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Tom tat

Trong bai bao nay, chung t6i mé ta anh huong cua thé tuong tac Coulomb 1én trang thai ngung tu ciia exciton, polariton
va photon trong vi hdc ban dan mét can bang khdi luong ¢ nhiét d6 T=0. Bang cach 4p dung gan ding Hartree-Fock
khong gidi han cho mé hinh hai dai ning lwong c6 twong tic exciton - photon va lyc hut Coulomb giita dién tir va 16
tréng, hé phuong trinh tw hop xac dinh cac tham s trat ty trang thai ngung tu dugc xac dinh. Sy canh tranh gitra cac tham
s6 trat tyr thé hién cdu triic trang thai ngung tu phtre tap trong hé khi thay d6i cuong d tuong tac Coulomb. Khi giam sy
khac biét giira khdi lwong cta dién tir va 16 tréng, cac tham sb trat tuy tang the hién sy 6n dinh cta hé trong cac trang thai
ngung tu. Sy phu thudc vao xung lwong cta bién do lai hoa cip dién tu-15 trong va mat do photon khang dinh trang thai
ngung tu dang BEC cua h¢.

Tir khéa: ngung tu exciton-polariton; vi héc ban din; mét can bang khéi luong.
Abstract

In the present paper, we address the impacts of the Coulomb interaction on the condensation state of excitons,
polaritons and photons in mass imbalance semiconductor microcavities at zero temperature. Adapting the unrestricted
Hartree-Fock approximation to the two-band model involving exciton-photon coupling and electron-hole Coulomb
attraction, a set of self-consistent equations determining the condensation state order parameters is established. The
competition between the condensate order parameters delivers a complex condensate structure in the system once the
Coulomb interaction is varied. Reducing the mass imbalance reinforces the order parameters, specifying the stability of
the condensation states. The electron-hole amplitude and the photonic density momentum distributions attribute the BEC
type of the condensates.
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No6i dung
1. Pt van dé

Ngung tu Bose-Einstein (BEC) 1a trang thai
lwong tir két hop ciia cac hat hodc gia hat boson
trong chét ran khi duoc 1am lanh dén nhiét do du
thap. Pay luon 1a mot trong nhimg van dé hép
dan thu hiit sy quan tAm nghién ctru clia cac nha
khoa hoc ca trong 1y thuyét 1an thuc nghiém trén
toan thé gidi. Nhiét do téi han cho chuyén pha
trang thai BEC ti 1€ nghich voi khéi luong hi¢u
dung cua hat. Chinh vi vay, dé quan sat duogc
trang thai BEC trong cac hé thuc, can thiét lap
hé hat boson c6 thdi gian séng du dai va khéi
luong hi€u dung du nhd. Theo céc tién doan ly
thuyét, trong céac vat liéu ban kim loai hay ban
dan khe hep, gia hat boson exciton dugc tao
thanh do lyc hut tinh dién Coulomb két cap dién
tr & dai dan véi 15 tréng & dai hoa tri [1]. Piac
biét, khi exciton két cap voi photon trong cau
tric vi hdc s& tao thanh mot gia hat boson mai la
polariton c6 khdi lwong hiéu dung rat nho (c& 10
> khéi lwong cta dién tir tu do) va thoi gian sdng
du dai (270ps & trang thai can bang) [2]. Diéu
nay mé ra hi vong c6 thé quan sat dugc trang thai
BEC cua polariton ngay ca ¢ nhi¢t do phong
dong thoi mé ra kha nang tmg dung rat 16n trong
cong nghé hién dai. Tuy nhién, cho dén nay,
nhiing quan sat thyc nghiém vé trang thai ngung
tu polariton van con han ché. Do do, nghién ctru
chi tiét ban chat ctia trang thai ngung tu polariton
va kha ning xay ra chuyén pha trang thai ngung
tu ludn duge quan tm trong nhimng nim gan day.

Mot trong nhitng yéu t6 quan trong anh
huong dén su hinh thanh exciton va do d6 1a hinh
thanh polariton trong vi hdc ban dén 1a sy chénh
1éch khdi luong hiéu dung cia dién tur dai dan va
16 tréng dai hoa tri [3]. That vdy, cac nghién ciru
da khang dinh mdi twong quan vé khdi lugng
hiéu dung cua dién tir va 16 tréng trén mot sd loai
vat liéu khac nhau l1a khac nhau. Chéng han nhu,
trong ban din CdTe, GsAs hay GaN, khéi lugng

hiéu dung cta 16 trong thuong 16n hon khdi
lugong hi¢u dung cua dién tur [4-7], con trong cac
hé TMD don 16p, khdi lwong cua dién tir va 15
trbng gan nhu bang nhau [8, 9]. Gan day di co
mot sb nghién ctru dugc thuc hién vé anh huong
clia mat can bang khéi luong giira dién tir va 15
trbng 1én sy hinh thanh céc trang thai ngung tu
trong vat liéu ban kim loai, ban dan [10-14] hay
trong cdu trac vi hoc [15-17]. Nhitng nghién ciru
nay da khang dinh vai tro quan trong ctia mat cén
bang khi luong trong qua trinh két cap dién tur
- 16 tréng hinh thanh exciton va trang thai ngung
tu.

Trong bai bdo nay, ching toi tap trung khao
sat anh hudng cia thé tuong tac Coulomb 1én sy
hinh thanh trang thai ngung tu cua exciton,
polariton va photon trong vi hdc ban ddn mét can
bang khdi lugng & trang thai co ban. Dé c6 thé
mo ta h¢ exciton-polariton-photon mot cach thuc
té nhat, chiing toi st dung mé hinh hai déi ning
luong c6 ca tuong tac dién tir - photon va tuong
tac Coulomb dién tir - 15 tréng. Trong khudn kho
gan ding Hartree-Fock khong gii han, mot hé
cac phuong trinh ty hop cho phép xac dinh céc
tham sd trat ty trang thai ngung tu dugc rit ra
khi vai tro cua tuong tac di¢n tir - photon va
tuong tac Coulomb dugc xem xét tuong duong
nhau. Tl két qua tinh s giai hé phuong trinh tu
hop, céc gian dd pha biéu thi su phu thudc cua
cac tham sd trat tu vao thé tuong tdc Coulomb
va su mét can bang khéi lugng dugc thiét 1ap.

Bai bao duoc chia thanh 4 phan. Trong d6 ¢
phan 2, ching t6i trinh bay céc tinh toan giai tich
ap dung gan dung Hartree-Fock khong giéi han
dé giai Hamiltonian cia mo hinh rit ra hé
phuong trinh tu hgp xac dinh cac tham s trat tu
trang thai ngung tu. Trén so s& cac két qua giai
tich tim dugc, chuong trinh tinh s6 duoc thiét lap
va cac gian d6 pha nhan duoc tir cac két qua tinh
s6 cting cac thao luan dugc trinh bay trong phan
3. Phan cudi cung 1a két luan cta bai bao.
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2. M6 hinh va tinh toan giai tich
Hé exciton-polariton trong vi héc ban dan
dugc mo ta boi Hamiltonian gdm hai phan
H=H,+H; (1)

trong d6, s6 hang thir nhat mo ta phan khong
tuong tac cta hé dugc viét trong khong gian
xung luong nhu sau

Hy= ) (ebelen+ elhihd + ) aqhiv @
k q

sﬁ/h = —2t%"(cos ky + cos k) +

véi t®/M 1a tich phan nhay ndt cia dién tu/15
tréng thé hién mdi twong quan vé khdi luong
hiéu dung cta dién tir va 16 tréng trong h¢, E; la
khe ndng lugng thé hién khoang cach tir day cua
dai dan toi dinh cua dai hoa tri, hé s& duge thiét

v6i ex(e)), hic(hl) va g (1) 1an luot 1a toan
tir hiy (sinh) cua dién tir e trén dai dan, 15 trong
h trén dai hoa tri mang xung luong k va photon
mang xung luong q ¢ ning lugng tan sic Wq
phu thudc xung luong duogc cho bdi

wq = /(ca)? + wf — p (3)

V61 wg 1a nang luong cua photon tai xung lugng
q =0 va ¢ 12 van tdc anh sang trong vi hdc. Nang
luong téan sic cua dién tir va 15 trong trong hé hai
chiéu dugc cho boi

E,+8t¢/h —p
2

(4)

lap 6 trang thai ban kim loai v61 E; <0 con trang
thai ban dan vdi E;>0,pula thé héa hoc duoc
lya chon dé dicu khién tong mat dd kich thich n
v6i N 14 s6 nat mang trong giéng luong tir

1 1
n= = Wit + 5 > ((efed + () 5)
q k

S6 hang thtr hai H; trong Hamiltonian (1) mo
ta phan tuong tac Coulomb giita cac dién t - 15
U

N
kkqk;

}[1=

v6i U la cudng do thé twong tac Coulomb va g
13 hang sb twong tac dién ti/16 tréng - photon.
Anh hudng ciia phan tuong tac dién tw/1d trong
— photon trong cong thtrc (6) l1én sy hinh thanh
trang thai ngung tu cua exciton-polariton phu
thudc vao su xen phu cua dai ndng luong dién
ti/16 tréng v6i dai nang lugng photon. Do do, hé
exciton-polariton s¢ dugc mo td mot cach thuan
loi béng viéc dua vao tham s6 diéu chinh § =
wo — Ey. Néu 516n, dai nang lugng photon xen
phu manh véi cac dai nang luong dién tu/1o
tréng va vi vay su dong gop clia photon vao su
ngung tu cua exciton-polariton la it quan trong.
Con khi & nho, dai nang luong dién ta/1d trong
gan day dai nang lugng photon thi dong gop ctia

T T
€k, €Ky M ke, M,

tréng va tuong tac dién t/15 trong - photon duge
viét dudi dang

_ \/iﬁ D (ehsqllicha + Ho) (6)
kq

photon la quan trong, do d6 lam tang cuong su
ngung tu cua cac photon.

Bo qua cac sd hang vo cung bé va cac hang
s6 trong gan dung Hartree-Fock khong gidi han,
ta nhan dugc Hamiltonian méi gdm hai phan 1a
phan dién tir va phan photon. Hamiltonian cin
duogc viét dudi dang toan phuong cua céac toan tir
sinh va hily ttc 1a cAn duoc chéo héa hoan toan
dé c6 thé tinh dugc cac gia tri ki vong. Str dung
phép bién doi Bogoliubov dinh nghia cac toan tir
gia hat fermion méi dé chéo hoa phan dién tir

aIk = ukel'(r + vgh_y

al, = —vel +uch_y

()
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v6i ux va vy dugc chon sao cho uf + v§ =
1. Bén canh d6, ching t61 dinh nghia toan tu
photon méi dé chéo hoa phan photon

tpt
WT=¢T_ﬁ}M%LQ
q 9 VN wgo 90

(8)

Hamiltonian cudi cung chéo hdéa hoan toan
dugc viét dudi dang sau

Hbpia = Z(E; aIkalk + Ey a;kaZk) + Z wqugqjq 9)
q

k

trong do

By = [l — B £ son(ER + BN

(10)

N s s .2 . oo ph/e 15« X s A 1s o g gea o 41X
la cac nang luong gid hat fermion véi Ek/ la nang lugng tan sac tai chudn hoa cia cac dién tir va 10

tréng khi ¢6 dich chuyén Hartree

Epe = gl/® — une/h

(11)

& day, n® = %Zk(qaf:qok) 1a mat d6 dién tir voi ¢ = e va mat d6 10 trong v6i ¢ = h.

Iy = \/(El’(‘ + E8)" + 4|42

g° U
D efnli) =5 D (elnty)
k k

A=

Nwg=o

A trong cong thirc trén co chira sd hang
dg*¢ = (efhT, ) bidu thi sy lai hoa dién tir - 15
tréng nén A dugc xem nhu tham s trat tw mo ta
trang thai ngung tu exciton-polariton trong hé¢.
Hé s& t6n tai trong trang thai ngung tu duoc dic
trung boi gia tri khac khong cua tham sd trét tu.
Dé thdy rd dic tinh cha trang thai ngung tu
exciton-polariton trong hé, ching ta tach tham s6
trat ty trong cong thirc (13) thanh hai phan:

A= Aph + Apye VOL Apye = _%deﬁxc 14

g™ = " () — n (Ey)]

trong d6 nf () = (1 + e€/T)~* 1a ham phan bd
Fermi-Dirac v&i T 14 nhiét d6 tuyét d6i. Tir day
ta co thé xac dinh dugc cac tham so trat tu trang
thai ngung tu.

1
8 = v =% (on) +

v6i nPE (e) = (e€/T

(12)

(13)

tham s trat tu trang thai ngung tu exciton va

App = — Yk dE¥C 1a tham sé trat tu trang

Nwg=o
thai ngung tu photon. Tuy thudc vao sy canh
tranh giita hai tham sd trat ty ndy ma hé co thé
ton tai O trang thai ngung tu exciton, polariton
hay photon.

Tu Hamiltonian chéo hoa ¢ phuong trinh (9)
chung ta xac dinh dugc

T

Tuong tu, ta cling xac dinh dugc mat do
photon theo xung luong tir Hamiltonian chéo
hoa (9):
dexe 2
ng k ) 8q_0 (15)
Wo

— 1)~" 1a ham phan b Bose-Einstein.
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3. Két qua tinh s va thao luin

Trong phan nay, ching t6i trinh bay cac két
qua nhan dugc tir chuong trinh tinh s6 giai tu
hop cac phuong trinh (11)-(14) cho hé hai chiéu
gébm N = 200 x 200 nat mang dé nhan duoc
giatricu thé ctia cac tham s trat ty A, va App.
O day, chung t6i chon t¢ = 1 1a don vi ciia ning
lugng va chon nang lugng photon xung luong

15

(a) th=0.15 '

khong w, = 0.8; hang sd tuong tac dién tw/1d
trbng - photon g = 0.2. Vi sy lua chon t€ = 1
thi gia tri cta tich phan nhay nut cua 15 trong
t" s& thé hién mbi twong quan vé khéi luong cia
dién tir va 15 tréng trong hé. Trong nghién ciru
nay, chung t6i Iya chon tham sb diéu chinh 5= -
1.0 <0, khi d6 E,;, > 0 dé phi hop v6i hé exciton-
polariton trong vi hoc ban dan.

(b)th=0.5 | |

1.00.0 0.2 0.4 n 06 0.8 1.0

Hinh 1. Tham sé trat tu trang thai ngung tu exciton A, va photon A,p, theo mat do kich thich n (mg véi hai gia tri
khac nhau cua cudng do thé tuong tac Coulomb U khi t" = 0.15 (Hinh a) va t" = 0.5 (Hinh b).

Dé phan tich anh hudng cta thé twong tac
Culomb U va téng mat do kich thich » 1én su
hinh thanh céac trang thai ngung tu trong hé¢,
chung toi biéu thi trén Hinh 1 sy phu thudc cua
tham sd trat tu trang thai ngung tu exciton A,
va tham sd trat ty trang thai ngung tu photon Apn
theo mat do6 kich thich n khi thay d6i cuong do
tuong tac Coulomb tai nhi¢t do khong. Hinh 1
cho théy, tai mot gia tri xac dinh cua thé tuong
tac Coulomb, ca tham sb trat tu exciton va tham
sO trat ty photon déu khac khong chi khi gia tri
ctia mat do kich thich hiru han. Tang dan mat do
kich thich, ca hai tham sd trat tu déu tdng thé
hién su 6n dinh cta cac trang thai ngung tu trong
hé. Khi tang cuong do tuong tac Coulomb, tai
mat do kich thich xac dinh, tham sd trat tu
phonon 4., giam trong khi tham sO trat tu
exciton 4., tang. Diéu nay thé hién vai tro quan
trong cua cuong do twong tdc Coulomb trong

viéc hinh thanh trang thai ngung tu cia h¢. That
vay, exciton dugc tao thanh do su két cap cua
dién ttr va 18 tréng nho tuong tac Coulomb. Do
do, tuong tac Coulomb ting s€ tang cuong kha
nang két cap dién i - 18 trong hinh thanh exciton
lién két chat nhd d6 d& dang thiét lap trang thai
ngung tu exciton duogc thé hién boi sy ting 1én
clia tham s trat tu exciton Agyc. Tuy nhién, viéc
tang U ciing 1am cho thé hoa cang xa day cua dai
photon tuong tng v6i viée lam giam gia tri cua
App. Su thay ddi trai nguoc cua hai tham s trat
tuw Agyc va Ayp khi tang U tir gi6i han tuong tac
yéu (U=1.0~t/") sang gi6i han tuong tic manh
(U=4.0>>t°/") ciing thé hién cdu tric pha phirc
tap trong hé. Trén Hinh la, ching t61 Iya chon
th = 0.15 dé phu hop voi hé dién ti-15 trong
trong vi héc ban din GaAs [5,6]. Gian dd cho
thay, trong truong hop tuong tac yéu (U = 1.0),
khi mat do kich thich nhé (n < 0.06), ti sb
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Apn/A = 70% + 80% hé vi vay ton tai trong
trang thai ngung tu polariton. Khi mat do kich
thich tang, tham sd trat tu photon ting nhanh lam
cho ti s6 Apn/A > 80%, hé ¢ trang thai ngung
tu photon-polariton. Trong khi do, tang U dén
gii han twong tac manh (U = 4.0), ciu triic pha
phuec tap xuét hién trong hé. O mét do kich thich
nho (n < 0.1) hé ton tai & trang thai ngung tu
exciton-polariton véi ti sb Apn /B < 20%, con
khi mat dg kich thich 16n (n > 0.48) hé 6n dinh
trong trang thai ngung tu photon-polariton.
Trong gidi han mat d kich thich trung binh (0.1
< n < 0.48), hé ¢ trang thai ngung tu polariton.
Ting tich phan nhay nat t6i t" = 0.5 twong
duong vé6i hé ban dan CdTe [4], Hinh 1b cho

0.5
' (a) U=1.0
o.ﬂ
dge
031

thiy sy ting dang ké ciia App va do do cau tric
pha ngung tu cua h¢ cling thay doi, gia tri téi han
clia mét do kich thich cho su ton tai ctia hé trong
trang thai ngung tu polariton gidm. Véi tuong
tac Coulomb nho, hé chi ton tai trong pha ngung
tu photon-polariton, trong khi & tuong tac
Coulomb manh, trong h¢ c6 thé xuét hién ca pha
ngung tu polariton va photon-polariton. Thyuc
vay, khi t" 16n hon hay khéi lugng hi¢u dung
cta 18 tréng giam va c6 thé so sanh véi khdi
luong hiéu dung cua dién tir, cac 15 tréng linh
hoat hon va dai 18 tréng c6 thé dé dang cham dén
day cua dai photon. Khi do céc photon s¢€ thay
thé cac exciton ngung tu dé giam thiéu ning
lwong toan phan.

th=0.15 05
7 (b) U=40 ;

Hinh 2. Bién d6 lai hoa d£*° phu thudc vao xung lwong k trong ving Brillouin thtr nhét khi thay ddi thé twong tac
Coulomb U va tich phan nhay nut t" tai n = 0.05.

Tiép theo, ching t6i thao luan chi tiét anh
hudng cia thé tuong tac Coulomb U va su méat
can bang khdi lwong 1én ban chat trang thai
ngung tu ciia hé bang viéc khao sat phan b xung
luong ciia bién d6 lai hoa cip dién tir - 16 tréng

dg™ va mat do photon nf" véi mat do kich thich

n=0.05. Hinh 2 cho thay d£*® ludn khac khong
tai xung lugng xac dinh thé hién trang thai lai
hoéa cia dién tir - 16 trong dé 6n dinh trang thai
ngung tu exciton. Trong moi trudong hop, ta luén
tim thiy gia tri cyc dai cta df*° tai xung lugng
k = 0 thé hién exciton ngung tu trong trang thai
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BEC. Diéu nay phu hop vé6i gia thiét khi hé ¢
trang thai ban dan twong tng véi khe ning luong
E; duong. Khi tang U h,ay tang t", kha ning ké~t
cap cua di¢n tu va 10 trong tang 1én va do d6 dé
dang hinh thanh trang thai ngung tu exciton
dugc thé hién boi sy ting gia tri ctia bién do lai

hoa exciton dp*¢. Tai mot gia tri xac dinh cua thé
K a1 mg 1

twong tac Coulomb U, khi t" ting t6i gi tri du
16, lai héa dién tir - 16 trong c6 thé cham t6i day
cta dai kich thich photon va do dé6 mat d6 photon
ngh dugc ting cuong manh mé ciing duoc thé
hién trén Hinh 3.

0.8 th=0.15

(b) U=4.0

e

=t

- L4

Hinh 3. Mat d6 photon nP" phu thudc vao xung luong q trong ving Brillouin thtr nhat khi thay d6i thé twong tac
Coulomb U va tich phan nhay nut t" tai n = 0.05.

q

Hinh 3 cho thay, ngh ludn dat cuc dai tai xung
lugng khong twong tu nhu dg© thé hién su
ngung tu cua photon trong trang thai BEC. So
sanh Hinh 3a véi 3b va Hinh 3¢ véi 3d ta thay
tang U lam cho thé hoa cang xa ddy cua dai
photon twong tmg véi viée 1am giam dang ké gia
tr ciianf". Tang U ciing thiic ddy trang thai lién

két dién tir - 16 trong lam cho d&*¢

tang va
exciton chiém uu thé hon photon, h¢ do do on
dinh trong trang thai ngung tu exciton-polariton
dang BEC khi U 16n (so sanh Hinh 2b, 3b).
Nguoc lai, tai U xac dinh va tang tich phan nhay
nat tie 1a 10 tréng nhe hon, linh dong hon, viéc

c¢b dinh mat d¢ kich thich toan phan s& 1am cho
kich thich dién tir - 15 trong dat t6i kich thich cta
dai photon va do dé cac polariton dugc tao
thanh. Cuong do dinh cta ca bién d¢ lai hoa d.*¢
va mat do photon ngh tai xung luong khong déu
tang 1én (xem Hinh 2 a,c va Hinh 3 a,c) thé hi¢n
hé 6n dinh trong trang thai ngung tu polariton
dang BEC.

4. Két luan

Nhu vdy, bang cach ap dung gin ding
Hartree-Fock khong gigi han cho m6 hinh hai
dai ndng lugng cé tuong tac dién tir - photon va



b. T.Héng Hai, N.Thi Hau, P.Van Nham / Tap chi Khoa hoc va Cong nghé Dai hoc Duy Tan 4(71) (2025) 112-119 119

tuong tdc Coulomb, burc tranh trang thai ngung
tu trong cdu trac quang vi hdc da dugc khao sat.
Céc két qua tinh sb thé hién vai trd quan trong
ctia thé twong tac Coulomb va mét can bang khoi
lugng trong sy hinh thanh va ban chat trang thai
ngung tu exciton-polariton-photon trong h¢. Cac
két qua cho thiy sy thay doi trai nguoc ctia tham
sO trat tu exciton va photon khi tang thé tuong
tac Coulomb tir giGi han twong tic yéu sang gidi
han tuong tdc manh. Trong truong hgp tuong tac
yéu, khi mat can bang khdi lwong nho, hé chi ton
tai trong trang thai ngung tu photon-polariton,
con khi mét can béng khéi luong 16n va mat do
kich thich di1 nho, hé c6 thé ton tai trong trang thai
ngung tu polariton. Trong khi do, ¢ giéi han
twong tac manh, cu tric pha phirc tap hon véi sy
xuét hién cua ca ba trang thai ngung tu exciton-
polariton, polariton va photon-polariton khi mét
can bang khéi luong 16n. Gian db biéu thi sy phu
thudc vao xung luong ctia bién dg lai hoa cdp dién
tt-10 tréng va mat do photon khéng dinh hé
ngung tu trong trang thai BEC polariton. Khi
giam mat can bang khdi luong, cudng d6 dinh cia
cd bién d¢ lai hoa exciton va mat do photon tai
xung luong khong déu tang 1én thé hién sy 6n
dinh trong trang thai ngung tu cua hé. Trong khi
d6, khi ting cuong do thé tuong tic Coulomb,
mat d6 photon giam dang ké va do d6 hé co thé
uu tién ton tai trong trang thai ngung tu exciton-
polariton néu tuong tic Coulomb du 16n.
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