinh 2.1: Gidn d6 Feynman 2PI ttng v6i phiém ham LW.

N

2.2.2 Gan dang cay (tree approximation)

Trong gan diung cay, mat do thé nang hiéu dung c6 dang:

Voyr = —pl2 + gxpg. (2.12)

2.2.3 Gan diang mot vong (one-loop)

Trong gan ding mot vong, mat do thé nang hieu dung c6 dang:

1
Voyr = —p¥g + g\lfé + §/tr [InG~'(k)]. (2.13)
g

2.2.4 Gan diang hai vong (two-loop)

Trong gan diung hai vong, mat do thé nang hiéu dung c6 dang:

1
Vegr = — pW2 + gxlfé +3 / tr [InG~'(k) + Gy (k)G (k) — 1]
8
3
+ gg (Plzl + P222) + %P11P22- (2.14)




Chuong 3

Tinh chat nhiét déng ctia khi Bose
loang & nhiét dé6 khong

3.1 Trang thai co ban cua hé Bose—Einstein hai thanh
phan trong khong gian nita vo6 han

Chiing t6i xem xét heé BEC hai thanh phan déi xing tinh tién trong mit phing
(x,y) va bi gidi han bdi mot tuong cing tai z = 0. Ngoai ra, thay vi giit s6 hat ¢ dinh,
chiing t6i xem xét he v6i thé héa cb dinh. Gia sit ngung tu 1 dang on dinh & pha khéi véi
thé héa p; = ji; va mat do p1 = py/g11. Trong khi d6, ngung tu 2 véi thé hoa ps va mat
do p, chua dat duge su 6n dinh pha khéi. Sit can biing hai pha khéi ctia he dat duge néu
thé hoa va mat do clia ngung tu 2 1an luot 1 py = fis = pi\/go2/g11 VA p2 = pa = [l /gao.

Heé phuong trinh TIGP mo t4 tham s6 trat ty riat gon clia hé nhu sau:

2
SR g K =0, (3.1a)

2
T — 4 g+ Kl =0, (3.10)

v6i diéu kien bien tuong ting 1a: ¢1(0) = 12(0) = 1hg(00) = 0, 9y (0c0) = 1.

Dai lugng € trong vé trai cia duge dinh nghia 1a € = py /1o va duge goi la ti
le thé hoa. Sit dung phuong phap DPA, chiing toi thu dugc cac tham so trat ty rat gon
nhu sau:

- O mién beén phai mit phan cach (3 > 0):

Yi(2) = 1+ A= (3.2a)

(Z) = Byexp (— Kg_ 62) : (3.2b)

- mién ben trai mat phan cach (£ < 0):

¥1(3) = 24, sinh <mz> , (3.3a)

1 —exp (—\2_—2_62>] : (3.3b)

Cac hing s6 tich phan A, Ay, By, By dudce xac dinh tir diéu kién lién tuc clia cdc tham

s6 trat ty rat gon va dao ham bac nhit ciia n6 tai mat phan cich (2 = /).

19(Z) = 2B5 sinh <%§> + /e
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3.2 Gian do pha tién dinh ué6t

Chting to6i xem xét qué trinh tao nhan (nucleation), 1a qua trinh thanh phan 2 bat
dau hinh thanh trong thanh phan 1. Khi d6 1, nhé so v6i mot nén ta ¢6 hé phuong trinh

P

— U U =0, (3.4a)
2d2¢2 2, _
—§ 5 — ey + Ky =0, (3.4b)

Giai hé phuong trinh trén thu duge

~2
¢ [1 8K 1

Un(3) = [cosh (%)} e i:ocm :tanh <%)r (3.6)

m

Diéu kién bien 1,(0) = ap = 0 din t6i ay = 0. Tt d6 suy ra tri rieng duy nhat ng véi

n=11a
2
,/1+8§—f—3] | (3.7)

Dé xac thuc két qua giai tich thu dudc, ching toi vé do thi biéu dién tham sb trat
tu nhu trong Hinh . Su trung khdp gitta hai do thi gép phan xac nhan tinh chinh xéac
d6i vai két qua gidi tich ma ching toi thu duge.

¥,

1.0

52
-8

e=K

0.8}

0.6f

0.4f

0.2}

0.0

Hinh 3.1: D6 thi bidu dién tham sb trat tu rat gon theo Z taie =092, =1/2va K = 1.3.
Dudng nét lién biéu dién két qui giai tich, con duong nét dit biéu dién két qua tinh sb.

Trong Hinh mién khong tron 1an (the immiscible region), mién nay dugc ngin
cach véi mién tron 1an (the miscible region) bing doan thing MN, dic trung cho cic
trang théi tron 1an (the demixing states) c6 K = 1.
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0.4f

0.2f
K

05 10 15 20 25 30

Hinh 3.2: Duong tao nhan tai £ = 1/3. Mién mau xdm duge thé hien trong do thi dic
trung cho mién khong dinh u6t.

Chiung to6i xem xét truong hgp duge mo ta trong Hinh véi gid tri xac dinh cia
¢ = 1/3. Mién khong dinh w6t clia gidn do duge the hien trye quan bing mién mau xam.
Tai diém w6t W, ti hé thé hoa e tng véi sy can bang hai pha. Tai d6, do dai phu trg ciia
ngung tu 2, &, thdéa man diéu kien & = & (vh € = 1). Dudng tao nhan giao véi duong
can bang pha khdéi tai W, trong dé cuong do tuong téc ti déi K tai d6 duge xac dinh 14
Kyer. Tit (3.7)), chiing toi suy ra két qua sau:

Kew—er 2 (€ : 3.8
Wet_€+§(g_§)' ()

D& dang thiy ring gia tri cyc dai clia Ky cang 16n khi € cang nho. Véi € = 1/3 thi
Kyer < 2.58, mién gia tri nay ctia K 1a phit hgp dé c6 thé diéu chinh duoce trong thuc
nghiém.

Chiing t6i gid st ring & < &. Theo d6, qud trinh chuyén pha u6t khong thé xay
ra khi sitc cang bé mit v, tai mat phan cach gitta hai ngung tu va stc cang bé mat YW
clia ngung tu j tai tudng (duge xac dinh & phan sau) tuan theo bat ding thic:

ywi < Yw2 + Y2 (3.9)
Diéu kién trén tuong duong véi
2 (€ 2
K > €+§ E—é :Kwet- (310)

Bét diing thitc tren thé hien mién gi tri ctia cudng do tuong tac ti déi K ma su chuyén pha,
u6t khong thé xay ra. N6i cach khac, giai doan tién dinh wét dién ra d mitn 1 < K < K.
Trong gian dd pha w6t (Hinh [3.2), trang thai tién dinh w6t tuong tng véi mién MNW
(mién mau xam). Qué trinh chuyén pha w6t xay ra khi 1 < K < Ky vd € = 1. Duéi
doan mau d6 NW, su tao nhan khong xay ra.
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3.3 Tinh chat nhiét dong ctia trang thai tién dinh w6t

3.3.1 Do day cua 16p tién dinh uét

Y, Y;
1.0r 1.0p
0.8} 0.8}
0.6} 0.6f /
0.4H 0.4}
0.2 0.2

z z
0.0 : , . 0.0 . .
0 2 4 6 8 0 2 4 6
(a) € = 0.95 (b) € = 0.999

Hinh 3.3: Do thi biéu dién tham sb trat tu rit gon cta hai thanh phan ngung tu theo 2
tai € = 1/3 va K = 1.5.

Do day ctia 16p tién dinh wét duge xac dinh tir didu kién

c¢6 biéu thic gidi tich nhu sau:

1 . VE — e+ V2e(1 — \/fe) + eV/eK — 1
2vVeK =1 \ VK —e+V2e(1 —e) —e/eK — 1]

Nhin vao Hinh [3.3] ta thay, do day ctia 16p tién dinh w6t sé ting khi ti 16 thé hoa
tang.

T phuong trinh (3.12)) ta thay: do day cia l6p tién dinh w6t phu thuoe vio ca cudng
do tuong tac ti d6i va ti le thé hoa, nhung lai khong phu thuoc vao do dai dic trung ti
d6i. Dang cha ¥, miu s6 trong ham logarit cia (3.12)) sé dan t6i khong khi ti 1é thé hoa
dan t6i mot, didu nay chi ra rang, do day cia I6p tién dinh uét sé dat dén mitc vi mo va
sit chuyén pha 16t sé x4y ra khi ti le thé héa bing mot. Két qua nay cling cd cho quan
diém: sy chuyén pha uét cia BECs hap phu trén mot tudng cing la sy chuyén pha bac
mot.

Ching toi phan tich (3.12) trong thang logarit bang cach diat x = —In (1 —¢), ti
doé thu duge

(~ (3.12)

- 3K +2(K —1) -1
ﬁwﬁlz—ln< 1K —1) )] (3.13)

R6 rang, do day cia l6p tién dinh w6t thay doi tuyén tinh theo z, didu nay duge xac nhan
thong qua do6 thi dudi day.
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2 4 6 8 10 12 14
Hinh 3.4: D5 thi biéu dién do day khong thit nguyén ciia 16p tién dinh uét { theo z tai
K = 1.5. Dudng nét lién duge vé theo két qua tinh s6 ctia phuong trinh (3.11). Céac ky

hiéu tron d6 va cac ky hieu vuong lan lugt 1a cac két qua thu duge tu (3.12) va (3.13).
Cac ky hiéu tron rdng tng véi cdc két qua tinh s6 trong 1y thuyét GP.

Nhu vay, ca két qua tinh s6 theo 1y thuyét GP va DPA déu cho thdy do day cta lép
tien tinh w6t c6 the duoe biéu dién nhur mot ham tuyén tinh clia x véi hé s6 géc a = tan a,
trong d6 « 1a goc hgp béi do thi £(x) va truc = (nhu trong Hinh . Trong DPA, hé s6
goc thu duge tir 1a

1
S — 3.14
AOPA = O R — 1 (3:.14)

Heé thitc trén cho thay, goc o gidm khi cuong do tuong tac ti déi tang len. Trong Bang
, chiing toi dua ra céc gia tri clia appa, agp va sai so ti d6i tuong tng
acp — @
5= lacp DPA|‘

3.15
= (3.15)

Diédu quan trong ma ta c6 thé thiy la sai s6 ti déi ctia DPA so véi Iy thuyét GP nho hon
10%.

K appa agp 5 (%)
1.1 0 0 0

1.3 0.913 0.916 0.36
1.5 0.707 0.756 6.53

Bang 3.1: He s6 goc a trong 1y thuyét GP, DPA va sai s6 ti ddi tuong ting.

3.3.2 Goéc tiép xac

Theo dinh luat Young, goc tiép xtc 6 théa man diéu kién can bang co hoc ciia mot
dudng tiép xtc ba pha (three-phase contact line),

Yw1 = Ywz + 712 cos 6. (3.16)
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Ngung tu 1 Ngung tu 1

Hinh 3.5: Hén hop ngung tu Bose-Einstein hai thanh phan bi hap phuy trén mot tuong
ciing § pha tién dinh uét, 0 < 6 < 7/2, (hinh bén trai) va ¢ pha u6t (hinh bén phai).

Sttc cang bé mat tai mat phan cach gitta hai ngung tu 1& thé 16n du thita trén mot
don vi dién tich bé mat. Vé miit toan hoc, n6 c¢6 thé dude xac dinh tit cdc tham s trat
tur thong qua hé thitc sau:

9] 2 2
wmare e[ (4) e (2)] o)

Thay va Vao ta dugce
Y12 = P (M& + Ngg) 5 (318)

trong d6 M va N 1a cac hing s6 phu thuoc vao e, K va €.
Trong gan ding DPA, sitc cing bé mit clia ngung tu j v6i tuong 13

YWj,pure = 2\/§P]§7 (319)

Trong hé ngung tu ma chung t6i dang khao sat, ngung tu 1 6 bén phai mit phan
cach, con ngung tu 2 bi hap phu bdi mot tuong cing. Do d6, siic cing clia ngung tu 1
tai tuong duge dinh nghia 1a do chénh 1éch trén mot don vi dién tich gitta téng thé 16n
ctia hé va thé 16n cla nita khong gian 1ap day pha tinh khiét 1 & pha khdi, tir hé phuong
trinh GP ta co:

Tw1 = ’YWLpure + ’7W2,pure - 2P1§1 / Kw%wgd’% (320)
0

O gan dudng can bing pha khéi (dudng e = 1 trong Hinh , stic cang tai mit
phan céch giita hai ngung tu c6 thé rit gon thanh

VK —1 +£_e3/2[K—e—|— 26(K—e)]
VZ+VeK—1 7 (Vae+VE —¢)

2 =2V2P | & (3.21)

Trong gan ding bac 1 ciia (1 — €), hé thite (3.21) ¢6 thé viét gin ding dudi dang

T2 ~ 2V2P (& + &) \/§+K—\/;(17_1 + F(K,§)(1 —¢), (3.22)

trong d6 F (K, &) la mot ham cia K va &.
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Tai pha uét (f = 0), s6 hang cudi cling trong vé phai ctia (3.20)) sé bang khong. Két
hop (3.16), (3.19), (3.20) va (3.21)), ching toi x4c dinh duge ranh gidi pha uét (wetting
phase boundary) trong mat phang (&,1/K) ¢6 phuong trinh

VK — 1= % (% — 1) : (3.23)

Hon nita, ching toi xac dinh duge goc tiép xic 6 thda mén

YW1 — YW2,pure . (3'24)
12

cosf =

O gan dudng can bing pha khéi, cosine cia goc tiép xic ¢6 thé rit gon thanh

(1—5) V2+ VK -1
cos b ~ .
1+¢ K—-1

(3.25)

T (3.25) ta thiy, trong trudng hop hé phan tach yéu

(-6 V2
COSQ~(1+§> — (3.26)

Ngudc lai, trong truong hgp hé phan tach manh, goc tiép xtc sé khong phu thudc vao
cuong do tuong tac ti déi K,

—_

_|_

m

(3.27)

cos b ~

—_
A}

Phuong trinh mot 1an nita xac nhan ring, khi cuong do tuong tac ti déi da 16n,
goc tiép xtc chi phu thudc vao do dai dac trung ti d6i. Hon nita, cling cho thay,
gbc tiép xtc luon khac khong khi cuong do tuong tdc ti doi di lén. Diéu nay cho biét,
qué trinh chuyén pha uét khong x4y ra déi v6i hée phan tach rat manh.
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Chuong 4

Tinh chat nhiét déng ctia khi Bose
loang & nhiét dé6 hitu han

4.1 Tinh chat nhiét dong ctia khi Bose loang trong
gan diang mot vong
Chiing to6i bat dau tit mat do Lagrangian ciia khi Bose lodng dong nhat

0 h? g
L=V (—iho. — —V* | U — p|V]*+ = |T|" 4.1
(-ingy - 5o9?) 0= o+ S (4.0
Trong gan ding cay, tri trung binh Wo=1/x/g ting v6i pha pha vd ddi xing ti phét.
Ham truyén & mitc do gan ding nay 1a

(4.2)

trong d6 w, = 2rnh 15~ (n € Z) la tan s6 Matsubara clia boson & nhiét do 7. He thic
tan sic dugde x4c dinh thong qua cac thanh phan trén duong chéo chinh clia ham truyén

Eo(k) = \/ PR (h%z + 29\1/3). (4.3)

2m 2m

Heé thic tan sic trén cho thiy, pho ning luong clia cic céc kich thich khong c¢6 khe ning
lugng, titc 1a khi & = 0 thi Ey = 0, diéu nay tuong tng véi sy pha vé d6i xing U(1) tu
phét va phu hop véi dinh 1i Goldstone.

4.1.1 DO suy giam ngung tu va nhiét doé téi han

Trong gan ding mot vong, mat do thé ning hieu dung CJT tdng véi mat do La-

grangian (4.1)) c¢6 dang:

1
Voyr = —p¥2 + gxlfé + §/tr InG~'(k)], (4.4)
B
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v6i ham truyén G(k) trong gan ding mot vong Ia

(4.5)

He thitc tan sic tuong tng la

h2k? h2k? h2k2 [ h2k2
BEk) =/ ~— — vZ) (= — U2) = J— (= 42u). (4
(k) \/(2m ptg 0)(2m ft+3g 0> \/2m<2m+u) (4.6)

Trong gidi han budc séng dai, d& thay pho nang lugng ti 1& tuyén tinh véi vector song,

E(k) ~ hk\/g, (4.7)

phit hgp véi phd ctia Nambu—Goldstone boson do sy pha va U(1) x U(1).
Dé xac dinh s6 hang cubi cing trong vé phai ctia (4.4), chiing toi 4p dung phuong
phép téng tan s6 Matsubara

1 9
3 > In[Pw) + E(k)’] = E(k) + 3 In (1 — e #E®) (4.8)
tit d6 thu duge
g 1 [ &k 2 B
Vesr = —pVg + 5\113 + 5/ ) E(k) + 3 In (1 —e BE(’“)) : (4.9)

Bing cich cyc tiéu héa mat do thé ning hieu dung CJT (4.9) theo Wy, ching toi thu
duge phuong trinh khe trong gan ding mot vong

g [ &k [ Bk , J 1 2 -
_“+9p0+§/(2w)3 [2<2m —r 29V ) =¥ pay \M gEm =1 ) =0

Thay pu = gp vao (4.10) ta thu duge mat do ngung tu

u &Pk [ h2E? 1 1 1
) e \m =5t mmm— ) 411
P g /(27r)3 ( m T E(k) \ 2 + eBER) _ 1 (4.11)

Ap sudt clia he 1a

2 3
0 1 d’k 2 _BE(K)
P=—"Vorlmn=7——=z | —= |E(k)+=In(1 - . 4.12

Mat do hat toan phan ducc dinh nghia 13 dao ham riéng clia 4p suat theo thé hoa

oP
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Thay (4.12)) vao (4.13) ta thu dugc mat do toan phan

Y Pk W2k 1 (1 1
— g St e ) 4.14
P~y / (27)3 2m E(k) \ 2 T AEm (4.14)

Tu (4.11) va (4.14), dé thiy do suy gidm ngung tu trong gan ding mot vong (hay con goi
la gan ding Popov) duge xac dinh bdi

Pex P — Po d*k [ h2k? 1 1 1
Pex _ - ) (i), 4.1
m= = [ 5 () w0 (5 (415)

Khi diéu kién ty hgp duge ddm bao, do suy gidm ngung tu tuong tng giit nguyén
dang nhu (4.14)) véi mat do ngung tu po dude thay thé bing mat do toan phan p. Cuy thé,
trong vé phai cita (4.14), ta c6 the lay

E(k) = \/h%2 (mz + 2gp). (4.16)

2m

21.2

Diat k%2 =

va thay (4.16) vao (4.15) ta thu dugce

2m

Pex (2m)3/2/ d°R K +gp 1, L (4.17)
o Bp (27)3 \/k2(K2 + 2gp) \ 2 oBVR(W+290) _ '

Vé phai ctia (4.17) bi phan ky tit ngoai. Theo phuong phap chinh thit nguyén ta co

[ (M) _ / dd/%» /sz*n _ Qd AQEMd+2(min) F(d_Tn + m)F(n - m — %l)
mn (2m)d (K2 + M2)n/2 (27)¢ 2F(%) 7
(4.18)
vii F(n) — 000 l‘nfle*xd,ﬁlj 13 ham Gamma, Qd = 27rd/2/r(d/2) 1a dlén tich mat Céu ban

kinh mot don vi trong khong gian d chidu va A 13 hé sd tai chuan héa dé dam bao tich
phan nay ¢6 thit nguyen chinh xac. Ap dung véi d = 3, két hop véi didu kien gp < kgT
(hay Bgp < 1), ching t6i thu duge

pex _ 8 C(3/2) QC(l/Q)aS
VIR v )

trong d6 g la buée séng de Broglie ctia chuyén dong nhiat,

| 2wh?
AR = . 4.20
B kaT ( )

Dé xéac dinh nhiet do t6i han, ching toi stt dung didu kien mat do ngung tu bing
khong (pg = 0 v pex = p) tai diém chuyén pha ngung tu. Ti phuong trinh (4.19)), chiing
toi thu dudc bidu thic clia nhiét do t6i han ¢ gan ding bac thap cia a, nhu sau:

= ij/f; << (3p/2>>2/3 (1 B %p 1/3%) | 420
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Nhu vay, do lech ti d6i ctia nhiet do t6i han ti 1é tuyén tinh v6i do dai tan xa song s theo
hé thic

AT,

13
— =c¢pay, (4.22)
7"
P _ 4{(1/2) ~ A ? 2 - ~r A ~
trong d6 ¢ = “3c@/n 1.413. Két qué (4.22) cta ching toi twong doi phi hop

v6i két qua thu duge tit mo phong Monte Calrlo (¢ = 1.29 4 0.05) vA md phéng mang
(lattice simulation) (¢ = 1.32 + 0.02). Ngoai ra, né cling rat gan két qua ly thuyét thu
dugc tit phuong phap khai trién 6 tuyén tinh phi nhidu loan (the non-perturbative linear
S-expansion method) trong khuon kho Iy thuyét nhiéu loan t6i tu (optimized perturbation
theory) (¢ = 1.48). Phuong phap bién phan va giai tich tiém can (asymptotic analysis) trén
co sG 1§ thuyét Bogoliubov ciing tuong ddi phit hgp véi két qua cia ching toi (¢ = 1.49),
tuy nhién phuong phap nay lai dan téi két luan ma ching t6i cho 14 chua chinh xAc:
chuyén pha ngung tu Bose-Einstein 1 chuyén pha loai mot.

4.1.2 Nang lugng diém khéng va cac tinh chat nhiét dong trong
pha ngung tu

T phuong trinh (4.14), ta ¢6 thé héa

B +/d3kh2k21 1o .23)
=909 | )3 2m Bk) \ 2 ePER) — 1) '

Thay (4.16) vao (4.23) roi khit phan ky bang cach ap dung (4.18), trong gan ding bac
thap nhit ctia tham s6 khi pa?, ching t6i thu dugce

= gp (HFW) +%j’é2)%. (4.24)

Bay gi chiing t6i s& xem xét ap sudt thoa man diéu kieén tu hop, tir (4.12) ta c6

2 3 3
" 1/dk /dk N
P = _ «//€2I€2—|-2L In 1—6 M)
29 2) (2m) ( 4 8
_ L po) 4 pm (4.25)
_29 g g )

S6 hang thit hai trong vé phai ctia (4.25) dic trung cho nang lugng diém khong (chan
khong) sinh ra do cac thing gidng lugng tit § trang thai co ban:

1 3k 9 3/2 3z
& =—-PO = —/ d K2(K? +2p) = (2m) / d il K2(K% 4 2p)

e~ 2/ (2n)p o3 | (2r)3
8m?3/2
5/2 4.2
= smemsh (4.26)

V6i didu kien khi lodng va lan can diém chuyén pha ngung tu duge ap dung, s6 hang
cubi cling trong vé phai cia (4.25) duge 1y gan ding bang

P =2 (<o) - s/t ). (127
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Thay - va, - vao -, chiing toi thu duge ap suat théa man diéu kién ty hop,
trong gan ding bac thap nhat cta tham sé khi nhu sau:

P9 (1 n ;\MF\/?) | 2mhB/2) %, | 2mHC(5/2) (4.28)

6 5
mAL mAR

Sau day, ching ta sé xem x¢ét § nghia vat 1y clia cdc s6 hang trong vé phai cla (4.28).
S6 hang dau tién bao gom hai thanh phan: dé thay thanh phan gp?/2 dac trung cho ap
suat khoi; trong khi thanh phan con lai xuit hién do sy thiang gidng luong ti & nhist do
khong (thing giang chan khong). Hai s6 hang tiép theo mo ta dong gop cua tuong téc
gitta nguyén tit va thang giang nhiét vho ap suit, trong d6 s6 hang cudi cing dic trung
cho sy thing giang nhiét thuan tdy, béi s6 hang nay van xuat hién trong vé phai cla
ngay ca doi véi khi Bose li tudng. N6 cho thiy, ap suit ctia khi Bose li tudng trong
pha ngung tu ti le véi 7°/2,

Mat do nang luong ducc xac dinh tit 4p suat thong qua mdi lién hé giita hai dai
lugng nay trong nhiét dong lyc hoc

- [‘WP)L , (4.29)

chiing toi thu dugc
12 21 h? 2 47 h? 2)2 2 2
&= gp 1+ 8 pa3 . Th C(gé )pas 4 mh C(Bé ) as + 3mh C(?/ )
157 mAg mAg mAg

0 nhiét do hitu han, cdc déng goép cia thing gidng nhiet vao mat do ning luong duge thé
hién & ba s6 hang cubi cling.

(4.30)

4.1.3 Cac tinh chat nhiét dong trong pha théong thudng
Trong pha thong thuong, hé thic tan sic c6 dang:
h2k?
Elk)=——— 4.31
0 =2 (431

trong d6 j1 = p — 2gp dugce dinh nghia 13 thé héa hiéu dung va n6 bang thé hoa clia khi
Bose li tudng trong pha thong thuong. Ham truyén tuong tng khi do 1a

H2k?
i hwn
Gy = —+ | 2m —H " (4.32)
RETERE |, R
" om "

Su phan ky tit ngoai trong ning luong diém khong c6 thé duge khit bing cach dua them
mot s6 hang bl trit ma khong 1am thay déi ap suét. Ap sudt tu hop duge xac dinh béi

h?
e Lis o [e?=29)]. (4.33)

2
P=gp’+—+
Bing cach thay (4.33)) vao (4.13), ching toi thu duge mat do toan phan clia he

B Li5/2 [eﬂ(u—Qgp)]
b

(4.34)
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Tiép tuc 1ay nghich dao hai vé cta (4.34), ching toi suy ra thé héa & ngoai pha ngung tu

j=2gp+ kT In [Li;/g(pAg)] . (4.35)

Két hop (4.24) va (4.35), ta c6 sy phu thuoc clia thé hoa u theo nhigt do T & gan diém
chuyén pha ngung tu nhu sau:

32 4mh*((3/2)as
gp 1+ —\/pa§> P T
= < 3y mA, (4.36)
2gp + kT In [Lig/g(pAg)} , T>T.

Sy phu thudc clia thé hoa theo nhiét do nhu trong dudgc chiing toi biéu dién
bing dudng mau den trong Hinh [4.1} C6 thé thiy, thé hoa thay ddi lien tuc khi qua diém
chuyén pha ngung tu. Ban dau, trong pha ngung tu, thé héa ting theo nhiet do tir gia tri
gp dén gia tri cuc dai 1a 2gp tai diém t6i han, sau d6 n6 gidm khi nhiét do tiép tuc tang.
Trong Hinh duong mau doé biéu dién sy thay ddi thé hoa theo nhiét do clia khi Bose
Ii tudng, cac ky hiéu tron va tam gidc danh dau céac dit lieu thyc nghiem ctia Mordini va
cong su (2020).

2.0}

1.5F

101
n [
ap T.
0.5 ;
1 (o)
1
]
[ 1 (o)
0.0 : 4
[ ]
' 1
! ]
_ . |
05 : o |
0.0 0.2 0.4 0.6 0.8 1.0 1.4

T/T
Hinh 4.1: D6 thi biéu dién thé héa ctia khi 23Na theo nhiét do.

Két qua thyc nghiem da cho thay su phit hgp tot vdi két qua 1y thuyét cia ching
toi. Mot diéu quan trong nita ciing ¢6 thé duge quan sat tit Hinh d6 1a su xac nhan
vé miit thuc nghiem déi véi su thay doi khong don dieu ctia thé hoa trong viing lan can
diém chuyén pha.

Tuong tur cach ma chung toi da xdc dinh thé héa & ngoai pha ngung tu, mat do
ning lugng & nhiét do T > T, ma ching t6i tim duge ¢6 dang:

2 h?

5
mAg

£=gp®— Lis o [eP=290)]. (4.37)
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4.2 Tinh chat nhiét dong ctia khi Bose loang trong
gan diang hai vong

4.2.1 Phuong trinh trang thai trong pha ngung tu
Chiing toi bat dau v6i mat do thé nang hiéu dung CJT trong gan diing Hartree—Fock
1
Vegr = — pV3 + gxyg +3 / tr [In G~ (k) + Gy (k)G (k) — 1]
B
3
+ (P4 Ph) + PP, (4.38)

T mat do thé niing hiu dung (4.38), ching toi suy ra:
- Phuong trinh khe:
—p+g¥g + 11, = 0. (4.39)

- Phuong trinh SD:
G (k) =Gy (k) + 10, (4.40)

) I, 0 S - o 39 g S
trong do Il = 0 I la ma tradn nang lugng rieng, véi I, = 7P11 + §P22 va
2

3
I, = gP11‘|‘—gpz2-

2 2
Ham truyén trong gan dang HF c¢6 dang:
h2k?
1 —u+ g\I/% + H2 —hwn
(W= | " 12k (4.41)
n (HF) hwy, — pu+3gVE+ 11,
2m
Ham truyén trén dan t6i hé thic tan sic trong gan dung HF tuong tng 1
h2k2 h2k2

He thic tan sic cho thay sy xuét hién clia khe niang lugng, ¢6 nghia la dinh Ii
Goldstone bi vi pham trong gan ding HF.

Dé khiac phuc diéu nay, ching toi stt dung phuong phap gan ding IHF. Trong gan
ding nay, mat do thé nang hieu dung dugc bd sung mot s6 hang hiéu chinh sao cho céc
phuong trinh chuyén dong c6 dang khong thay doi, va diéu nay dan t6i

~ 1
Vesr = — M\I’(?) + g‘l’é T 2 /5 tr [ln G(_HI{F)(]{:) T Gal(k)G(IHF)(k) -1

3
+ g (PA + Py) + ngnpzz- (4.43)

T mat do thé niang hieu dung CJT (4.43), ching toi suy ra:
- Phuong trinh khe:
—p+g¥g + 3, =0, (4.44)

- Phuong trinh SD:

Ganpy = Go ' + %, (4.45)

22



1 0 R
trong d6 X = (Ol 5 ) la ma tran nang lugng riéng trong gan dung THF, v6i ¥y =
2
3 3
gPM + ?gpgg V:a 22 = 7gP11 + gPQQ.
Ham truyén trong gan dang IHF c¢6 dang:
h2k?
TS pp——— R (4.46)
ar) (k) = 5 o B T : 4.46
h2w? + E(k) i, M
2m
trong d6 M 13 khoi lugng hiéu dung:
M= —p+ 3902 + 3. (4.47)

C6 thé thiy, pho kich thich ing véi ham truyén (4.46) 1a

h2k? [ h2k? M
E(k) = \/ o ( o T M) = Ry [ 5 khi k = 0. (4.48)

Nhu vay, van dé vé sy xuét hien khe nang luong trong pho kich thich da duge giai quyét
trong gan dtng IHF.

Thé hoéa p duge dinh nghia 13 dao ham bac nhat cia 4p suat P theo mat do toan
phan p:

o or o _aVCJT|min

= W o9 (4.49)
thay
P=—Vou| = pt}- g\pé - %/ﬁtr [111 G(—I;IF)(k)] - % (32 — pu — M?) Py,
- % (996 — 1) P2 — % (P + P3) — ??Tgpnpm (4.50)
ta dugc thé hoa trong gan dung hai vong:
1= gp+gPu. (4.51)

Két hop (4.51)), (4.44) va (4.47), ching toi thu duge phuong trinh khe va phuong trinh
SD cho khéi lugng hiéu dung:

1
0:—1+%+%(P11+P22)7 (452&)
3 1
M=—1+2 — (P, —3Py), (4.52b)

p o 2p

trong d6 M = M/(gp) 1a khdi lugng hiéu dung khong thit nguyen.
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4.2.2 DO suy giam ngung tu & nhiét doé lan can khoéng

Dé xéc dinh céc tich phan xung lugng Py v Py, ta can ap dung cong thic lay tong
Matsubara

n:zoo 22+ E(k)? ~ 2E(k) <1 * m) - (4.53)

O nhiet do lan can khong, cac tich phan xung lugng c6 biéu thitc gidi tich nhu sau:

(2m)3/2M3/2 (2m)3/27r2

== 4
= 6m2h3 30h3 M5/2 (ksT)", (4.54a)
(2m)3/2M3/? (2m)3/? ,
Py = — ks T2, 4.54h
- 1272h3 omeapie e (4.54b)

Thay céc tich phan xung lugng trong (4.54)) vao phuong trinh khe (4.52a)) va phuong
trinh SD (4.52b)), chiing t6i thu dudc hé phuong trinh mo t4 mdi lien hé giita ti 1& ngung
tu po/p va khdi lugng hiéu dung khong thit nguyén M & nhiét do 7' > 0 nhu sau:

2 kpT)?2 kpT)?
0:_1+p0 \/—Mg/z\/p a; + ks >1/2 (ks )5/2 )
3V 12v/27h4p3/2at P M2 480\/27R8 p7/2a% 2 M52
(4.55a)
3p0 10 kpT)? kpT)?
M=—1420_ f-wv 34 mBEZ - <mBL2 .
A2 p3/2al P M2 480/ 2B p7/2al* M5/
(4.55b)

Giai he phuong trinh trén ching t6i thu duge biéu thic gan ding cho do suy giam
ngung tu cua khi Bose loang 6 lan can nhiét do khong:

Pes _ | P 2(mkgT)? (mkgT)* 112

8
p p 37 pas Imhip s 9m3/2p8 po/2 7% (4.56)
C6 thé thay, vé phai cia bao gom hai thanh phan: (i) thanh phan dic trung cho
anh hudng clia sy thing gidng luong ti thuan tiy, dude thé hien béi s6 hang dau tien; va
(ii) thanh phan dic trung cho anh hudng ctia nhiét do lan can khong, duge thé hien béi
hai s6 hang cudi.

Két qua ma chang toi thu duge khac véi két qua thu duge tir khi Bose dong nhat
I tudng, trong dé do suy giam ngung tu ti le véi 7°%/2. Su sai khac nay 1a do phan phd
phonon chi phdi phan 1én cac tinh chat nhiét dong. Diéu nay ngu ¥ ring, viec dua vao du
chi mot tuong tac nhé gitta cac hat ciing c6 thé thay ddi dang ké cac tinh chét clia khi
Bose ¢ nhiét do thap.

Trong Hinh , dudng cong mau den biéu dién két qua theo 1y thuyét Bogoliubov,
dudng cong mau xanh lam biéu dién két qua ctia chiing to6i tai nhiet do T = 3.5 nK;
con cac vong tron rong 1a dit licu thuce nghiégm cia Lopes va cong su, véi duong bao sai
s6 dugc biéu dién bing duong cong mau vang dam. C6 thé tich, két qua 1y thuyét cia
chiing toi tuong d6i phit hop véi thiye nghiem.
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Hinh 4.2: D& thi biéu dién do suy giam ngung tu ctia khi Bose loiang theo do dai tan xa
as tal nhiét do T = 3.5 nK.

4.2.3 DO suy giam ngung tu ¢ lan can nhiét do t6i han

( 1an can nhiet do t6i han, cac tich phan xung lugng c6 biéu thic giai tich nhu sau:

2m)3/2 M3/ kT \*? 1 M

po= B () (st - qe/mig ) (457a)
2m)3/2 M3/ kT \*? M

Pa= - (Be) (cr+ Sy ). (4.57b)

Thay céc tich phan xung lugng trong (4.57)) vao phuong trinh khe (4.52a)) va phuong
trinh SD (4.52b)), chiing t6i thu dudc hé phuong trinh mo t4 mdi lién hé giita ti 1& ngung
tu po/p va khdi lugng hiéu dung khong thit nguyén M & nhiet do 7' < T, nhu sau:

po | 2+/2pal 3/2 | 43/2 C(l/Z)Pl/g% M
S e i 14 S\/2P s 4,
0 + p + = M=+t + G 1) (4.58a)
3p0  10/2pa3 o0 4 5¢(1/2)p"3a, M
=—14+— - —- t 1+ —""— 4.58b
M=-1+ L\ ) (4.58D)

trong d6 t = T/T " 1a ti s6 giita nhiet do va nhiet do t6i han T

Giai hé phuong trinh trén, ching toi thu duge két qua gan dung

16v2 —  #57  V2((1/2)p"a,
VM2 gV = G Y

@zl—i pad — <1—%Vp&§> tB/Q—%m\/Z. (4.59Db)

Nhu vay, do suy gidm ngung tu ctia khi Bose loang & nhiét d6 T  lan can nhiét do t6i han

ctua khi Bose 1i tudng.

(4.59a)
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1a

pex 8 4 TN\ 2(1/2)p P, | T
2= vt (1 i) (o) St e o

Tai diém chuyén pha téi han (T = T), ti 1é ngung tu bing khong, diéu kién nay
gitip chting t6i xac dinh duge nhiét do td6i han trong gan dung hai vong

Lt N KO g 8
L= ks (<<3/2>) (1 @A +9ﬁm>' (61

4.2.4 Cac ham nhiét dong

Do ¢6 su khac nhau gitta cac ham nhiét dong cua khi Bose ¢ trong va ngoai pha
ngung tu, nén ching toi s&¢ khdo sat hai mién khac nhau ctia nhiét do, duge ngin céch
béi nhiét do t61 han.

Thay vao (4.13), ching toi biéu dién dugc mat do khi trong gan ding IHF,
theo tham sb trat tu va cac tich phan xung lugng,

p="V5+ g (Pr1+ Pag). (4.62)
Thay (4.62)) vao (4.50) ta dugc
gp* g 1 -
P=9 tgoPu+IP: — 5 /ﬁ tr [m G(I;F)(k)} (4.63)
gp 64 4Th?((3/2)pas  2wh3C(3/2)%as = 2mh*((5/2)
1+ \/ pad . 4.64
( 57 pas ) - mA}, * mA$, * mAy (4.64)

C6 thé thiy, s6 hang dau tien trong vé phai clia chinh 1a ap suat khéi Py = gp?/2,
cdc s6 hang con lai dic trung cho sy 4nh hudng cta tuong tac va nhiét do vao ap suit,
trong d6 s6 hang thi hai 14 déng gép clia nhiét do thuan tay.

Bang cach thay vao ching t6i thu dugc mat do nang lugng

128 Anh2C(3/2)pa,  2mh2C(3/2)%a,  3mh2((5/2
£ = 90" (1+—15\/_\/?)+ T %Aé >pa+ T iﬁAéMJF Wmif%”. (4.65)

O pha thong thuong, nhiet do T > T, ti l¢ ngung tu cta hé khi d6 bing khong.
Trong pha nay, he thic tan sic (4.48) duge diéu chinh thanh

h2k?

2m

E(k) = — I, (4.66)
trong d6 i = pu — 3, 14 thé hoéa hieu dung.

Céac s6 hang khong phu thuge nhiét do trong cac tich phan xung lugng bi phan ky.
Van dé nay dudc gidi quyét bang cach dua thém vao cac s6 hang bu trit sao cho ching
khong dong gop gi vao cac két qui. Cac sd hang phu thuoc nhiét do trong cac tich phan
xung lugng c6 dang tich phan Bose,

P11 = P22 =3 ng/g( ) (467)

\/_)\
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trong d6 z = e 13 fugacity ctia khi Bose. Do sy bién mét ctia ngung tu nén cac s6 hang
co dién va diém khong trong sé khong déng gép vao két qud, tit dé ta c6

! /ﬁ tr G ()] = — 2 i (). (4.68)

- 5
mAR

Dé dang suy ra ap suat trong pha thong thuong 1a
1
P =gP% — 3 / tr [InG~'(k)] . (4.69)
B

O gin diém chuyén pha ngung tu, ta ¢6 thé lay gan ding i = p trong ning lugng rieng.
Khi d6 cac phuong trinh (4.67) va (4.68) cho phép ta viét lai ap sudt (4.69) dudi dang

onh? . 64nhlas . ., -
=3 Lis/o(Z) + — Li3 5 (2). (4.70)
B B
Tu (4.70) suy ra mat do hat
64as . .. 1 _.
P="\ Liyj2(2) Lig/2(2) + )\—3L13/2(2)~ (4.71)
B B

Giai phuong trinh trén, chiing toi thu duge biéu thite cia ham da thitc logarit

. minz

trong d6 A(z) 1a ham Lambert. D6i v6i khi Bose loang ¢ nhiét do hitu han, cac kich
thich don hat chiém wu thé, diéu nay tuong duong véi diéu kien budc séng de Broglie

clia chuyén dong nhiét rat nhé so vai do dai dic trung, pa, %4 < 1. Vi vay, & mitc do gan
ding thap nhét, thé héa hiéu dung c6 thé duge suy ra tir (4.72) nhu sau

i = kgTIn [Lig/g(pAg)} . (4.73)
Phuong trinh trén tuong duong véi
Lig/a(2) = p3. (4.74)

St dung cong thitc dao ham ctia ham da thic logarit déi véi (4.74):

dLi,(2) 1_.
= — Li,_ 4.
) L (), (4.75)
ta c6 thé suy ra
.. AP
Lis o (2) = kE—T (4.76)

trong d6 P = p(fi + C) v6i C 1a hing s6 ddm bao tinh lién tuc ctia ap suat P tai diem
chuyén pha. Cac phuong trinh va hoan toan trung khép véi cac phuong trinh
trang thai cia khi Bose Ii tudng, trong d6 thé hoa hieu dung ciia khi Bose lodng tuong
tac yéu déng vai tro nhu thé héa ting v6i khi Bose 1i tudng.

27



Két luan va kién nghi

1 Cac két qua dat dugc

Trong luan an nay ching t6i thu duge nhiéu két qua quan trong, géop phan bd sung
nhitng hiéu biét vé tinh chat cta he BEC mot thanh phan ciing nhu hai thanh phan.
Nhiing két qua chinh c¢6 thé tém luge nhu sau:

1. D6i v6i khi Bose loang hai thanh phan: cac tinh chét clia pha tién dinh w6t duge
nghién cttu day du bang cach sit dung DPA trong 1y thuyét GP. Nghién citu clia chiing
toi chi ra rang trong pha tién dinh ué6t, bé day ctia 16p dinh w6t ting mot cach tuyén tinh
theo thang logarithm ctia ti s6 thé hoa khi tiép can dan tir pha tién dinh w6t dén pha
dinh w6t hoan toan. Trong qua trinh nay goc tiép xtc (goc bo) gidm dan tir gia tri hitu
han (dinh w6t mot phan) vé gia tri 0 (dinh w6t hoan toan). Nhitng van dé ndy cung cap
%I]laﬁcng thong tin hitu ich cho viéc thiét ké thuc nghiem dé quan sat chuyén pha w6t trong

2. D61 v6i khi Bose lodng mot thanh phan:

- Nghién ctiu ctia chiing t6i chi ra ring phuong phap tac dung hiéu dung CJT mo
ta rat tot cac tinh chat nhiet dong clia khi Bose lodng khong chi & nhiét do khong ma ca
& nhiet do hitu han. Do dich chuyén tuong dbi ctia nhiat do t6i han dudi anh hudng cia
tuong tac gitta cac phan tit khi ma ching t6i thu duge phit hop tot véi két qua tuong tng
thu dugce thong qua tinh s6 theo phuong phap Monte Carlo. Két qud ma ching t6i thu
dude trong gan ding mat vong va gan ding hai vong kh4 phit hop nhau.

- Sit dung phuong phap tac dung hieu dung CJT trong gan ding Hartree—Fock cai
tién cho két qua rat tét vé tinh chat nhiet dong cia khi Bose loang. Dac biét 14 mo ta
sit bién doi lien tuc, khong don dieu ciia thé héa & lan can nhiét do chuyén pha. Diéu
nay khic phuc dude han ché cta 1y thuyét Hartree—Fock khi n6 cho thiy thé hoa c6 bude
nhdy phi vat 1§ tai nhiet do chuyén pha.

2 Kién nghi mot sé van dé nghién citu tiép theo

Céc két qua nghién citu vé hién tugng chuyén pha uét trong ludn 4n nim trong
khuon khd 1y thuyét trudng trung binh GP, ¢6 nghia 13, chiing to6i da khong xem xét dén
sit suy giam ngung tu do thiang gidng lugng tit vi kich thich nhiet. Diéu nay cé thé dan
t6i st sai khac 16n so véi thiue nghiem khi he chua da lanh, cu thé 1a ¢6 nhiet do du thap
so v6i nhiét do t6i han. Ngoai ra, diéu kién bién tuong cing chi 13 mot mo hinh 1i tudng,
va trong thuc nghiém hién nay c6 thé chua thé ché tao duge nhitng tudsng cé do cing li
tudng nhu vay. Tiép tuc phét trién cac két qua thu duge trong luan an nay, ching toi du
kién mot s6 van dé nghién cttu tiép theo nhu sau:

- Tai nhiét do khong: chiing tbi nghién citu céc gidi phap thay thé tuong cing dé
dinh huéng quan sat duge hién tugng dinh w6t cia BEC trong thyc nhiém.

- Tai nhiét do hitu han: danh gid 4nh hudng ctia nhiét do lén niang luong bé miit,
qua d6 xem xét anh hudng ctia n6 dén chuyén pha uét ctia he BEC.
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