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ER SE’ HOI NGHI TOAN QUOC KHOA HQC TRAI BAT
SARWI SONRCE 0 VA TAI NGUYEN VO'I PHAT TRIEN BEN VI’NG (ERSD 2022)

NATURAL RESOURCES FOR
SUSTAINABLE DEVELOPMENT

Tinh chat quang hoc clia hé exciton trong trang thai ngung tu

D4 Thi Hong Hai", Nguyén Xuan Chung, H5 Quynh Anh
B¢ mén Vit Iy, Truong Pai hoc Mo - Dia chat

TOM TAT

Trong bai bao nay, tinh chat quang hoc ciia hé exciton trong trang thai ngung tu dya trén du hiéu ciia do
dan quang da dugc nghién ciru thong qua md hinh Falicov-Kimball mé rong c6 twong tac dién tir - phonon.
Str dung gan dung Hartree-Fock, chung toi rut ra hé phuong trinh ty hop xac dinh tham sd trat ty trang thai
ngung tu exciton. Trén co s¢ 1y thuyét Kubo vé phan hoi quang hoc tuyén tinh, biéu thirc giai tich cua do
dan quang da duoc tim thdy. Két qua tinh s6 khao sat dau hiéu ctia ¢ din quang da khang dinh anh huong
clia 4p sudt ngoai va nhiét d6 lén trang thai ngung tu exciton. Cac két qua nghién ciru nay rat ddng gia trong
viéc hiéu rd sy hinh thanh va tinh 6n dinh ctia trang thai ngung tu exciton trong h¢.

Tir khéa: DO dan quang, ngung tu exciton, md hinh Falicov-Kimball, twong tac dién tir - phonon.

1. D3t vin dé

Trong ban kim loai hay ban dan c6 khe ning lugng hep, cac 16 tréng & dai hoa trj 6 thé lién két véi cac
dién tr ¢ dai din nho lyc hit tinh dién Coulomb hinh thanh nén gia hat boson goi 1a exciton. O nhiét d6 du
thip v6i mat d6 du 16n, nhimg exciton ndy co thé ngung tu trong mot trang thai luong tr méi (Moskalenko
va Snoke, 2000). Tuy theo cudng do thé twrong tic Coulomb manh hay yéu ma exciton c¢6 thé ngung tu
trong trang thai BEC (Bose-Einstein condensed) hay BCS (John Bardeen - Leon Cooper - Robert
Schrieffer) twong ty nhu trang théi siéu dan cua cac cip Cooper. Trang thai ngung tu ciia cic exciton da
duoc dé xuat vé mit 1y thuyét tir hon 60 nam trudc (Mott, 1961). Vi khdi lwong hiéu dung nho, nhiét do
t6i han cho chuyén pha trang thai ngung tu cia exciton co6 thé dat duoc 6 nhiét d6 phong. Vi vay, voi tiém
nang ng dung trong cong nghé, viéc khao sat ky ludng cac yéu t6 anh hudéng dén chuyén pha trang thai
ngung tu exciton trong cac hé vat liéu va tinh chat dong hoc cua trang thai ngung tu dang rat duoc quan
tam nghién ctu.

Trong nghién ctru 1y thuyét vé sy hinh thanh va ngung tu ciia exciton, ngudi ta thudng ding mé hinh hai
dai nang lugng, trong d6 mo hinh Falicov-Kimball m¢ rong (Extended Falicov-Kimball model — EFKM)
12 m6 hinh tiéu biéu va thuong dwoc sir dung nhiéu nhat (Ninh, Q.-H., Phan, V.-N, 2021; Zenker, B. va
nnk, 2010; Kaneko, T. va nnk, 2013). M6 hinh EFKM 14 m hinh c6 tinh t6i su nhay tryc tiép dién tir dai
¢ va dai f va thira nhan sy két cap cua dién tir ¢ v6i dién tir £ thong qua twong tac Coulomb. Vi md hinh
nay, ngudi ta xem nhu ghép cap dién tr ¢ - f tuong duong véi mot trang thai exciton. Tuy nhién, khi st
dung mo6 hinh nay, tuong tac gitia dién tr v&i phonon da hoan toan bi bo qua. Trong khi d6, twong tac nay
¢6 vai trd quan trong trong viéc hinh thanh va ngung tu cta exciton, dic biét 14 trong cac kim loai chuyén
tiép. Ch'fmg han nhu, trong vat liéu TmSeo.4sTeo 55, dudi sy hd tro ciia phonon, mot trang thai lién két exciton
cua 16 tréng 4f va dién tir 5d c6 thé dugc tao thanh. Tai nhiét d6 du th'?ip va ap suit trong khoang tir 5-
13kbar, trang thai ngung tu exciton c6 thé duoc thiét 1ap (Wachter va nnk, 2004; Wachter, 2018). Hay trong
vat liéu Ta;NiSes, anh hudng cua tuong tac dién tr - phonon manh 1én sy hinh thanh trang thai ngung tu
exciton ciing dd duoc khang dinh (Volkov, P. A va nnk, 2021; Zhang, Y-S. va nnk, 2021). Do vy, twong
tac giira dién tir v6i phonon can phai dugc dwa vao tinh toan va xem xét ki ludng.

Trong mdt sé nghién ctru trude, chung t6i da khao sat trang thai ngung tu exciton trong mé hinh EFKM
c6 tuong tac dién tir - phonon (Thi-Hong-Hai-Do va nnk, 2017; Thi-Hong-Hai-Do va nnk, 2019; B4 Thi
Hodng Hai va Phan Van Nham, 2018). Trong d6, chung toi di thiét 1ap gian d pha trang thai ngung tu
exciton cua mo hinh cung vai thao luan kich ban giao nhau BCS-BEC cua céc trang thai ngung tu dudi anh
hudng ctia nhiét d9, thé twong tic Coulomb va twong tac dién tir - phonon thong qua nghién ctru tinh chét
clia tham sd trat ty trang thai ngung tu. Tuy nhién, mot sd két qua nghién ctru gan day vé d¢ dan quang trén
vat liéu TaxNiSes da khéng dinh exciton hinh thanh trude khi ngung tu, ngay ca khi hé o trang thai ban kim
loai (Sugimoto, K. va nnk, 2018; Lee, Jinwon va nnk, 2019). Diéu nay hoan toan trai ngugc vdi quan niém
trude do vé su hinh thanh va ngung tu cua exciton (Bronold, F. X. and Fehske, H., 2006). Do do, dé co thé

* Tdc gia lién hé
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mb ta chi tiét hon chuyén pha trang thai ngung tu exciton trong hé, can phai nghién ctru k¥ ludng cac tinh
chét dong hoc cua sy ngung tu dac biét ¢ 1an can diém chuyén pha nhu d6 dan quang, ham cam ung exciton
dong, ...

Trong bai bao nay, chung toi tap trung nghién ctru anh huéng cta nhiét d6 va ap suat ngoai Ién trang
thai ngung tu exciton trong mé hinh EFKM ¢6 su hién dién ctiia phonon théng qua phan tich dau hiéu cta
d6 dan quang trong trang thai ngung tu. St dung ly thuyet Kubo vé phan hdi quang hoc tuyen tinh, biéu
thirc giai tich cua do dan quang da dugc tim thay. Tinh chat quang hoc cta hé dugc suy ra tir diu hiéu cta
do dan quang s& cung cap nhiéu théng tin ¢6 gia tri vé su ngung tu cua exciton trong hé. Trén co s& do,
chung ta c6 thé hiéu dwoc ban chit dong hoc cta su chuyén pha trang thai ngung tu exciton trong hé.

Bai bao dugc chia thanh 4 phan. Trong d6, ching toi trinh bay mé hinh EFKM c6 tuong tac dién tir -
phonon va 4p dung gan dung Hartree-Fock cho mé hinh dé tim ra phwong trinh tu hop xéac dinh cac gia tri
ki vong trong phan 2. Ciing trong phan nay, biéu thirc giai tich ctia d¢ dan quang da dwoc suy ra dya trén
1y thuyét Kubo. Bang phuong phép tinh sé giai hé phuong trinh tu hop, cac gia tri ki vong va gia tri cu thé
ctia 40 dan quang dugc tim thay. Két qua tinh s6 va thao luan dugc trinh bay trong phan 3 ctia bai bao. Cubi
cung, phan 4 1a két luan ctia bai bao.

2. M6 hinh va tinh toan ly thuyét )
beé khao sat trang thai ngung tu exciton, ching ta xuat phat tr Hamiltonian cia m6 hinh EFKM c6 tuong
tac dién tur - phonon duogc viét trong khong gian xung lugng nhu sau

‘ H = Ho+ Hin (1
trong do, thanh phan khong twong tac cua hé phonon va hé dién tir 1a
Hy = ) (@opipi + ebcla+ & filfi) @

Kk

vai pl(p); el (i) va £T(fi) 1an Tuot 1a cc toan tir sinh (huy) phonon, dién tir ¢ trén dai dan va dién tir
ftrén dai hoa tri mang xung lwong k. Trong gan ding lién két chit, niang lugng tan sic cua dién tir ¢ va dién
ti f dugc cho bdi

e/l = el — <y —p (3)

voi sli/ " a nang luong tai niit cia dién tir ¢ va dién tir £ t°/7 1a tich phan nhay nat. Trong mang vudng
hai chiéu vé6i hing s6 mang a = 1, budc nhay trong mang tinh thé 1a y = 2(cosk, + cosk,)vapula thé
hoa hoc. S6 hang con lai trong Hamiltonian (1) mo ta phﬁn tuong tac Coulomb cta hé dién tur va tuong tac
cua h¢ dién tu voi phonon

U
Hine =3 Z O vqCicofi_afic + \/%Z[C.quk(piq +Pq) + fid cira (P4 + P-q)] (5)
kkr,q kq
v6i U 1a cudng d6 thé twong tac Coulomb giita dién tir ¢ va dién tir f, g 13 hing sb twong tac dién tir -
phonon va N 14 s6 nit mang tinh thé.
Bo qua cac sO hang vo cung bé va hing sb trong gan ding Hartree-Fock, Hamiltonian trong phuong
trinh (1) dwoc viét lai nhu sau

HHAF = HIF + Hyyr (6)
trong d6 phan dién tir
HET = Gl SR +8 ) (hrafi + Al ra) @
; k. K
véi nang lugng tan sac tai chuan hoa cua cac dién tir
gli/f — Sli/f + Unfle (8)

6 day, n° =~ Nidcfa) van/ = ~Tu(fil fi) 1an luot la mat o dién tir ¢ va mat do dién tir £ Phan dién
tir ndy duge chéo hoa bang cach sir dung phép bién déi Bogoliubov (Bogoliubov va nnk, 1959) véi cac toan
tur gia hat fermion aqy va ay

A1k = $kCieq + Mefi 9
. A2k = — NMkCkiq T Skfx (10)

Con phan phonon
}[xf = w, Z p;ipk + \/NA(piq+p_q) (11

K
duoc chéo hoa bang viéc dinh nghia toan tr phonon maéi Py. Trong cong thuc (7) va (11), cac trudong
thém vao
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__v 9t
5= NZ@H T Platpa) (12)
g *
A= Nzk:((sk +8y) (13)

duoc xem la cac tham sb trat ty trang thai ngung tu exciton do chtra sb hang (8y) = (cf: +q fi) biu thi sy
lai hoa cua dién tur ¢ va dién tir f. Tham s6 trat tu khac khong thé hién hé ton tai trong trang thai ngung tu
exciton. Thong qua khao sat tinh chét cua tham sé trat tu, sy hinh thanh va ngung tu cla exciton da dugc
chiing t6i nghién ctru k¥ ludng trong cac cong trinh (Thi-Hong-Hai-Do va nnk, 2017; Thi-Hong-Hai-Do va
nnk, 2019; B3 Thi Hong Hai va Phan Vin Nham, 2018).

Két qua ta thu duge Hamiltonian chéo hoa hoan toan viét dudi dang toan phuong ciia cic toan tir sinh
va huy nhu sau:

Haiq = Z(Eﬁaikalk + Egajiaz + woR B (14)
K
trong do, cac nang lugng gia hat dién tir dugc cho boi
o A+ &g _sen(8] — &.q) (15)
kK Dk
2 2
voi:
9 1/2
N = (8] - t1q)” + 41617 (16)
Str dung Hamiltonian trong phuong trinh (14), ching ta thu dugc:
g 6
(81 = e (B = np (B))sgn(& — &) - (17)

trong do, ng (E&z) 12 ham phan bd Fermi-Dirac va

k= (18)

1+ sgn(ek - ek+q

ek+q)]

2

1 . ek
g = 5[1 — sgn(&) - k+q) - l (19)

Trong nghién ctru nay, ching t6i khao sat tinh chat quang hgc cua h¢ exciton trong trang thai ngung tu
thong qua phén tich tinh chat cua d6 dan quang. Trong 1y thuyt phan hoi tuyén tinh, cng thire Kubo cho
d6 dan quang duoc viet dudi dang sau (Bruus, H. and Flensberg, K., 2004):

T 1§ (K")))ge (20)
Kkr

O day, ((jT(K)|j(k")))s chinh la ham Green hai hat d6i véi Hamiltonian  va toan tir dong phu thudc
xung lugng. Véi h¢ exciton dugc mo ta boi Hamiltonian trong phuong trinh (1), toan tor dong c6 dang:

[
o(w) = wN?

j(K) = viclo + v fil fi 1)
trong do:
c/f
pelf 208 _ _esr Ok (22)
k Jk Jdk

1a van téc ctia cc dién tir ¢/f. Sir dung phép bién ddi Bogoliubov (9) va (10), ta c6 thé biéu dién toan tir
dong qua cdc toan tir gia hat fermion ayy va azg. St dung Hamiltonian chéo héa ¢ phuong trinh (14), viet
phuong trinh chuyén dong cho ham Green hai hat, cuoi cung ta tim dugc phan thuc cia d¢ dan quang:

o() = iNZ g vk — w)? e (B — np (B1[8(w + B — ) — (0 — B +ED]  (23)

Nhu viy, bang VleC giai cac phuong trinh (8), (12) va (17), chung ta co thé xac dinh dugc cac gia tri ky
vong, tir d6 tim duoc gia tri cta phan thuc d6 dan quang theo phuong trinh (23).

3. Két qua tinh s6 va thio luin

Dé phan tich chi tiét tinh cht quang hoc cua hé exciton trong trang thai ngung tu, trong phan nay chiing
t6i biéu thi cac két qua tinh s6 do dan quang duoc xac dinh boi phuong trinh (23). Bé lam dugce didu do,
chung t6i thiét 1ap chuong trinh tinh s6 giai tu hop cac phwong trinh (8), (12) va (17) dé x4c dinh cac gia
tri ki vong. Trong tinh toan 50, chung t6i chon #° = 1 la don vi cua ndng lugng va c6 dinh #=-0.3 tuong
mg véi |t] < £ thé hién cac 16 tréng & dai hoa tri kém linh dong hon céc dién tr ¢ dai dan. Viéc lya chon
gié trj cua cac tham s6 nay hoan toan phu hop véi trudng hop exciton khe truc tiép (Brydon, P. M. R., 2008;
Zenker, B. va nnk, 2010). Khi do, tAt ca cac dai lugng khac déu duoc tinh theo don vi cua . Trang thai
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ngung tu exciton thuc té ¢6 thé quan sat duoc trong cac hé co s6 chiéu khac nhau. Nhing tinh toan 1y thuyét
trong nghién clru nay dwa trén co' s¢ cua ly thuyét truong trung binh nén két qua thu duoc khong phu thude
dang ké vao sb chiéu ctia hé. Do d6, dé tinh toan sd, chiing toi chon hé hai chiéu gdm N = 500 x 500 nut
mang va thé hoa u dugc thay ddi sao cho théa man truong hop 1ap ddy mot nira, tirc 1a tong mat do dién tir:
w'+ n¢ = 1. Trong cac nghién ciru trude d6, chung t6i da khang dinh exciton ngung tu trong mot khoang gia
tri giéi han cua thé twong tac Coulomb. Chinh vi vay, trong nghién ctru nay, ching toi lya chon thé tvong
tac Coulomb U = 3.0 du 16n dé co thé thiét 1ap trang thai ngung tu exciton. Trong nghién ciru gan day,
chung t6i ciing d4 khang dinh céc exciton xung lugng khong thuan loi nhat trong viée thiét 1ap pha ngung
tu nhiét do thap (Thi-Hong-Hai Do and Van-Nham Phan, 2022). Diéu niy ciing hoan toan phu hop voi
trang thai cua cac exciton dugc quan sat gén day trong vat liéu Ta,NiSes (Volkov, P. A. va nnk, 2021;
Zhang, Y-S. va nnk, 2021). Do do, trong nghién ctru nay, ching t6i chi xét trang thai ngung tu cia cac
exciton xung lugng khong dé thao luan vé tinh chat quang hoc cuia hé exciton trong trang thai ngung tu.

Trudc tién, ching toi xem xét sy 6n dinh ciia trang thai ngung tu exciton théng qua phan tich sy phu
thudc nhiét d6 ctia do dan quang. Phén thuc cua d6 dan quang dai dién cho h?ip thu quang hoc va cung cép
thong tin vé sy hinh thanh cac exciton trong h¢. Trén Hinh 1, chiing t6i biéu thi phan thyc cta d6 dan quang
o( w) & cac nhiét do khac nhau khi e€ — &/ = 2.0 g v6i hai gié tri ctia hiang sb tuong tac dién tir - phonon.
O nhiét d6 thap, do twong tic Coulomb U = 3.0 du 16n nén sy lai hoa giita cac dién tir trén dai din va cac
16 tréng trén dai hoa tri ¢6 thé duoc hinh thanh va trang thai ngung tu exciton duoc thiét lap. biéu d6 duoc
biéu thi bang dinh sic nét trong quang phd d6 din quang tai mot tan s6 nhét dinh w. = 28 hay gié tri khac
khong cta tham sb trat ty exciton & (xem phan hinh nho ¢ goc bén phai mdi hinh). Khi @ < a., d6 dan
quang o @) hoan toan bang khong. Tang nhiét do, ning lugng nhiét 16n lam pha hiy trang thai ghép cip
dién tu-15 tréng. Do d6, dinh cua phd d6 dan quang di chuyén sang trai twong ing voi sy giam gia tri cia
tham s6 trat ty va trong lugng phd giam dang ké. Piéu d6 c6 nghia trang thai ngung tu exciton bi suy yéu.
O nhiét do du cao, tat ca cac cap dién ti-16 tréng déu bi phé hiy va hé ton tai trong trang thai plasma cia
dién ttr va 16 trong. Do d6, tham sd trat ty bang khong va ¢ din quang c6 dang Drude nhu trong trang thai
kim loai thong thuong (xem dudng lién nét tmg voi T. = 0.172 trong Hinh 1a va T, = 0.385 trong Hinh 1b).
Gia tri nhi¢t dd nay dugc xem la nhiét d6 t61 han cho chuyén pha trang thai ngung tu exciton. Hinh 1 ciing
cho thay anh hudng dang ké ciia tuong tac dién tir - phonon 1én trang thai ngung tu exciton. That vay, khi
khong c6 twong tac dién tir - phonon (g = 0), Hinh 1a cho thiy tin s tmg véi dinh cta phé d6 din quang
hay tan s6 cta anh sang kich thich c6 gia tri nho hon so véi khi c6 tuong tac dién tir - phonon (g = 0.6 trong
Hinh 1b). Gi4 tri nhiét do t6i han cho chuyén pha trang thai ngung tu exciton ciing tang 1én khi c6 sy hién
dién cua tuong tac dién tir - phonon.

0.06 T T T 0.07 T T r T T
a)g=00 | S b) g=0.6
0.05 )3 0.06 1 : '.Ilii E
i o2 | 12a
’ 0.054 ! | 1
0.04 } . i 01 H : .,ZJI
E . e e R i e | ,é‘ 0.044 : : ""|. 3 s ,:
“6' 0.03 15 0.00 008 owTJ 5 020 028 E ':. 1] 2 03 04
i 0.034 : " .
; o T
0.02 ' | i 150 i T:g 20
: i - T=0.10 0.02 4 o i .
: ] - T20.15 $=g.20
0.01 ga o Y T=0.16 B
Hl 0.014 -
S ——T=0.172 i A Te0.3638
0.00 I L L0 UG Gad i VST PSSR 0.00 4 . ; i ol S P
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0 25 3.0
w 03]

Hinh 1. Phan thyc cua do dan quang o @) voi cdc gid tri khdc nhau cua nhiét do T khi €“ — ¢’ = 2.0
ikng voi hai gid tri ciia hang sé tieong tdc dién tik - phonon g = 0 (a) va g = 0.6 (b). Hinh nhé & géc
bén phai méi hinh biéu thi su phu thudc nhiét do cua tham 6 trt tw trang thai ngung tu O.

Tiép theo, dé nghién ctru anh hudng ctia ap suat bén ngoai 1én tinh chat quang hoc cua trang thai ngung
tu exciton trong hé, chung t6i biéu thi trén Hinh 2 phan thuc cia d6 din quang o @) v6i cac gia tri khac
nhau ctia hiéu hai mirc ning luong tai nut cua dién tir e€ — &/ & nhiét do béng khong rng véi hai gia tri cia
héng sb twong tac dién tir - phonon. Hiéu hai murc ning lugng € — e/ nay dai dién cho su xen phﬁ gitra cac
dai dan va hoa tri khong tuong tac, thé hién tac dong cia ap suat bén ngoai 1én h¢. That vay, tai e — &/ =
0, dai dan va dai hoa tri xen phti manh tuong Umg voi ap suét bén ngoai 16n tac dung 1én hé. Trong truong
hop nay, d6 din quang biéu thi mot dinh séc nét véi trong lwong quang phd cao va dot ngot giam xudng tai
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tan s6 toi han @.. Tang € — &/ sao cho dai hoa tri di chuyén ra xa dai dan tic 13 ap suat bén ngoéi tac dong
1én hé giam thi vi tri dinh ctia d6 din quang dich chuyén sang trai tuong Gmg voi sy glam dan @.. Su glam
trong lugng phd khi tang £€ — &/ ciing cho thiy su suy giam ctia lai hoa dién tir-16 trong do sy giam ap sut
bén ngoai (xem cac hinh nho bén trai). Pac biét, ¢ €€ — ef rét cao, chang han tai €€ — ¢/ = 2.5, hai dai
nang lugng tich xa nhau, hé ¢ trang thai ban dan théng thudng va phan hoi quang duong nhu khéng dang
ké (xem hinh nho bén phai cua Hinh 2a va duong lién nét trong Hinh 2b). So sanh Hinh 2a va 2b, chung ta
mot 1an nita khang dinh vai tro cua tuong tac dién tur - phonon trong sy 6n dinh cua trang thai ngung tu
exciton. Khi twong tac dién tir - phonon du 16n (g = 0.6), tan s (mg véi dinh cta phd d6 din quang hay tan
s0 ctia 4nh séng kich thich 16n hon so v6i khi khong c6 tuong tac dién tir - phonon (g = 0). Diéu nay cing
¢6 nghia lai hoa dién tir-15 trong dugc ting cudng khi ¢6 sy hién dién cia twong tac dién ti-phonon. Ap
suat toi han cho chuyén pha trang thai ngung tu exciton ciing tang 1én khi c6 sy hd trg ctia phonon.

031 . . 0.25 17— :
P a) g=0.0 £l b) g=0.6
| oa = Lot
1 | oo — 0204
0.2+ \ s E o _ i
- i \ — 0.5 : !
e 00 03 3 20 23, M 1 e a— - " - — ! !
o c — )0 E 25 30 f
B = B
0.10
0.1 i
0.05
0.0 R i 0.00
0 1 2 3 4 0 1 2 3 4

Hinh 2. Phén thuc ciia @6 dén quang o @) voi cdc gid tri khdc nhau cua hiéu nang lwong tai niit cua
dién tr &€ — ef tai nhiét do khong vng voi hai gid tri cua hcfng 56 tuong tac dién tr - phonon g = 0 (a)
va g = 0.6 (b). Hinh nho ¢ goc bén trdi méi hinh biéu thi tham s6 trdt tw trang thai ngung tu 6 nhw mot

ham cuia €€ — €f . Hinh nhé bén phdi cia Hinh a biéu thi of ) khi €€ — &f = 2.5.

4. Két luin

Nhu vdy, trong bai bao nay, ching t6i da nghién ctru tinh chit quang hoc cua hé exciton trong trang
thai ngung tu thong qua khao sat d6 dan quang trong mo hinh Falicov-Kimball mo rong c6 tuong tac dién
tir - phonon. Sir dung gan dting Hartree-Fock, hé phuong trinh tu hop xac dinh tham sé trat tu trang thai
ngung tu exciton da dugc rit ra. Trén co so 1y thuyét Kubo vé phan hdi quang hoc tuyén tinh, chiing t6i thu
dugc biéu thirc giai tich cua do dgm quang. Thyc hién chuong trinh tinh s& dé khao sat sy phy thudc ctia o
dan quang vao nhiét do va ap suét ngoai, ket qua cho thiy, trong trang thai ngung tu exciton, do dan quang
cho thay dinh sdc nét xuat hién ¢ tan s6 gap hai lan tham s trat ty ngung tu exciton. Tang nhi¢t d§ hay
giam 4p sudt ngoai, dinh ctia phd d6 din quang di chuyén sang trai va trong luong phd giam. Dinh phd tré
nén it c6 y nghia hon néu hé khong & trong trang thai ngung tu.

Loi cam on . )
Nghién ciru nay duoc tai trg bdi Bo Gido duc va Pao tao trong dé tai ma s6 B2021-MDA-14.
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ABSTRACT

Optical properties of the exciton system in the condensed state

Do Thi Hong Hai", Nguyen Xuan Chung, Ho Quynh Anh
Hanoi University of Mining and Geology

In this paper, the optical properties of the exciton system in the condensed state have been investigated
through the signature of the optical conductivity in the extended Falicov-Kimball model including the
electron-phonon interaction. Using the Hartree-Fock approximation, we have derived a set of self-
consistent equations determining the order parameter of the excitonic condensate state. In the linear
response theory, the optical conductivity has been inspected by using the Kubo formula. The numerical
results of the optical conductivity have confirmed the influence of the external pressure and the temperature
on the excitonic condensation. Our results are valuable in understanding the formation and stability of the
excitonic condensate state in the system.

Keywords: optical conductivity, excitonic condensate, extended Falicov-Kimball model, electron-phonon
interaction.
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