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In this research, the optical properties of the exciton systems in the
condensed state are considered through the real part spectrum of the
optical conductivity in the extended Falicov-Kimball model in the
presence of phonons. Applying the Hartree-Fock approximation and the
Kubo linear response theory, a set of equations determining the
excitonic condensation order parameter and the real part of the optical
conductivity are found. Numerical results investigating the real part of
the optical conductivity affected by the mass imbalance show that in
the phonon assistance, a single-peak appears in the optical conductivity
spectrum in the excitonic condensation state when the mass imbalance
is sufficiently small. The peak occurs at a frequency twice the exciton
condensation order parameter. Decreasing the mass imbalance, the
peak position moves to the right indicating the stabilization of the
excitonic condensation state. When the electron-phonon coupling is
large enough, the BCS-type condensation prevails even if the mass
imbalance is large.
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TU KHOA

Ngung tu exciton

M© hinh Falicov-Kimball mé
rong

Gan ding Hartree-Fock
Lién két dién tir - phonon
Mt can bang khéi lugng

Trong nghién ciru ndy, tinh chat quang hoc caa hé exciton trong trang
thai ngung tu dwoc xem xét thdng qua quang phd phan thyuc caa do dan
quang trong mdé hinh Falicov-Kimball mé rong cé sy hién dién cua
phonon. Ap dung gan ding Hartree-Fock va Iy thuyét phan hdi tuyén
tinh Kubo, hé phwong trinh xac dinh tham sé trat ty trang thai ngung tu
exciton va biéu thae phan thuc d6 dan quang da duoc tim ra. Két qua
tinh s khao séat phan thuc cua d6 din quang anh huéng boi mit can
bang khdi lugng cho thiy, véi su hd trg cua phonon, hé én dinh trong
trang thai ngung tu exciton dic trung boi quang phd d6 dan quang dat
cuc dai ¢ tan s6 gap hai 1an tham sé trat tw ngung tu exciton khi mét can
bang khdi lugng du nho. Giam mét can bang khéi lugng, dinh cia pho
d6 dan quang di chuyén sang phai thé hién sy 6n dinh cua trang théi
ngung tu exciton. Khi hang s6 twong tac dién tir - phonon du 16n, trang
thdi ngung tu dang BCS (John Bardeen, Leon Cooper va Robert
Schrieffer) chiém wu thé ngay ca khi mat can bang khdi lugng lon.
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1. Giéi thigu

Ngung tu exciton 1a mét trang thai lugng tir dwoc hinh thanh khi trong vat liéu ton tai cac
exciton mat do cao ¢ nhiét do du thap [1]. Mac du duoc dé xuat vé mat Iy thuyét tir hon nura thé
Ki trude nhung cho dén nay nhiing nghién ciu vé trang thai nay van duoc cac nha khoa hoc rat
quan tam ca phuong dién ly thuyét 1an thyc nghiém. Nhiing quan sat thuc nghiém khang dinh sy
ton tai cua trang thai ngung tu exciton trong mot sé vat liéu 1a minh chiing quy gia cho nhiing du
doan 1y thuyét vé trang thai nay. Céac hé vat lidu tiéu biéu co thé ké dén nhu giéng luong tir kép
ban dan (double quantum wells - DQW) [2], [3], cac vat liéu kim loai chuyén tiép dichalcogenide
(transition metal dichalcogenides — TMD) [4], [5], graphene hai 16p kép (double-bilayer graphene
- DBG) [6], [7]. Trong cac hé vat liéu nay, exciton duoc tao thanh do su két cap cua dién tir va 16
trong dudi tac dung cua lyc Coulomb. Va tiy theo cudng do twong tic Coulomb, trang thai
ngung tu exciton ¢ thé ¢ dang BEC (Bose-Einstein condensation) nhu ciia nhiing hat boson
thong thuong hodc ¢ dang BCS - tuong tu nhu trang thai ngung tu cua cac cap Cooper trong ly
thuyét siéu dan. Bén canh do, trong cac h¢ vat liéu ké trén, mbi tuong quan vé khdi lugng cua
dién tir va 16 tréng 1a khong gidng nhau. Do vay, vé mat Iy thuyét, md hinh Falicov-Kimball m&
rong (extended Falicov-Kimball model — EFKM) kha phu hgp vai cac hé vat liéu trén vi nd mo ta
tuong tac gitra dién tr linh dong ¢ va dién tu dinh x@ f bdi twong tac Coulomb co tinh tdi nhay
nit cua dién tir trén muc f va da c6 kha nhiéu cac nghién ciru vé cac vat ligu trén sir dung mé hinh
EFKM [8], [9]. V&i md hinh nay, bang cach thay ddi tich phan nhay nit cua dién tir f, ta c6 thé
thay d6i twong quan vé khéi lugng gitra dién tir va 16 trong. Khao sat anh huong ciia mat can
bang khdi lugng 1én sy hinh thanh va tinh chat trang thai ngung tu exciton trong cac hé vat liéu
thong qua md hinh EFKM vi vay la can thiét.

Trong bai b4o nay, ching tdi st dung md hinh EFKM c6 sy hién dién cua phonon dé khao sat
tinh chat quang hoc cua hé exciton trong trang thai ngung tu anh huéng béi mét can bang khoi
lwong. Trong bai béo [10], cac tac gia da thao luan anh hudéng cua mat can bang khéi luong I1&n
tinh chat quang hoc cua hé trong trang thai ngung tu exciton thdng qua md hinh EFKM thuan tay
tuc 1 chwa tinh dén twong tac dién tur - phonon. Trong khi d6, cac quan sat thuc nghiém da chi ra
vai trd quan trong caa phonon trong viéc hd trg hinh thanh va 6n dinh trang thai ngung tu exciton
[11], [12]. Chinh vi vay, md hinh EFKM cd sy hién dién cua phonon Ia phu hgp hon véi cac hé
vat liéu cO xay ra ngung tu exciton.

Trong phan tiép theo cua bai bo, ching tdi 4p dung gan dung Hartree-Fock dé tim ra hé
phwong trinh x4c dinh tham s trét ty trang thai ngung tu exciton va sir dung Iy thuyét Kubo vé
phan hoi tuyén tinh dé thiét 1ap biéu thac giai tich phan thuc d6 dan quang. Tur cac két qua giai
tich d6, chwong trinh tinh s giai tw hop hé phuong trinh xac dinh tham s6 trat tu trang thai ngung
tu exciton dugc viét dua trén ngdn ngit lap trinh Fortran va nhd d6 nhan duoc gia tri cia phan
thuc d6 dan quang. Cac két qua tinh s6 khao sat phan thuc do dan quang khi co su thay doi vé
tuong quan khéi lwong giita cac dién tir ¢ va f trong trang thai co ban dwoc ching tdi trinh bay
trong phan 3. Cubi cung la nhitng két luan cua bai béo.

2. M6 hinh va tinh toan giai tich
M& hinh Falicov-Kimball mé rong c6 su hién dién cua phonon dugc md ta bai Hamiltonian
dudi dang sau:

H = Z skckck z s{fkffk + a)oz E:{Eq

N Z Ck+qufk/ qfkl \/-—Z Ck+qfk(b—q + bq) + fk Ck+q(b + b_q))

kkrq
trong do, hai s6 hang dau biéu dién phan khong tuong tac cua hé di¢n tir — phonon véi C‘E (6w)
va £, (fi.) twong ang biéu dién toan tir sinh (hiy) cua dién tir ¢ trén dai dan va dién ti £ trén dai

1)
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hoa tri khong spin mang xung luong K, eﬁ(s]’: ) 14 nang luong tan sac caa dién tir ¢ (f). S6 hang
thir ba biéu dién hé phonon khéng tuong tac voi E:{ (bq) tuong Ging la toan tw sinh (huy) phonon
tai xung lugng g va w, 1a nang lugng khong tan sac cua phonon theo mé hinh Einstein. S6 hang
tha tu trong phuong trinh (1) b1eu dién tuong tac Coulomb giira dién tir ¢ va dién tu f véi cuong
d6 thé twong tac U. S6 hang cudi cung biéu dién tuong tac giita dién tir va phonon véi hing sb
lién két dién tr - phonon g. )
Trong gan ding lién ket chét, cac ndng lugng tan sac cua dién tir ¢ va dién tu f trong mang
tinh thé hinh vudng vai hang s6 mang bang 1 cé dang:
C(f) = £c0N — teNy, — )

Véi € C(f dva t¢0) 1an luot 1a nang lwong tai nat va tich phan nhay nit caa dién tir ¢ (f); vy va u
lan luot 13 budc nhay trong mang tinh thé va thé héa hoc. Su khéac nhau cua hai gia tri nang luong
tai nat thé hién mirc 46 xen phu cua hai dai ning lwong, con sy khéc nhau cua tich phan nhay nat
thé hién médi twong quan vé khéi luong cia cac dién tir trong hé, néu [t/] < t€ thé hién dién ti f
nang hon dién tr ¢ va nguoc lai.

Ap dung gan ding Hartree-Fock dé viét lai toan tir twong tac Coulomb trong phwong trinh (1)
chiing t6i thu dugc Hamiltonian Hartree-Fock nhu sau:

Hyr = Ti b5 6h 0k + Licy i fic + A Zk(Ef o fic + fid Bicrq) + W0 Zq bibq + VNR(BI, +5_4) (3)

trong d6 & va ek 1a cac nang luong tan sic tai chuan hoa khi co dong gop cua do dich
Hartree-Fock duoc x4c dinh boi

éli(f) — gli(f) +unf© (4)
voinf© = =3 <nl{(c)> la mat do cta dién ti £ (¢). Cac dai luong A va h trong phuong trinh

(3) dwoc xem 1a tham sb trat ty trang thai ngung tu exciton vi ¢6 chira sb hang <5]’{r +q fk> thé hién

trang thai lai hoa gitra dién tir ¢ va dién ti f nhu sau:

A= %Wq +Bg) 2 zk<a;+q fk> 5)
=3 (Zk<5]1;+qfk> + Zk(f]jék+q)) (6)

Hamiltonian trong phuong trinh (3) gom 2 thanh phan thanh phan dién tir gom 3 s6 hang dau
con thanh phan phonon 1a 2 s6 hang cudi. Thanh phan dién tir dugc chéo hoda bang cach dung
phép bién d6i Bogoliubov dinh nghia cac toan tur gla hat fermion méi nhu sau:

= &l + mefyy
{ P § Y]
) b _Ukck + 'fkfk .

Vé&i cac hé so &,va ny duoc chon sao cho thoa man &Z + ng = 1. Thanh phan phonon dugc
chéo hda bang dinh nghia toan tir phonon méi nhu sau:

= b+ VN 8)

0 r
Thay (7) va (8) vao (3) ta thu dugc Hamiltonian hoan toan chéo hoéa tac la chi dugc viét dudi
dang toan phuong cua c4c toan tir sinh, hay:

Haia = T Ekafa + TiEgbibi + wo £q By Bq ©
trong do E]i(z) 1a cac ning luong gia hat tai chuin hoa, dugc xac dinh boi:
1(2 _
E, @ [ek + £k+q + sgn (5]]: 5§+q) Fk] (10)

1/2
Vi I = [(Efml &) + 4|A|2] (12)

Nhu vay, b.';'lnga viéc chéo hoa Hamiltonian trong phuong trinh (3), ching ta c6 thé xac dinh
duoc dai lugng thé hién trang thai lai hoa cua dién ti ¢ (f):
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~ _F A
e = (Glaqfid = ~ [0 (B = " ED] sgn (5 — Fera) 1

ma ciing dugc xem |4 tham so trat ty trang thai ngung tu exciton vai nF(El(Z)) la cac ham
phan bé Fermi-Dirac ¢6 dang ny(€) = Tt Tur day ta c6 duoc hé cac phuong trinh (4), (10) —

(12) x4c dinh tham s6 trat ty trang thai ngung tu exciton.

Dé thao luan vé tinh chat quang hoc cua hé trong trang thai ngung tu exciton, tiép theo ching
ta di tim biéu thuc giai tich cia d6 dan quang. Phan thuc cua d6 dan quang dugc xac dinh theo
cong thirc Kubo [13] nhu sau

(@) = Re = Vo < il ho () (13)

V6i ji 1a toén tir dong toan phan duoc dinh nghTa

jk = Zk{ A + 2% fkak} (14)

Thay (2) va (7) vao (14) va wgt phuong trinh chuyen dong cho ham Green hai hat, ching ta
thu dugc biéu thuac phan thyc d¢ dan quang nhu sau:

2
0(@) = 2 (%%~ 255). enilne (D) —np(ED)]
X {8(w — Ef + Ey) — 8(w — Ex + EZ)} (15)

V6i nghiém nhan dugc tir viéc gidi tu hop hé phuong trinh ¢ trén, ching ta ¢6 thé dé dang
nhan dugc gié tri phan thyc cua d6 dan quang tur trong cong thac (15).

(12)

3. Két qua tinh s6 va thao luan

Tir cac két qua tinh toan giai tich & phan trudc, ching toi thiét Iap chwong trinh tinh sb giai tu
hop céc phuong trinh (4), (10)-(12) dé tim tham s6 trat ty trang thai ngung tu exciton va tir do
nhan dugc gia tri cu thé caa phan thyc do dan quang tir phuwong trinh (15). Twr cac két qua so do,
cac gian d6 pha trang thai co ban thé hién anh huong ciia mét can bang khéi luong va cuong do
lien két dién ti-phonon Ién tinh chat quang hoc cua hé trong trang thai ngung tu exciton dugc
thiét 1ap. O day, cac tinh toan s6 duoc thuc hién trong hé hai chiéu gom N = 200 x 200 n(t
mang va chon t¢ = 1 1a don vi cia ning luong. Khi d6 tat ca cac dai luong déu dugc xac dinh
v6i don vi t€. Khong mat tinh tong quét, ching tdi ¢é dinh ning luong khong tan sic ciia phonon
wo = 2,0 va hi¢u hai muc ndng luong & — ef =2,0. Trong céc nghién ctru trude do, ching toi
da khang dinh exciton trong hé ngung tu khi cudong d¢ thé tuong tac Coulomb c6 gia tri trong
mot khoang gidi han, do d6 thé twong tic Coulomb & day duoc chon véi gia tri trung binh U =
3,5. Dé biéu thi dién tu f dinh xt hon dién tir ¢, gi4 tri cua tich phan nhay nat cua dién tir f duoc
Iwra chon sao cho |tf | < 1 va sy mat can bé'lng khéi lugng cua céc dién tir ¢ va dién tr f trong hé
dugc thé hién boi gid tri cua |¢/].

Trudc tién, ching toi thiét 1ap gian do pha trang thai co ban mo ta chuyén pha trang thai
ngung tu exciton trong mat phang (g, [¢/]). Gian d6 pha nhan dugc tir viéc x4c dinh gia tri toi
han cua tich phan nhay nat |¢/| ing véi mdi gia tri cia hang s lién két dign tir-phonon g ma tai
d6 tham sb trat tw A khac khong. Gian db pha Hinh 1 cho thy véi |t/ | va g nhé, hé & trong pha
ban dan (ving SC) v6i cac dai hda tri va dai dan tach xa nhau. Tang dan tich phan nhay nat |¢/ |
hay giam mét can bang khdi lugng, hé chuyén tir pha ban dan sang trang thai ngung tu exciton
dang BEC (Bose-Einstein condensation) tai mot gié tri toi han cua |tf| (vung ké caro BEC).
Trong trang thai nay, mot s lugng I6n cac exciton duoc hinh thanh va ngung tu véi tham sb trat
tu ny dat cuc dai tai xung lwong k = 0. Tiép tuc ting |tf|, hé chuyén tir trang thai ngung tu
exciton dang BEC sang trang thai ngung tu dang BCS - twong ty nhu trang thai ngung tu cua cac
cap Cooper trong ly thuyét BCS (John Bardeen, Leon Cooper va Robert Schrieffer) (viing gach
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chéo BCS). Trong trudng hop ndy, tham s trat tu ny co gia tri cuc dai tai cac xung lwong gan
xung lugng Fermi va mit Fermi dong vai tro quan trong trong viéc két cap cac dién tir ¢ - f gan
mat Fermi hinh thanh trang thai ngung tu. Do d6, dé thé hién chi tiét ban chat cua trang thai
ngung tu exciton trong hé, ranh gidi giao nhau BCS-BEC cua cac trang thai ngung tu exciton
cling duoc thé hién trong gian d6 pha ¢ Hinh 1 théng qua viéc xac dinh vi tri ma tai d6 tham s6
trat tu ny dat cuc dai tai xung luong k = 0.

1.0

0.8 1

0.6

It

0.4 1

0.2_?: 2

0.0 +— S
0.0 0.2 0.4 0.6 8 1.0

Hinh 1. Gian do pha trang thai ngung tu exciton trong mét phang (g, |t”|) trong trang thdi co ban
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Hinh 2. Phan thuc ciia d6 dan quang o (w) trong trang thdi ngumg tu exciton g véi mat vai gia tri cia |t |
khi g = 0,2. Hinh nho ¢ giita biéu thi tham sé trdt trang thdi ngung tu exciton A nhu mgt ham cia |tf|
Tiép theo, chung t6i phan tich cac dic tinh quang hoc ctia hé & trang thai ngung tu exciton

bang cach thao luan vé phan thyc ctia quang phd d¢ din quang. Phan thyc cta do din quang dai
dién cho hip thu quang hoc va cho nhimg thong tin chi tiét vé sy hinh thanh cac exciton trong hé.
Khi trat ty exciton khong ton tai, d6 din quang hoan toan bién mat. Chi khi sy lai hoa giira cac 16
trong trong ving hoa tri va cac dién tir trong ving din xdy ra hay trat tu exciton xuét hién thi
phan thyc ciia d6 dan quang biéu hién trong lugng quang phd hitu han. Trén Hinh 2, phan thyuc
ciia d6 dan quang & nhiét d6 khong duogc hién thi v6i mot sb gia tri cua tich phan nhay nut |tf |
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khi g = 0,2. Véi gia tri cho trudc cia hang sb lién két dién tir-phonon g = 0,2, khi |¢/| dii 16n, he
on dinh trong trang thai ngung tu exciton (xem Hinh 1). Gian d6 trén Hinh 2 cho thdy, d6 din
quang luon dat cuc dai tai tan sO @ = 2A thé hién trang thai cong huong do sy lai hda cta cac
dién tir dai f va dai c. Khi @< e, d6 din quang hoan toan bing khong. Véi |t/ | nhé, hé 6n dinh
trong trang thai ngung tu exciton dang BEC (xem Hinh 1), khi d6 mot dinh rong khong ddi xtng
xut hién trong quang phd d6 dan quang v6i cudng do nho (Hinh 2a). BJ cao cua dinh tang khi
tdng gid tri cda tich phan nhay nut |tf | hay giam su mat can bang khdi luong. Khi |tf | > 0,33
ttc 1a khdi luong cua 18 tréng co thé so sanh duoc v6i khdi lwong dién tir, khi d6 dai hoa trj va
dai dan xen pht manh va mét Fermi rong dong vai trd quan trong trong viéc thiét 13p trang thai
lién két dién tir - 15 tréng hinh thanh trang thai ngung tu. Piéu nay thé hién hé di chuyén sang
trang thai ngung tu gxcitorl dang BCS duogc dac trung bc“ri su xuét hién cta dinh sic nét cuong dgf)
cao trong quang pho d6 dan quang (xem Hinh 2b). K&t qua nay hoan toan phu hop vdi gian do
pha duoc biéu thi trong Hinh 1. Tham sé trat ty ngung tu exciton A ting khi ting |tf | (xem hinh
nho ¢ giita Hinh 2) va ciing duoc minh hoa trong dau hiéu ciia quang phd d6 dan quang boi su
ting cua @ theo tham sd trat ty. Cudng d6 dinh ciing ting va vi tri cua dinh dich chuyén sang
phai khi ting |¢/| hay giam mét can bang khdi lugng. Tuy nhién, khi [¢/| > 0,5, cuong do dinh
giam khi tang |tf | nhung vi tri cta dinh van dich chuyén sang phai thé hién hé 6n dinh trong
trang thai ngung tu exciton.
0.04

15 ' . . ' '
1.0 /k
0.03 4@ .
05
= o'%o 02 04 086
%o.oz T
0.01 4 i
0.00 " T
0.0 0.5 20

Hinh 3. Phan thuc ciia dé dan quang o (w) trong trang thai ngung tu exciton ing véi mét vai gia tri cua |t |

khi g = 0,8. Hinh nhé bén trdi biéu thi tham s6 trdt tw trang thdi ngung tu exciton A nhw mt ham ciia |tf |

Tang hang s6 lién két dién tir - phonon Ién g = 0,8, Hinh 3 cho thiy quang pho clia phan thyc
d6 din quang trong trang thai ngung tu exciton khi thay d6i mdi twong quan vé khdi luong cua
cac dién tr dai din va dai hoa tri. Gian dd cho thiy ngay ca khi |tf | = 0 hay khdi luong dién tir f
1a khong dang ké so voi khdi lwong cua dién tir ¢, hé van & trong trang thai ngung tu exciton dang
BEC duoc biéu thi boi gia tri khac khong ctia tham sb trat tu A (xem hinh nho bén trai) va dinh
ph6 mé rong voi cudng d6 khong dang ké trong quang phd d6 din quang. Ting |tf | hay giam
mat can bang khdi luong, cudng d6 dinh ting manh va dinh phd cang sic nét hon thé hién hé
chuyén sang trang thai ngung tu exciton dang BCS. Trong truong hop nay, dang ngung tu BCS
chiém uu thé va Vl tri cia dinh van dich chuyen sang phai khi tang |tf | chung té trang thai ngung
tu exciton dugc 6n dinh khi giam mét can bang khdi luong giita cac dién tir ¢ - f. Két qua nay
cling hoan toan phu hop vé6i gian dd pha duoc biéu thi trén Hinh 1.
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4. Két ludn

Trong bai bao nay, tinh chat quang cua hé exciton trong trang thai ngung tu anh husng boi
mat can bang khoi Iuong da dugc thdo luan thong qua khao sat quang pho phan thyc cua do dan
quang. Ap dung gan ding Hartree-Fock cho mé hinh Falicov-Kimball mé rong cé su hién dién
cua phonon, h¢ phuong trinh tu hop xac dinh tham s trat ty trang thai ngung tu exciton dugc tim
thay, tir do chung t6i thiét 1ap biéu thuc giai tich cua do dan quang thong qua ly thuyet Kubo vé
phan hdi tuyén tinh. Str dung ngon ngit lap trinh Fortran dé viét chuong trinh tinh s6 giai tu hop
xéc dinh tham s trat tu trang thai ngung tu va nho d6 chung toi tim dugc gié tri cu thé cua phan
thue do dan quang. Tir di liéu tinh s6, gian db pha trang thai ngung tu exciton va quang phd do
dan quang anh huong bai mat can bang khdi luong trong trang thai co ban duoc thiét 1ap. Két qua
cho thdy, véi sy hd trg cua phonon, hé 6n dinh trong trang thai ngung tu exciton dic trung boi
quang phé d6 dan quang dat cuc dai ¢ tin s6 gap hai lan tham s trat tu ngung tu exciton khi mat
can bang khéi luong da nho. Khi lién két dién tir - phonon nho, hé chuyén tir trang thai ngung tu
exciton dang BEC véi dinh khong d6i xung cudng do thap trong quang phd d6 dan quang sang
trang thai ngung tu exciton dang BCS véi dinh sic nét cudong do cao khi giam mat can bang khoi
lwong. Con khi lién két dién tir - phonon du 16n, trang thai ngung tu exciton dang BCS chiém uu
thé. Giam mat can bang khéi luong, dinh cua phé do dan quang di chuyén sang phai thé hién su
on dinh cua trang thai ngung tu exciton. Nhiing nghién ciru ki ludng hon vé tinh chat dong hoc
ctia chuyén pha trang thai ngung tu exciton anh huéng bai mat can bang khéi luong théng qua
khao sét tinh chat caa ham cam tng exciton dong s& la nhitng nghién ciru tiép theo ciia ching ti.

Loi cam on
Nghién ciru nay duoc tai trg bai Truong Dai hoc M6 - Dia chét, trong dé tai ma s T23-15.
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