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MO DAU

1. M6 hinh va tinh toan giai tich
Dé mo ta hé exciton-polariton-photon trong vi héc ban dan, ching ta st
dung md hinh hai dai ning luong c6 tuong tac Coulomb va tuong tac dién ti/15
trng-photon v4i Hamiltonian duogc viét trong khong gian xung luong dudi dang

Sau

H = Z(eﬁef{ek + et hi by + Wby P1)
k
1) i)
ek-l-kleklh—k‘l'kzhkz (11)

g t ot T
_ \/_ﬁz(ek“‘h_kpq + pq ek+qh_k)

trong d6, s6 hang dau tién biéu thi phan nang luong khong tuong tic ciia hé cac
hat trong vi hdc gém dién tir dai dan véi toan tir hiy (sinh) dién tir ek(el'{r), 16
trong dai hoa tri v6i toan tir hity (sinh) 18 tréng hy (A1) va photon véi vai toan tir
huy (sinh) photon pk(plt). Nang lugng kich thich wy ctia photon phu thudc xung
luong k dugc cho dudi dang sau

wx =K+ wZ—u (1.2)
v6i w, 12 ning luong cua photon tai diém 0 cua vi héc va ¢ va van tc anh sang
trong vi hdc. Trong hé hai chiéu, cac niang luong tan sic cua dién tir va 15 trong

duoc xac dinh boi

2
E,+ 8
ele((h) = —Zte(")z cos k; + -2

i=1

te(h) — H
2

(1.3)

trong d6 ™ 1a bién do nhay nit lién ké cua dién tir (16 trong). Pai lugng nay ti
1¢ nghich véi khéi luong va do d6 biéu thi mdi twong quan vé khéi lugng hiéu
dung giita dién tir va 16 trong trong hé. Thong thudng, t¢ dugc chon 16n hon t"
thé hién dai dan rong hon dai hoéa tri hay di¢n tr linh dong hon, “nhe” hon 16
tréng. Trong cong thic (1.3), E, 1a khe nang luong biéu thi khoang cach tir day
ctia dai dan t6i dinh ctia dai héa tri. Tty theo gid tri Am hay duong cua E, ma hé
¢ thé ton tai & pha ban kim loai hodc pha ban dan. u la thé hoa hoc duoc lua
chon dé diéu khién tong mat do kich thich n voi N 1a s nit mang trong giéng
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luong tir
1 1 1
n= NZ ((pl-l;pk> + 5 (e + E(hlthk)) (1.4)

Hai s6 hang con lai trong Hamiltonian (1.1) 1in lwot mo ta phan ning
lwong tuong tac gitra cac dién tir - 16 tréng voi cudng d6 thé twong tac Coulomb
U va phan ning luong tuong tac dién ti/1d tréng - photon véi hing sb twong tac
g. Anh hudng cia phin ning luong twong tic dién ti/1d tréng — photon 1én
Hamiltonian toan phan (1.1) trong su hinh thanh trang thai lién két va ngung tu
clia exciton — photon trong vi hoc s& dong vai tro quan trong khi nang luong kich
thich exciton phu hop véi nang luong kich thich photon. Do d6, dé thuan loi
trong viéc mo ta nhitng anh huéng nay, chung toi dua vao tham sé diéu chinh
d = w, — Ej. Néu tham s6 nay nho, nang lugng kich thich exciton nam gan day
ctia dai nang lugng photon khién cho su dong gop ciia photon trd nén quan trong
va nguoc lai.

Pé giai Hamiltonian (1.1), chung toi sitr dung gan dtng Hartree-Fock
khong gii han dé trung binh héa cac tuong tac, dua bai toan hé nhiéu hat vé bai

toan mot hat béng cach loai bé cac vo cung bé va héng $6, vi du nhu
T T ~ T T T T
ek+k1 ekl h—k+k2 th ~ Sk,o (<ek1 ekl)hk2 th + (hkz hkz)ek1ek1)

+ 8t (e 1 el B, £ Hoe)
va
eirahliPa = Sqo({exhli)pq + (Paderhly) (1.6)
Ap dung gin dang Hartree-Fock khong gidi han, Hamiltonian toan phan
trong phuong trinh (1.1) duoc tach thanh hai phan 1a phan dién tir va photon. Dé
c6 thé thao luan vé sy hinh thanh trang thai ngung tu exciton — polariton trong hé,
ta can xac dinh dugc cac gia tri ky vong théng qua Hamiltonian chéo héa hoan
toan. Trong d6, phan dién tir dugc chéo héa nhd phuong phap Bogoliubov dinh
nghia cac todn tr fermion méi
b;rk = uke;{r + vh_y
(1.7)
b;rk = —vke;{r + ugh_
VG Uy va vy 1a cac hé sb dugce chon thoa min uZ + v = 1. Con phan photon

trong Hamiltonian dugc chéo hoa bang viéc dinh nghia toan tir photon méi

T_idek 5 (1.8)

VN Wg=o ~
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trong dé dy, = (eﬂhik> dic trung cho mat do exciton bidu thi sw lai hoa dién tu -
16 tréng nén duoc xem la tham sb trat tu exciton. Hé s& ton tai trong trang thai
ngung tu khi tham s6 trat tu khéc khong va nguoc lai.

Nhu vdy, Hamiltonian chéo héa trong gan ding Hartree-Fock khong gi6i
han duoc biéu dién dudi dang toan phuong cua cac toan tir sinh, huy va dugc viét

lai nhu sau

1.9
Honea = ) (Eiblibu + E2bfiba + ikl (19)
k

trong d6 cac nang luong chuan hat fermion E ,1’2 duogc cho boi

1 1.10
? = > [ah - &+ sgn(ah + &)Wl (1.10)
voi
. 1.11
g =el - Z(ekek) (11D
. 1.12
= e~ > (i) (12
K
1a nang luong kich thich ctia cac dién tir va 16 trong khi ¢ dich chuyén Hartree
Wk_\/( + £7)? + 4|A)? (1.13)
A= Z d v Z d
= N(Uq=o kK Ty k (1.14)
K K

A trong cong thuc (1.14) c6 chtra dy = <e;r(hik> nén ciing duoc xem 13 tham s
trat ty mo ta trang thai ngung tu exciton-polariton trong hé. Pac biét, tinh chat
cua trang thai ngung tu exciton-polariton trong hé phu thudc vao su canh tranh

 ~ . X, A , . U \ )4
gitra hai tham s0 trat tu trang thai ngung tu exciton A, = — ;Zk dy va tham so

2
trat tu trang thai ngung tu photon A, = — ;%Zk d-
0
Tir Hamiltonian chéo hoéa hoan toan duoc biéu dién ¢ phuong trinh (1.9),
chung ta xac dinh dugc mat do exciton phu thudc xung lugng

~h ~e
di = [f7 (EL) — f(ED] 22 "(‘9‘;;; -2 (1.15)

trong d6 fF(€) = 1/(e€/T + 1) 1a ham phan bb Fermi-Dirac véi T 1a nhiét do
tuyét ddi. T day ta nhan dugc hé phuong trinh ty hop dé x4c dinh cac tham sd
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trat tu trang thai ngung tu exciton va polariton. Tuong tu, ta cling xac dinh duoc
mat do photon theo xung lugng tir Hamiltonian chéo héa (1.9) ¢ trén

ph T BE 1 (9 2k dk i
ng = (PP =n (wq) + N(a)—> 8q,0 (1.16)
q=0
v6i nPE (€) = (e€/T — 1)~ 1a ham phan b6 Bose-Einstein.

Tuy nhién, néu chi xem xét tinh chit caa tham sd trat tu, ta chi c6 thé mo
ta duoc dic tinh cua hé trong trang thai ngung tu & trén diém chuyén pha. Do do,
trong dé tai nay, chung t6i phan tich thém tinh chit ciia ham cam ung tinh
exciton va photon dé c6 thé mo ta chuyén pha trang thai ngung tu ctia hé exciton-
polariton & dudi diém chuyén pha, Tir d6 ta c6 thé hiéu rd dugce co ché chuyén
pha ciing nhu ban chat cia cac trang thai ngung tu.

Khoéng mét tinh tong quat, trong cac tinh toan sd, chung toi chon t€ = 1
dugc coi 1a don vi cua nang luong va ¢ dinh w, = 05vag=0.2. Thé héa p

duoc diéu chinh dam bao hé c6 tong mat d6 hat dugc xac dinh boi
1 1 1
— T T T
n= Nzk: ((Pkpk) + §<€kek) + E(hkhk>)

Véi su lua chon t€ = 1 thi gia tri cta tich phan nhay nut cua 16 trong t" s& thé
hién méi trong quan vé khéi luong cua dién tir va 16 trong trong hé.
2. Tham so trat tu exciton va photon khi c6 mat can bang khoi lwong
Pé xem xét tinh On dinh cua céac trang thai ngung tu polariton trong cau tric
vi héc anh hudng boi sy mét can bang khdi luong, trong phan nay, chung toi
trinh bay cac két qua tinh sd tham sb trat tw A, va A,p nhur mot ham cua tich
phan nhay nat cua 15 trong t" trong trang thai co ban. Trong nghién clru nay,
ching t61 lga chon tham s6 diéu chinh & = 2.0 va khao sat khi thé tuong tac
Coulomb U = 1.0 v6i mdt vai gia tri cua mat do kich thich » dugc cho bdi
phuong trinh trén. Hinh 1 cho thay tai mat d6 kich thich n xac dinh, khi ting t"
hay giam mat can bang khéi lwong, chiing ta ludn tim thay sy ting cudng cua cac
tham sb trat tu exciton va photon. Thuc vay, khi t"* nho hay khdi lugng hi¢u
dung cua 16 tréng 16n so vé6i khbi luong hi€u dung cua dién tr, cac 16 tréng kém
linh hoat va do d6 han ché kha ning lai hoa gitta dién tir va 15 trng hinh thanh
exciton. V& nhu vy, khi t" = 0, dai hoa tri ctia 15 trong hoan toan trai phang,
hay khdi luong 16 trong vo clung 16n thi ca hai tham sb trat ty A,y va Apn déu
bang 0. Hinh 1 ciing cho thdy, & mat do kich thich thap, su ngung tu cua cac
5



exciton va photon trong vi hoc chi xuét hién néu t" du 16n. Nhitng két qua nay
hoan toan phu hop véi cac dit liéu quan sat thuc nghiém [1]. Diéu nay cho thay
ZnO thé hién ngung tu polariton 6n dinh hon khi so sanh v6i GaN. Luu ¥ rang su
mat can bang khéi luong cua dién tir va 18 tréng trong ZnO (~0.53 [2]) 16n hon
trong GaN (~0.16 [3]). Tang mat do kich thich. Gia tri t61 han cia tich phan nhay
nat t" cho sy hinh thanh trang thai ngung tu dich sang trai twong ting voi gia tri
thap hon cua tich phan nhay nat. Trong truong hop mat do kich thich 16n, ta cling
tim thiy gi4 tri bdo hoa cua tham sd trat ti exciton A, trong khi Apn van tiép
tuc ting khi ting t". That vay, khi ting t", 1am cho s6 lugng cac cap dién tir - 15
tréng tang 1én cho dén khi dai 16 trong cham day dai photon va khi d6 cac photon

s& thay thé cac cap dién tir - 15 trong dé giam thiéu ning luong toan phan.
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Hinh 1: Tham sé trat tu trang thai ngung tu exciton A,,. (duong lién nét) va
photon A, (duong dut nét) theo tich phan nhay nut t" tng véi mot vai gid tri
cua mat do kich thich » khi U= 1.0 va 6= 2.0.

Dé phén tich anh hudng cua thé twong tac Culomb U va tong mat do kich
thich 7 1€n sy hinh thanh cac trang thai ngung tu trong hé, chung t61 biéu thi trén
Hinh 2 su phu thudc ctia tham sé trat tu trang thai ngung tu exciton A, va tham
$b trat tu trang thai ngung tu photon A, theo mat do kich thich n khi thay doi
cudng do twong tac Coulomb tai nhiét do khong khi 5= -1.0. Hinh 2 cho thdy, tai
mot gid tri xac dinh cua thé tuong tac Coulomb, c4 tham s6 trat tu exciton va
tham so trat ty photon déu khac khong chi khi gia tri cia mat do kich thich hitu

han. Tang dan mat do kich thich, ca hai tham sb trat tu déu tang thé hién su 6n
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dinh cua cac trang thai ngung tu trong hé. Khi tang cuong do tuong tac Coulomb,
tai mat do kich thich xac dinh, tham sb trat tu phonon 4,, giam trong khi tham
sd trat tu exciton A, ting. Diéu ndy thé hién vai trd quan trong cia cudng do
tuong tac Coulomb trong viéc hinh thanh trang thai ngung tu cta hé. That vay,
exciton duoc tao thanh do sy két cip cua dién tir va 16 trong nhd twong tac
Coulomb. Do d6, khi ting twong tac Coulomb lam ting cudng kha ning két cip
dién tir - 1 trong hinh thanh exciton lién két chit nhd d6 d& dang thiét lap trang
thai ngung tu exciton dugc thé hién bai su tang 1€n cua tham sb trat tu exciton
A,yc. Tuy nhién, viéc ting U cling lam cho thé hoa cang xa day cua dai photon
twong (g véi vige lam giam gia tri cua A,p,. Su thay dbi trai nguoc cua hai tham
sO trat ty Ay va A,y khi tdng U tir gi6i han tuong tac yéu (U = 1.0) sang gi6i
han tuong tac manh (U = 4.0) ciing thé hién céu tric pha phirc tap trong hé. Trén
Hinh 2a, chiing t6i lya chon t" = 0.15 dé phu hop véi hé dién ta-16 trong trong
vi héc ban dan GaAs [4, 5]. Gian d6 cho thiy, trong truong hop tuwong tac yéu (U
= 1.0), khi mat do kich thich nhé (n < 0.06), ti sd Apn /D = 70% + 80% hé vi
vay tOn tai trong trang thai ngung tu polariton. Khi mat d6 kich thich ting, tham
sO trat ty photon ting nhanh lam cho ti s6 Apn/A > 80%, h¢ ¢ trang thai ngung
tu photon-polariton. Trong khi do, tang U sang gidi han tuong tdc manh (U =
4.0), cu trac pha phtc tap xuét hién trong hé. O mét do kich thich nho (n < 0.1)
hé ton tai ¢ trang thai ngung tu exciton-polariton vdi ti s6 Apn /A < 20%, con khi
mat do kich thich 16n (n > 0.48) hé 6n dinh trong trang thai ngung tu photon-
polariton. Trong gidi han mat do kich thich trung binh (0.1 <n < 0.48), h¢ ¢

trang thai ngung tu polariton.

15 . T
1
(b)th=0.5 ]
[l
, 10+ !
<15 /
j’ /I Aph Aexc
5 S — e U=1.0

Hinh 2: Tham sé trat ty trang thai ngung tu exciton A, va photon A,p theo
mat d6 kich thich » Gng véi hai gid tri khic nhau cua cudng d6 thé tuong tac
Coulomb U khi 6=-1.0; t" = 0.15 (Hinh a) va t"* = 0.5 (Hinh b).
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Ting tich phan nhay nut téi t" = 0.5 twong duong véi hé ban dan CdTe
[6], Hinh 2b cho thay su ting dang ké cua App va do do c4u trac pha ngung tu
cua hé cling thay doi, gia tri té1 han cua mat do kich thich cho su tdn tai clia hé
trong trang thai ngung tu polariton giam. Vi trong tac Coulomb nhé, hé chi ton
tai trong pha ngung tu photon-polariton, trong khi ¢ tuong tdc Coulomb manh,

trong hé c6 thé xuét hién ca pha ngung tu polariton va photon-polariton.

th =0.15 05

(@) U=1.0

(d) U=4.0

PR

Hinh 3: Mat d¢ exciton dy*° phu thudc vao xung luong k trong viung Brillouin
thir nhat khi thay ddi thé twong tic Coulomb U va tich phan nhay nut t" tai 5= -
1.0; n=0.05.

Ti€p theo, dé thay rdo hon anh hudng cua thé tuong tdc Coulomb U va su
mat can bang khdi lugng 1én ban chat trang thai ngung tu cta hé exciton,
polariton va photon, ching t61 biéu thi trén Hinh 3 sy phu thudc vao xung luong

p
q

tac Coulomb U va tich phan nhay nut t" khi mat do kich thich » = 0.05. Hinh 3

cho thay d&*¢ luon khac khong tai xung lwong xac dinh thé hién trang thai lai hoa

exc

, Ar 4A . Al A h ., T X
cuia mat do exciton di*“ va mat d¢ photon n, Ung véi hai gia tri cia thé tuong

cta dién tir - 16 trng dé 6n dinh trang thai ngung tu exciton. Trong moi truong
hop, ta ludn tim thiy gia tri cuc dai cta df*¢ tai xung luong k = 0 thé hién

exciton ngung tu trong trang thai Bose-Einstein (BEC). Két qua nay hoan toan



pht hop véi thuc té do trong trudng hop ndy chung toi lya chon tham sé diéu
chinh dam bao xét hé exciton-polariton trong vi héc ban dan. Khi ting U hay
tang t", kha ning két cip cua dién tir va 15 tréng ting 1én va do d6 dé dang hinh
thanh trang thai ngung tu exciton dugc thé hién boi su tang gia tri cia mat do
exciton df*¢. Tai mot gia tri xac dinh cua thé twong tic Coulomb U, khi t" ting
t61 gia tri du 16n, lai hoa dién tir - 15 tréng c6 thé cham t&i day cua dai kich thich
photon va do d6 mat do photon nzh duoc ting cuong manh mé ciing duoc thé

hién trén Hinh 4.

08 th=0.15 0.020
(b) U=4.0

= o o

Hinh 4: Mat dd exciton nfl’h phu thudc vao xung lugng q trong vung
Brillouin thir nhat khi thay d6i thé tuong tic Coulomb U va tich phan nhay nut t"
tai 0=-1.0 n=0.05.

Hinh 4 cho thy, ngh luén dat cuc dai tai xung lugng khong tuong tu
nhu df*° thé hién sy ngung tu ctia photon trong trang thai BEC. So sanh Hinh 4a
v6i 4b va Hinh 4c véi 4d ta thiy ting U 1am cho thé hoa cang xa day cua dai
photon tuong mg véi viéc lam giam dang ké gia tri cua nfih. Téng U cling thuc
day trang thai lién két dién tir - 16 tréng lam cho dE*¢ ting va exciton chiém wu
thé hon photon, hé do d6 6n dinh trong trang thai ngung tu exciton-polariton
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dang BEC khi U 16n (so sanh Hinh 3b, 4b). Nguoc lai, tai U xac dinh va tang tich
phan nhay nit t" tic 14 16 trong nhe hon, linh dong hon, viéc ¢b dinh mat do kich
thich toan phan s& 1am cho kich thich dién tir - 15 trong dat t6i kich thich cua dai
photon va do d6 cac polariton dugc tao thanh. Cuong do dinh cua cd mat do
exciton dp*¢ va mat do photon ngh tai xung lugng khong déu ting 1én (xem Hinh
3 a,c va Hinh 4 a,c) thé hién hé 6n dinh trong trang thai ngung tu polariton dang
BEC.
3. Gian d6 pha trang thai ngung tu exciton theo mat do va sy mit cin
bing khoi lwgng
Cubi cung, dé c6 mot buc tranh toan dién vé vai trd cia mat can béng
khdi luong va mat do kich thich 1én sy hinh thanh trang thai ngung tu cua
polariton trong vi hdc ban dan, trong phin nay chung toi thiét 1ap gian d6 pha
trang thai co ban trong mit phang (t", n) voi mot s6 cip gid tri cua U va & Dé ¢6
dugc cac gian do pha thé hién su chuyén cua hé tir trang thai binh thudng va
trang thai hdn loan sang trang thai ngung tu, chiing t6i thiét 1ap chuong trinh tinh
sd dé tim gia tri t6i han cua tich phan nhay nat " ma tai d6 ham cam tng tinh
phan ky trng v&i mot gia tri xac dinh cia mat do kich thich. Trong khi do, dé xem
xét su canh tranh cia cac exciton va photon trong viéc thiét 1ap cac trang thai
ngung ty, chung toi cling d& cap dén trén gian d6 pha céc trang thaia ngung tu
dang exciton-polariton (EPC) va photon-polariton (PPC) bén canh trang thai
ngung tu polariton (PC). Trang thai ngung tu s& ¢ dang PPC néu ty 1é cua céc
tham sb trat tw Ay, /A > 80%, & dang EPC néu A,, /A < 20% va con lai 1a &
dang PC [7, 8].

10



0.3
0.2
0.1

0

03
0.2

=
0.1
D

Hinh 5: Gian do6 pha ngung tu polariton trong mat phang (t", n) v6i mot sé cap

gia tri cua U va o. Pha ngung tu polariton dang EPC, PC va PPC duogc chi ra
twong ung bodi ving mau vang, xanh va cam. Mau tim chi trang thai hon loan
binh thuong ctia hé dién t-15 tréng-photon.

Hinh 5 cho thiy, voi tit ca cac cdp gid tri cua U va &, chung ta lubn tim
thiy sy m& rong cia cc trang thai ngung tu khi giam mat can bang khéi lugng.
Trong truong hop twong tac Coulomb nho (U = 1.0) va tham s6 diéu chinh nho (&
= 1.0), trang thai PC dugc thiét 1ap néu tich phan nhay nat 16n hon mét gié tri toi
han v&i mat do kich thich da 16n (xem Hinh 5a). Trong khi d6, trang thai PPC chi
duoc tim thdy khi mat d6 kich thich duoc ting thém. Tang tich phan nhay ndt cia
16 tréng hay lam giam mét can bfmg khdi lugng, do linh dong cua 15 tréng duoc
tang 1én thuc ddy céc trang thai lién két exciton-photon do twong tac vat chat-anh
sang. Do d6, cac photon tré thanh ddi trong dong gop chinh vao trang thai két
hop polariton. biéu nay lam cho trang thai PPC dugc mé rong khi h¢ di¢n tr-15
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trbng c¢6 xu hudng chuyén t6i tinh huéng can bang khéi luong. Viéc ting tham sb
diéu chinh d3 cung cb su chdng chéo giita cac dai hoa tri va dai dan khong twong
tac, do d6 ting trang thai két hop dién t-15 trong va khi d6 ta co trang thai ngung
tu dang EPC & t" nh6 (xem Hinh 5b). Ting t" hon nita, su déng gop cta photon
vao trang thai lién két ctia polariton tré nén dang ké va do d6 trang thai PC, tiép
theo 12 PPC dugc thiét lap khi tang mat dg kich thich. Tai U =2.0 va 6=1.0, ta
nhan théy su mé& rong cuiia viung EPC, dic biét 1a & t" nho hay mét can bé’mg khoi
luong 16n (xem Hinh 5c¢). Trong truong hop nay, viéc tang cudng tuong tac
Coulomb da thuc day trang thai lién két dién tr - 16 trong va so luong cac exciton
tr¢ nén dang ké khi dai hoa tri van con hep. Giam su méat can béng khdi lugng
hay mé rong dai hoa tri cua 18 tréng, cic photon dan déng vai trd cua chiing
trong su két hop polariton va do d6 trang thai PC duoc thiét 1ap. Do twong tac
Coulomb 16n hon, trang thai PC ciling dugc md rong tdi vung mat do kich thich
l6n. Vung ngung tu dang EPC va sau d6 1a PC cling dugc mé rdng hon nira trong
truong hop tham sé diéu chinh 16n hon. (xem Hinh 5d). Luu y rang viéc ting
tham s diéu chinh da 1am tdng su chéng chéo ctia dai hoa tri va dai dan, va do
d6 cac photon s& khong con dong vai trd quan trong trong viéce thiét 1ap trang thai
lién két & mat do kich thich nho. Piéu nay lam ting gid tri toi han cia mat do
kich thich cho sy 6n dinh cia trang thai lwong tir két hop trong vi hic.

Gian d0 pha nhan dugc cua chung t6i & ddy kha phu hop véi cac quan
sat thuc nghiém, it nhat 1a v& mat dinh tinh. That vy, ¢ nhiét do rat thip, cac
nghién ctru vé vi héc dua trén ZnO d3 chi rd trang thai ngung tu cua polariton
dac trung bdi sy gia tang cua exciton (lén té1 96%) va sy gidm cua photon
(xudng con 4%) khi ting tham s6 diéu chinh t6i 450 meV. Quan sat nay twong
dong voi gian d6 pha cia chiing t6i tai nhiét do khong, trong d6 ving EPC trd
nén chiém vu thé khi ting tham s diéu chinh trong khi ving PPC bj thu hep dan.
Hanh vi nay phu hop véi cac quan sat thyc nghiém lién quan dén sy thay doi ctia
sd exciton va photon khi thay doi tham sb diéu chinh [9-11]. Hon nita, cic gian
d6 pha duoc biéu thi trén Hinh 10 ciing 1am ndi bat sy ting truong ciia ving PC

va sau do 1a PPC khi ting mat do kich thich. Xu hudng nay phu hgp véi cac quan
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sat thyc nghiém trong vi hdc giéng luong tir GaAs trong sso sy ting cla cong
sudt kich thich din dén su chuyén d6i tir trang thai PC sang trang thai laser

photon thuan tiy, dugc dic trung bai su giam dan cta phan exciton [12, 13].

Cubi cung, dé tom tit anh hudng cua nhiét do, sy mat can bang khéi luong
va tuong tic Coulomb giita dién tir - 10 trong dén sy 6n dinh cua cac trang thai
ngung tu trong vi héc quang, chung toi trinh bay trén Hinh 6 gian d6 pha trong
mat phang (t", T.) véi U = 1.5 (hinh a) va U = 4.5 (hinh b). Cac pha ngung tu
duoc xac dinh dua trén ti sd cia tham sb trat tu Apn/A. Dac tinh BCS hoac BEC
ctia modi pha ciing dugc biéu thi trén hinh va duogc xac dinh tir sy phu thudc xung

lugng cia mat do exciton dy.

Trong truong hop twong tic Coulomb yéu, pha ngung tu bi giéi han ¢
nhiét do thap va chil yéu c6 ban chat PC (xem Hinh 6 a). Véi t" nho va trung
binh, hé tn tai trong trang thai PC-BEC. Khoi luong hiéu dung 16n cia cac 16
tréng 1am giam dong niang, cho phép luc hut Coulomb tao ra cac ciap dién tir - 1
tréng lién két chit ngung tu & xung luong k = 0. Khi t" ting 1én sao cho khdi
luong dién tir - 16 tréng gan nhu can bang, d6 rong dai hoa tri tré nén tuong
duong v6i d6 rong cua dai dan, lam ting dong ning toan phan va lam cho cau
trac dai trd nén ddi xtmg hon. Két qua 1a 1am thay doi su can bang lai hoa giita
cac thanh phan dién tir va photon va dich chuyén trong luong phd vé phia truong
vi héc, dan dén sy xuit hién ctia ving PPC hep & nhiét d6 thip. Khi nhiét do
tang, nang luong nhiét nhanh chong e ché su ngung tu trén toan bo pham vi t",

va khong c6 ngung tu dang BCS nao phat trién trong trudng hop nay.

Nguoc lai, truong hop tuong tic Coulomb manh thé hién cdu trac pha
phtc tap hon nhiéu va d6 on dinh dugc ting cudng dang ké (xem Hinh 6 b). Voi
t" nho, hé ton tai trong pha EPC-BEC dac trung bdi céc exciton lién két chat véi
phan bd xung luong dat dinh tai k = 0. Khi t" tang 1én cac gia tri trung binh va
16n, tinh dbi xtng va tan sic dai duoc ting cudng thic day sy chong chéo manh
giita dai dan va dai hoa tri. Trong gidi han nay, twong tac Coulomb 16n giy ra
hién tuong lai hoa ro rét va ddo nguoc dai gﬁn muc Fermi bao hi€u trang thai
ngung tu dang BCS. Do do, ¢ nhiét do thép, vi€c tang nhiét do s¢€ dan dén su

chuyén d6i trang thai ngung tu tir dang EPC-BEC sang EPC-BCS va cubi cung la
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PC-BCS khi cdu trac dai tré nén ddi xang hon trong tinh trang can bang. Khi
nhiét d¢ tang, dao dong nhiét lam giam do 16n cua tham s6 trat tu ngung tu
exciton, do d6 lam suy yéu lién két dién tu-16 tréng chiu trach nhiém cho su dao

nguoc dai. Do d6, cac dai nang luong gia hat din dan khoi phuc lai dic tinh ban

0-15 T T T T T T T T
a) U=1.5

0.10 4 .

0.05

0.00

0.6 0.8 1.0

0.0 0.2 0.4

i
Hinh 6: Gian dd pha ngung tu polariton trong mit phang (t", 7..) voi hai gia tri
cua Ukhin=0.1; g = 0.2 va 6 =-0.5. Pha ngung tu polariton dang EPC-BEC,
EPC-BCS, PC-BEC, PC-BCS va PPC dugc chi ra tuong trng bdi ving mau cam,
do, tim, xanh va héng. Mau cam nhat chi trang thai hon loan binh thuong cua hé
dién tir-16 tréng-photon.
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dau cua chung, ciu trac ghép cip dugc xac dinh béi xung luong Fermi khong con
nita va sy phan bd xung luong cla dj tré nén tip trung xung quanh xung luong k
= 0. Sy triét tiéu ddo nguoc dai nay thac day hé chuyén mot cach tu nhién tir
trang thai ngung tu dang BCS sang cau triic ngung tu dang BEC trudc khi trang

thai ngung tu bi pha huy hoan toan ¢ nhi¢t do cao hon.
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KET LUAN

Nhu vay, trong hoc thuat nay, ching t61 da thyc hién chuong trinh tinh
sd dé khao sat anh huéng cua mét can bang khéi lwong 1én sy hinh thanh va
ngung tu ctia polariton trong vi hoc ban dan ¢ trang thai co ban. Cac gian do pha
cho thay khi giam mét can bang khdi lugng, trang thai lién két dién tir - 15 trong
dat dén day dai photon va hd trg manh mé cho su ngung tu cua polariton. Sy
ngung tu polariton & dang ngung tu exciton-polariton néu mét can bang khoi
luong 16n, trong khi no thé hién dang ngung tu photon-polariton néu mat can
bang khéi luong it. Cac gian d6 pha minh hoa sy mo rdng ciia ving ngung tu
polariton khi giam mat can bang khéi lugng ciing dugc thé hién. Tang cuong do
turong tac Coulomb hodc giam tham sb diéu chinh ciing thac ddy su gia ting cua
cac trang thai két hop lugng tir trong hé. Két qua ciia chung toi phu hop it nhét vé
mat dinh tinh v&i cac quan sat thuc nghiém vé su On dinh cta polariton trong mot

vai vi hoc quang ban dan mat can bang khoi luong.
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