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Tém tit

Chuyén pha trang thai ngung tu exciton trong ban kim loai/ban dan do mét can bang khdi luong cua dién tir va 13 tréng
dugc xem xét thong qua khao sat ddng thoi tinh chét cua tham sb trat tu trang thai ngung tu exciton va ham cam tng
exciton tinh trong mé hinh Falicov-Kimball mé rong c6 tuong tac dién tir - phonon. Ap dung gin dung Hartree-Fock
khong gi6i han, chiing t6i thu dwoc hé phuong trinh ty hop xac dinh tham sé trat tw. Trong pha dong nhét, ham cam tng
exciton tinh ciing duoc x4c dinh bang gan diing pha ngu nhién. Két qua tinh s6 khang dinh, khi nhiét do du thap va mat
can bang khdi luvong du nho, hé tdn tai trang thai ngung tu exciton. Birc tranh thing giang lién két cap dién tir 16 tréng
do mit can bang khdi lwong & gin nhiét d6 chuyén pha trang thai ngung tu duoc ciing duoc dé cap.

Tir khéa: Ngung tu exciton; cam tmg exciton tinh; md hinh Falicov-Kimball mé rong; lién két dién tir - phonon; mat can
bang khoi lugng.

Abstract

The excitonic condensation phase transition induced by the mass imbalance of electrons and holes in
semimetal/semiconducting materials is considered by examining signatures of the excitonic condensate order parameter
and the static excitonic susceptibility in the extended Falicov-Kimball model involving the electron-phonon coupling. In
the framework of the unrestricted Hartree-Fock approximation, we find a set of self-consistent equations determining the
order parameter. In the homogeneous state, we also derive an analytical expression of the static excitonic susceptibility
in the random phase approximation. The numerical results reveal a stability of the excitonic condensation state in the case
of sufficiently low temperatures and small mass-imbalance. Fluctuations of excitonic bound states near the phase
transition due to the mass imbalance are also addressed.

Keywords: The excitonic condensation; the static excitonic susceptibility; the extended Falicov-Kimball model; the
electron-phonon coupling; the mass imbalance.
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1. Pit van dé

Puoc hinh thanh do sy két cip cua dién tir -
16 tréng nho twong tac Coulomb, exciton dugc
xem 13 mot gia hat boson trung hoa vé dién [1].
Khi mat d6 da 16n va & nhiét d6 du thap, cac
exciton c6 thé ngung ty trong trang thai lugng tir
moi theo 1y thuyét ngung tu Bose-Einstein.
Trang thai nay da duogc dé xuét va thu hat su tap
trung nghién ciru tir nhitng nam 60 cua thé ky
trude [2, 3]. Mic du vay, ban chit cta trang thai
ngung tu exciton trong cac h¢ ban kim loai, ban
dan cho dén nay van con gay tranh cai.

Vé mit 1y thuyét, trong nghién ciru ngung tu
exciton, nguoi ta thuong st dung mé hinh hai
dai nang lugng, véi trang thai két cap cua dién
tr ¢ & dai dan va dién tir f & dai héa tri twong
duong v6i mot trang thai lién két exciton. Trong
s6 d6, mo hinh Falicov-Kimball mé rong 1a mo
hinh thudng dugc sir dung nhiéu nhat [4-6]. Tuy
nhién, ddy 1 mo hinh thuan tay dién tor véi
tuong tic Coulomb giita dién tir va 16 tréng.
Trong khi d6, cac két qua thuc nghiém di khang
dinh phonon hay su léch mang tinh thé ciing
dong vai trd quan trong trong viéc hd tro su két
cap dién tir - 16 trong hinh thanh exciton va trang
thai ngung tu [7-11]. Trong cac cong trinh trudc,
ching t61 da nghién cuu trang thai ngung tu
exciton thong qua xem xét tinh chét ctia tham s6
trat tu trong mo hinh Falicov-Kimball m& rong
c6 twong tac dién tir - phonon [12-15]. Tuy
nhién, thong qua khao sat tham s trét tu, ta chi
c6 thé mo ta dugce tinh chét cua sy ngung tu &
dué6i diém chuyén pha. Con ¢ trén diém chuyén
pha, ngudi ta thudng xem xét tinh chat ctia ham
cam g exciton tinh. Do d6, dé c6 nhiing hiéu
biét ddy du vé trang thai ngung tu exciton, can
phai nghién ctru ddc diém cua sy ngung tu ca
trén va dudi diém chuyén pha théng qua phan
tich déng thoi tinh chit cia tham s trat tu trang
thai ngung tu exciton va ham cam tng exciton
tinh.

V& mit thuc nghiém, cho dén nay da co rat
nhiéu nghién ctru vé ngung tu exciton trong mot
s6 vt liéu, két qua cho thdy c6 mot khoang rong
vé mdi quan hé giita khéi lugng cia dién tir va
16 tréng ma trang thai ngung tu cua exciton cd
thé duoc thiét 1ap [16]. Chiang han nhu, trong
kim loai chuyén tiép, khéi luong cua 15 tréng
thudng 16n hon khdi lwong cta dién tir mot chut,
cu thé mh = 1,3me. Con trong giéng luong tir doi,
16 tréng thudng ning hon dién tir rat nhidu, mn ~
10me. Tuy nhién, trong cic hé graphene, khoi
luong ctia dién tir va 16 trong gan nhu bang nhau.
Do do, khi mo6 ta hé exciton trong mé hinh hai
dai ndng lugng, dé biéu thi mbi quan hé cua khdi
luong dién tir va 16 trong, tich phan nhay nat cia
dién tu f trén dai hoa tri thuong dugc chon nho
hon tich phan nhay nut cua dién tir ¢ trén dai dan
thé hién dai hoa tri hep hon dai dan. Chang han
nhu, trong tinh toan sd véi hé exciton truc tiép
trong kim loai chuyén tiép, ngudi ta thuong lya
chon t"=—0.3t° [6] hay trong graphene, nguoi ta
thuong 1ay t' = — t [18]. Nhu vay c6 thé ndi, su
mét can bang khdi lugng co6 thé anh huong dén
su hinh thanh va ngung tu exciton trong h¢.

Trong bai bao nay, théng qua moé hinh
Falicov-Kimball m¢ rong c6 tuong tac dién tir -
phonon, ching t61 nghién ctru anh hudéng cua
mét can béng khéi luong va nhiét do 1én sy hinh
thanh trang thai ngung tu exciton trong cac hé
béan kim loai, ban dan. Trong khuon kho ctia gan
diung Hartree-Fock khong gidi han, chung t6i rat
ra hé phuong trinh ty hop xac dinh tham so trat
tu trang thai ngung tu exciton, tur d6 ap dung gén
dung pha ngiu nhién tim ra ham cam Ung
exciton tinh. Tir cac két qua tinh toan giai tich
thu duoc, chuong trinh tinh sé xac dinh gia tri
ctia tham sd trét ty va ham cam tmg exciton tinh
duoc thiét 1ap. Nho d6, chung t6i xay dung céc
gian d6 pha mo ta anh hudng cia mét cin bang
khéi lwong va nhiét d¢ 1én chuyén pha trang thai
ngung tu exciton trong hé.
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Bai bao gom 4 phan. Trong d6, chiing t6i giGi  Trén co s& d6, chung t6i thiét 14p chwong trinh
thi¢u mo hinh va trinh bay cac tinh todn giai tich  tinh s6 v6i cac két qua nhan duogc va thao luan
dé rat ra hé phuong trinh ty hop xac dinh tham  trinh bay trong phan 3. Cudi cung 1a phan két
s trat tur va ham cam (mg exciton tinh & phdn 2. ludn cua bai bao.

2. M6 hinh va tinh toan giai tich
Trong khong gian xung lugng, Hamiltonian cua m6 hinh Falicov-Kimball mé rong c6 twong tac
dién tur - phonon dugc viét dudi dang sau

U
H =) Gidlact dfilfick 0ob{b) + 5 ) gt fi_fi
k k,k’,q (1)

g
U laBla 400 + Rl + )

trong do, s6 hang thir nhat mo ta phan khong twong tac ctia hé dién tir — phonon vai clt (cr), kar (fr) va
blt (b 1an luot 1a cac toan tir sinh (hily) cta dién tir ¢ trén dai dan, dién ti f trén dai hoa tri va phonon
mang xung luong k. O day, w, 1a ning lugng khong tan sac cia phonon, con ning luong tan sic cla
cac dién tu ¢(f) duoc cho boi

v6i €60 va t°U) 1an luot 13 ning luong tai nut va tich phan nhay nut cta dién tr c(f); yy =
2(cosky + cosk,,) chi buéc nhay trong mang tinh thé hai chiéu hinh vuéng véi hang sé mang a = 1
va u 1 thé hoa hoc. Sb hang thir hai trong Hamiltonian (1) mé ta phan tuong tac Coulomb véi U 1a
cuong do thé twong tac Coulomb giita cac dién tir ¢ - fva N chi s nt mang trong tinh thé. S6 hang
cudi cuing biéu thi phan twong tac dién tir - phonon véi g 1a hang s lién két dién tir - phonon. Tai
nhiét d6 du thép, cac exciton voi xung lugng hitu han q ¢ thé ngung tu, dugc thé hién bai gia tri
trung binh theo xung luong dy, = (cf: +q/k) khéc khong. Dai lugng nay biéu thi su lai hoa giita céc
dién tur ¢ va dién tir f nén dugc goi 1a tham so trat ty trang thai ngung tu exciton.

Ap dung gan dung Hartree-Fock khong gidi han, bo qua thing giang va cac hang sb thi
Hamiltonian trong phwong trinh (1) dugc tach thanh hai phan 1a phan dién tir va phan phonon. Trong
d6, phan dién tir d& dang duoc chéo hoa bang phép bién ddi Bogoliubov dinh nghia céac toan tir gia
hat fermion maéi

aIk = ukcf;q + kak’r

agk = —vkclt +q T Uk kar 3)
Con phan phonon dwoc chéo héa nhd dinh nghia toan tir phonon méi
h
Bl = bl + VN — 4
Wo

Khi do, Hamiltonian trong gén dung Hartree-Fock c6 thé dugc chéo hoa hoan toan, dudi dang sau

Hyr = Z(Eﬁalrkalk + EZal, a))+ w Z B;{Bq (%)
k q
trong d6 cac nang lugng gia hat tai chuan hoa duoc cho boi
af | ac f _ ac (6)
12) _ €k T Ekeq — sgn (& 5k+q)
E.® = T Wi

2 2
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voi s”li(f )13 ning luong tan sic tai chuan hoa cua cac dién tir ¢ (f) dugc xéac dinh boi
£ = D 1 ynf© (7)

& day, n¢ = %Zk(cﬁck) =nf(&)van/ = %Zk(f fxy =nf (eflan luot 12 mat do cia dién tir ¢ va
dién tir f véinF (€) = (1 + e€/7)~11a ham phan bd Fermi-Dirac trong d6 T 14 nhiét do tuyét ddi.

2
Wy = \/(51{ — &,q) +4IAPR (8)
trong d6 A ciing duoc xem 1a tham sé trat ty trang thai ngung tu exciton, dugc xac dinh nhu sau
Z<ck+qfk> +J—_<bT +b_g) ©)

Khi tham s trat ty khac khong, the hién sy lai hoa manh gitra céc dién tir ¢ — £, do d6 co thé kh:flng
dinh h¢ ton tai trong trang thai ngung tu exciton.

Dang chéo hoa hoan toan ctia phuong trinh (5) cho phép chiing ta dé dang x4c dinh duoc gia tri
trung binh ma cling dugc xem la tham so trat tu trang thai ngung tu exciton

A
— (T — 1 2 f _ &
di = (Chrofid = —[n" (B — nf (ED)]sgn(&; — &.q) W (10)

Trong nghién ctru nay, dé mé ta rd hon chuyén pha trang thai ngung tu exciton ca & trén va dudi
diém chuyén pha, chung t61 phan tich thém tinh chat cia ham cam Ung exciton tinh. Ham cam ung
exciton trong khong gian xung lugng dugc xac dinh boi

1
X(q; (1)) = - Nz <<fk1-ck+q|c|t/+qfkl))w (11)
kK

Dé suy ra biéu thirc giai tich ctia ham cam tmg exciton, xuat phat tir phuong trinh chuyén dong
cho ham Green hai hat vi viéc st dung Hamiltonian (1) ta thu duoc

@ (il eicrql oy fi @) = () = (nferg) + (giaq — &) (i eral Gl of i Do

U
.I.
1 ) R il gy ficra-an — iy ity Cra) 167 g i Vo

kiqq

g
D U ferama, = g, Cera) 0y +ha) I i
q1

(12)

Tiép tuc viét phuong trinh chuyén dong cho cac ham Green bac cao va tinh gan dung thong qua
gan dung pha ngau nhién, chiing ta thu dugc biéu thirc giai tich xac dinh ham cam ung exciton nhu
Sau

Oa
-x"*(q,w)
x(qw) = (13)
1+ (U — gI‘q))(‘)a(q, W)
voi
(nl) — (nf,q)
x*(q ) = Nz v 7 (14)
- 8k+q €
dong vai trd nhu ham cam tng exciton tran va
2gwo
Fq = 22 0b ( ) (15)
2 4LgTwoxT\q,w

2 __
@ @o 7T Uyx°(q, w)
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trong do

(nk q

—(nf)

Ob(q,w)—Nz

Trong bai bdo nay, trang thai ngung tu
exciton duoc xem xét thong qua khao sat dong
thoi tham sé trat tu trang thai ngung tu exciton
va ham cam tng exciton tinh véi w — 0. Cac
quan sat thyc nghiém gin diy vé trang thai
ngung tu exciton trong TaxNiSes [9, 10] cling
nhu cac nghién cau ly thuyét cua ching toi [18]
déu khang dinh cac exciton c6 xung luong g = 0
thuan lgi trong hinh thanh trang thai ngung tu.
Do d6, trong nghién ciru nady, chung téi tap trung
xem xét tinh chét ciia ham cam tng exciton tinh
x = x(0,0) véi cong thirc tong quat duge xac
dinh trong phuong trinh (13).

3. Két qua tinh s6 va thio luin

Tir cic két qua tinh toan gidi tich & phan
trude, ching toi thiét 1ap chuong trinh tinh 6
gidi tw hop cac phuong trinh (7)-(10) dé tim ra
tham s trat tu trang thai ngung tu exciton, va tir
dé c6 duoc gia tri cu thé cua ham cam ung
exciton tinh tir cong thirc (13). Trong phan nay,
chung tdi trinh bay céac két qua tinh s6 nhan duoc
dé thao luan anh huong cua mét can bang khoi
lwong va nhiét do Ién trang thai ngung tu exciton
trong hé. O day, ching t6i chon t¢ = 1 1a don vi
ctia nang lwong va thuc hién tinh sb trong hé hai
chiéu gdom N = 200 x 200 nat mang. Khong
mat tinh téng quat, ching toi ¢d dinh w, = 2.0
va €€ = 0. Vi su lya chon € = 0 thi nang
luong tai nat e/ cia dién tir f thé hién mutc do xen
phu gitra hai dai nang luong [19]. Trong cac
nghién ctru trude d6, ching t6i da khang dinh
exciton trong hé ngung tu khi lién két dién tir -
phonon du I6n va thé twong tac Coulomb trong
khoang gitra hai gié tri tgi han. Vi vay, trong
nghién ciu nay, ching tdi ¢6 dinhg=0.6 vaU =
3.0. P& nghién ctru anh huong cia mét can bang
khédi lwong, ching tdi lwa chon gia tri cua tich
phan nhay nit cia dién tir f sao cho [t/| < t€ thé

_ sC
ek + &k—q

(16)

hién dai hoa tri hep hon dai dan hay dién ti f dinh
xu hon.

Trudc tién, ching téi khao sét sy phu thuoc
xung luong cua tham sb trat ty trang thai ngung
tu exciton trong vung Brillouin tht nhat véi mot
vai gia tri khac nhau cua tich phan nhay nut cua
dién tu f trén Hinh 1. Cac gian d6 cho thay ban
chat trang thai ngung tu exciton bi anh husng
dang ké boi sy mat can bang khdi luong. That
vay, khi |¢/| nhé tic 1a mat can bang khoi luong
I6n, chang han |¢/| = 0.2, cac gian d6 déu cho
thay tham s trat ty dk = 0 tng v&i moi gia tri cia
xung luong. Pidu d6 co nghia trang thai ngung
tu exciton khong dugc thiét 1ap. Tang [t/ hay
giam sy mat can bang khéi lugng thi gia tri cua
dk ciing tang l1én. Pac biét, Hinh 1a cho thay tai
|tf|: 0.46, dk khac khong va dat cuc dai tai xung
luong k = 0, thé hién exciton trong hé ngung tu
trong trang thai BEC (Bose Einstein condensed).
Tuy nhién, khi |¢/| di 16n, vi du |¢/|= 0.8, d dat
cuc dai tai xung luong gan xung lugng Fermi.
Diéu d6 chung to chi nhing dién tir va 15 trong
gan micc Fermi mai c6 thé ghép cap hinh thanh
exciton va trang thai ngung tu. Trong truong hop
nay, muc Fermi dong vai tro quan trong va sy
hinh thanh cta cac exciton tuong tu nhu hinh
thanh cac cap Cooper trong Iy thuyét BCS (John
Bardeen, Leon Cooper, Robert Schrieffer) cua
siéu dan. Do do6, c6 thé néi exciton ngung tu
trong trang thai dang BCS. Sy chuyén trang thai
ngung tu tr dang BEC sang dang BCS cua
exciton c6 thé duoc ly giai do sy giam mat can
bang khéi lwong. Bén canh d6, giam &/ 1am gia
tang sy phan tach giira dai dan va dai hoa tri 1am
giam kha niang ghép cap dién tir - 15 tréng hinh
thanh exciton. Do d6, khi giam &/, su lai héa
gitta dién tir va 18 tréng chi xuét hién & |¢/] lon
hon (xem Hinh lc, 1d). Piéu nay c6 nghia ring
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khi &/ nho, su ngung tu exciton chi c¢d thé duoc
thiét 1ap & mat can bang khéi luong thap. Ting
nhiét do, nang luong nhiét I6n phé hay trang thai
lien két dién tir - 15 tréng hinh thanh exciton, vi

0.0 - : r .
' e=-3.0, T=0
-0.1- .
0.2 1
=1
-0.3 1 ]
—— |tf=0.2
-0.4 - —— |t|=0.46 -
——|t=0.8
o5l @ ]
-1.0 -0.5 0.0 0.5 1.0
k/n

0.0

-0.14

-0.2 4

253

0.3 1 5

04 —— =02 |
——|t|=0.74
05 (©) —— |t'=0.9 |
-1.0 -0.5 0.0 0.5 1.0

kim

vay gia tri cua tham sé trat ty giam manh va |t/ |
phai rt [6n méi c6 thé thiét 1ap trang thai ngung
tu exciton (xem Hinh 1b va 1d).

0.0 T T T

-0.14

-0.2

—— f=0.2 |
—— |t'1=0.46
—— |t=0.8

-0.3
-0.4-
(b)

-0.5 - r . T - T .
-1.0 -0.5 0.0 0.5 1.0

0.00000
-0.00004
-0.00008 -

-0.00012 ~

-0.00016 . |tf|=09

(d)

-0.00020 . . T
-1.0 -0.5 0.0 0.5 1.0

kit

Hinh 1: Sy phu thudc xung lugng ctia tham s trat tu ngung tu exciton dk trong viing Brillouin thir nhét voi cac gia tri
khac nhau ctia tich phan nhay nut |t/ | cia dién tir fkhi &/ = —3.0 (Hinh a, b) va &/ = —4.0 (Hinh c, d) & trang thai
cobanT=0vaT=0.2,

Tiép theo, dé thay rd hon anh hudng ctia mat
can bang khdi lugng va nhiét do Ién sy hinh
thanh trang thai ngung tu exciton trong he,
ching to1 biéu thi trén Hinh 2 su phu thudc cua
tham sé trat tu A va ham cam tng exciton tinh y
vao tich phan nhay nat |¢/| véi mot vai gia tri
cua &/ 3 nhiét 30 T=0va T =0.2. Hinh 2 cho
thdy ing v6i mot gia tri xac dinh ciia nang luong
tai nat €, tham sd trat ty chi khac khong hay
trang thai ngung tu exciton chi duoc thiét 1ap khi
tich phan nhay nut |tf | 16n hon mot gia tri téi
han hay mét can bang khéi luong giira dién tir va

16 trong dt nho. V6i e/nhd, chang han & =
—4.0, trang thai ngung tu exciton chi 6n dinh
trong mot vung nho cua |tf | bac bi¢t, khi tang
nhiét d6, nang luong nhiét 16n pha v lién két
dién tir - 10 tréng nén exciton ngung tu khi mét
can bing khéi lugng rat thap, hay [t/| ~ 1 (xem
Hinh 2b). Tang &/, 1am ting mac dd xen phu
gitta dai din va dai hoa tri, cac dién tir va 13 trong
dé dang két cip v6i nhau hinh thanh exciton. Do
do trang thai ngung tu exciton dugc thiét lap tai
|¢/| nho hon hay mit can bang khéi luong 16n.
Dic biét, e/ = —1.0, tham s6 trat ty khac khong
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ung voi moi gia tri cia nang lugng tai nat hay
trang thai ngung tu exciton c6 thé duogc tim thiy

B - ; 1.4
B T=0
| — = —— 1.2
! .,
|- = - ,gf:_ ......
e =3 1.0
10 £=3 |
B -t S SR
' o : 0.8
= 1 ot '
b 5 Lt 08
54 " v : . P
P/ P ! o4
........ T A )
0 oo T : 0.0
0.0 0.2 0.4 0.6 0.8 1.0
It]

< 2210

ngay ca khi |tf | = 0. Trong truong hop nay, mo
hinh tré vé mé hinh Falicov-Kimball nguyén gdc.

20 ’ . . . — 14
e __:.._...._,__' T=0.2
o — o= e 1.2
f ST erene
151 07 Toe=2 .
: ______ o= : - r1.0
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Hinh 2: Tham sé trat tw A va ham cam tng exciton tinh y phu thudc vao tich phan nhay nut |tf | ung voi mot vai gia tri
khac nhau ctia ning lugng tai nit &/ ctia dién tir f va nhiét do T.

Nhu vay, thong qua phén tich tinh chit cia
tham sé trat tu trang thai ngung tu exciton A, ta
c¢6 thé mo ta dugc chuyén pha trang thai ngung
tu exciton trong hé & dudi diém chuyén pha. Dé
c6 thé hiéu mot cach day du vé chuyén pha trang
thai ngung tu exciton trong hé, can phai nghién
ctru thém tinh chét cua sy ngung tu ¢ trén diém
chuyén pha. Khi d6, ham cam tng exciton tinh
1a mot trong sé nhimg dai lugng vat 1y thuong
dugc xem xét. Trén Hinh 2 chung t6i ciing biéu
thi dé)ng thot1 sy phu thudc cua ham cam wng
exciton tinh ¢ vao dai lugng ddc trung cho su
mat can bang khdi luong |tf | Két qua cho thay
ng v&i moi gia tri cia niang lugng tai nit &7 tai
mot nhiét do xac dinh, ham cam Gng exciton tinh
ludn ting dan khi |¢/| ting. Diéu d6 cho théy,
khi chénh léch khéi luong cta dién tir va 16 tréng
giam, thing giang lién két cip dién tir-16 trong
tang dan, hay noi cach khac, sy dong nhat khi
luong ciia dién tir va 15 trong 1am ting cudng kha
nang lién két ciia exciton. Khi sy chénh 1éch khéi
luong gitta dién tir va 15 tréng di nho, lién két
cap dién tir-16 tréng du 16n va hé ¢ trang thai
ngung ty exciton, thé hién boi su phan ky cua
ham cdm Ung exciton tinh. Qua gia tri té1 han
ndy cta |t/|, tham sé trat ty trang thai ngung tu
exciton khac 0 va hé ¢ trang thai ngung tu

exciton. Vi gia tri nho cua e/ (¢f = —4), ban
dau hé ¢ trang thai ban dan va ta chi tim duoc
trang thai ngung tu exciton khi khéi lwong céc
hat dién tir va 15 tréng tuong ddi dong nhat. Khi
mét can bang khéi luong cua dién tir va 15 trong
tang, ta chi cd thé tim thay trang thai ngung tu
exciton khi hé ban dau ¢ trang thai ban kim loai,
hay gia tri cua e/ d@a I6n. Tham chi, khi &/ =
—1, hé & trang thai ban kim loai, ta c6 thé tim
thay trang thai ngung tu exciton khi khdi luong
cua 15 trbng bang vé cung, tac 16 tréng xem nhur
hoan toan dinh xir, va mé hinh ¢ Hamiltonian (1)
tré vé md hinh FKM nguyén géc c6 tinh téi
tuong tac di¢n tir-phonon. Thang giang nhiét
cling anh huéng toi sy on dinh cua trang thai
ngung tu exciton. Piéu dé dugc thé hién trén
Hinh 2 khi chiing ti thay d6i nhiét do. Cu thé,
khi ting nhiét do, gia tri t6i han cta t/ dich
chuyén sang phai twong ng véi ving ngung tu
cua exciton bi giam.

4. Két luan

Trong bai bao nay, bang viéc st dung md
hinh Falicov-Kimball mé rong c6 twong tac dién
tu - phonon, chung t6i da nghién ctru 4nh hudng
ciia mét can béng khdi lugng va nhi¢t do 1én su
hinh thanh trang thai ngung tu exciton trong h¢
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ban kim loai, ban din. Ap dung gin dung
Hartree-Fock khong gio1 han, chung t61 thu dugc
hé phuong trinh ty hop xac dinh tham s trat tu
trang thai ngung tu exciton. Biéu thirc giai tich
xac dinh ham cam ng exiton tinh cling dugc
thiét 1ap nho sir dung gn diing pha ngau nhién.
Trén co so cac két qua tinh toan giai tich, chung
t61 thiét 1ap chuong trinh tinh sb giai hé phuong
trinh ty hop x4c dinh tham s6 trat ty va ham cam
g exciton tinh. Két qua tinh s6 khang dinh sy
tdn tai trang thai ngung tu exciton ¢ nhiét do thép
khi mat can bang khdi lwong di nhé. Khi ning
luong tai nat caa dién tir f nho hay hé ban dau &
trang thai ban dan, ngung tu exciton chi co thé
dugc thiét 1ap khi khdi lugng cua dién tir twong
duong vai khdi lwong cua 15 tréng. Tang nhiét
d6, thang giang nhiét gop phan pha v trang thai
lién két cap va trang thai ngung tu exciton chi c6
thé xay ra khi khéi luong ctia dién tir va 18 trong
gin nhu bang nhau. Nhiing nghién ctru siu sic
hon vé trang thai ngung tu exciton anh hudng
bdi mat can bang khdi luong thong qua khao sat
céc tinh chit quang cua hé s& duoc tién hanh
trong thot gian to1.
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