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LOI NOI DPAU

Hoi nghi Toan qudc Khoa hoc Trai dat va Tai nguyén véi Phét trién bén viing (ERSD) dugc Truong
Pai hoc Mo - Pia chat (HUMG) va cac ddi tac to chirc 2 nam mot 1an véi muc tiéu tao ra mot moi truong
b ich dé cac nha chuyén mén trong va ngoai nudc tu hoi va gidi thiéu nhitng két qua va hudng méi
trong nghién ctru khoa hoc, thao luan vé cac xu thé phat trién, thach thic va co hoi dbi véi nhiéu linh
khac nhau ctia Khoa hoc Trai dat, Tai nguyén dia chét, khai thac, ché bién, sir dung va quan 1y tai nguyén
dia chat, bao vé moi trudng va cac nganh khac co lién quan.

Tiép ndi thanh cong ctia cac Hoi nghi ERSD2018, ERSD2020, ERSD2022, Hoi nghi Toan qubc

Khoa hoc Trai d4t va Tai nguyén v6i Phat trién bén viing 1an thir tw (ERSD2024) dugc Truong Pai hoc
Mo - Dia chat (HUMG) ding cai to chirc voi sy tham gia dong to chirc ctia nhiéu co quan quan 1y, t6
chirc nghién ciru khoa hoc, dio tao, va doanh nghiép c¢6 uy tin trong nudc gdm Tap doan Cong nghiép
Than - Khoang san Viét Nam, Téng hoi Pia chat Viét Nam, Cuc Do dac - Ban dd va Thong tin dia ly
Viét Nam, Cuc Ban d6 - Bo Téng tham muu, Hoi Co hoc P4 Viét Nam, Hoi Cong trinh ngam Viét
Nam, Hoi Dau khi Viét Nam, Hoi Dia chat Thiy van Viét Nam, Hoi Dia chat Cong trinh va Moi
truong Viét Nam, Hoi Dia chét Kinh t& Viét Nam, Hoi Cong nghé Khoan - Khai thac Viét Nam, Hoi
Khoa hoc K¥ thuat Dia vat 1y Viét Nam, Hoi Tric dia - Ban dd - Vién tham Viét Nam, Hoi Khoa hoc
va Cong nghé¢ Mo Viét Nam, Vién Khoa hoc Cong nghé Mo va nhiéu t6 chirc va ca nhan khéc.

Céc chil dé cia Hoi nghi tap trung vao nghién ciru va tmg dung khoa hoc cong nghé hudng t6i phat
trién bén virng ddi véi nhiéu linh vuc khac nhau ctia Khoa hoc Trai dat va Tai nguyén thién nhién, Khai
thac va st dung tai nguyén dia chat, Mbi truong va cac linh vuc khoa hoc khac ¢o lién quan nhu Co -
bién, Cong ngh¢ Thong tin, Xay dung, ...

Trong qua trinh t6 chirc Hoi nghi, Ban T6 chirc da nhan duoc su quan tdm cta dong dao cac nha
khoa hoc, chuyén mon va quan ly trong va ngoai nudc. Hon 300 ban thao bao cao khoa hoc lién quan
téi cac chu dé cua Hoi nghi da dugc gui tdi Ban bién tap. Trén co so do, 269 bao cao co chét luong tot
da duoc lwa chon va xuat ban trong Tuyén tap cac bao cao toan van ciia Hoi nghi véi cac chu dé khoa
hoc sau:

1. Dit liéu I6n va chuyén doi sé trong khoa hoc trdi dat, tai nguyén méi truong
2. Tri tué nhan tao, loT, Blockchain va vrng dung

3. Co - Dién

4. Dau khi tich hop

5. Pia chat va Tai nguyén du lich

6. Dia chat céng trinh - Pia kj thudt

7. Pia chdt thity van va Tai nguyén nuée

8. Tai nguyén dia chat va quan 1y bén viing

9. Quan ly tai nguyén va moi truong

10. Cong nghé moi trong xur Iy moi truong

11. Phat trién bén vitng khoa hoc cong nghé mé va méi trieong
12. Phat trién bén vitng cong nghiép khai thdc va quan 1y an toan
13. Nhitng tién bo trong ché bién khodng san va tdi ché

14. Xdy dung cong trinh véi phdt trién bén viing

15. Kj thudt Trdc dia - Ban do va Hé thong thong tin dia Iy

16. Vat Iy, Hod hoc va ung dung

17. Toan hoc, Co hoc va ung dung

18. Ngon ngit hoc

Toan bd thong tin khoa hoc vé hoi nghi dugc tich hgp vao Website chinh thirc ciia Hoi nghi tai dia
chi: http://ersd.humg.edu.vn/.

Ban td chtc xin tran trong cam on Truong Pai hoc Mé - Dia chét, véi tu cach 1a don vi dang cai tb
chtre Hoi nghi, ciing cac don vi dong t6 chirc da hop tac chit ch va gop phan quan trong vao viée to
chte Hoi nghi nay. Cam on cac nha khoa hoc va nha chuyén mén di déng gop cac cong bd khoa hoc co
gi4 tri cho Hoi nghi. Ban té chire ciing danh gia cao sy nd luc cia cac chuyén gia doc bai di c6 nhiéu
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nd luc va dong gop dé nang cao chat luong khoa hoc clia cac béo cdo, gop phan quan trong vao thanh
cong cua hoi nghi nay.

Ban t6 chirc mong mudn tiép tuc nhan dugc sy hop tac chit ché va gop ¥ chan thanh cia cac don
vi va ca nhan dbi v6i viéc chuan bi va to chirc hoi nghi, chat lugng bao céo, bién tap, va xuat ban ky yéu
hoi nghi nham nang cao chét luong cua cac hoi nghi tiép theo, gop phan thuc day sy phat trién bén viing
cua hoat dong nghién ctru khoa hoc va trao ddi hoc thuét thudc cac linh vuc Khoa hoc Trai dit va Tai
nguyén va cac linh vuc khoa hoc khac ¢6 lién quan.

Ha Ngi, thang 11 nam 2024
THAY MAT BAN TO CHUC

-
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GS.TS Tran Thanh Hai



E‘ng HOI NGHI TOAN QUOC KHOA HOC TRAI DAT
SARm AT VA TAI NGUYEN VOI PHAT TRIEN BEN VIPNG (ERSD 2024)

NATURAL RESOURCES FOR
SUSTAINABLE DEVELOPMENT

Théng giang exciton ngoai trang thai ngung tu trong hé ban kim loal,
ban dan anh huong bai mat can bang khoi luong

Db Thi Hong Hai*, Nguyén Thi Diéu Thu, Nguyén Thi Hau
Truwong Pai hoc M6 - Dja chat

TOM TAT

Sur ton tai cia cac exciton trudc khi trang thai ngung tu duoc thiét lap dugc khao sat théng qua ham cam
g exciton dong trong mé hinh Falicov-Kimball m¢ rong 6 su hién dién caa phonon. Sir dung gan ding
Hartree-Fock khdng gisi han két hop vai ly thuyét ham Green, ching tdi tim ra biéu thic xac dinh ham
cam g exciton. Tir két qua tinh s, gian d6 pha mé ta diu hiéu thing giang exciton anh huong bai mat
can bang khéi lugng o trén diém chuyén pha trang thai ngung tu duoc thiét lap. Dac biét, dinh nhon tan sé
thap trong quang phd phan 40 ham cam ung exciton dong khing dinh cac exciton duoc hinh thanh truéc
khi ngung tu ca khi hé trong pha ban dan va béan kim loai. Céc két qua cua ching toi rat dang gia trong
viéc hiéu rd ban chat dong hoc cia chuyén pha trang thai ngung tu exciton.

Tir khéa: ham cam tng exciton; ngung tu exciton; mé hinh Falicov-Kimball mé rong; lién két dién tu/Id
trong - phonon; mat cén bang khéi luong

1. D3t van dé

Chuyén pha lwong tir ciia hé céc gia hat boson ludn 1a mot trong nhiing van d& thu hat duoc nhiéu su
quan tam nghién ctu trong vat ly hé nhidu hat. Exciton 1 gia hat boson trung hoa vé dién dugc hinh
thanh do su két cap cua céc 16 tréng dai hod tri voi cac dién tir dai dan nho tuong tac tinh dién. Khi hé
dugc lam lanh xudng nhigt d téi han, cac exciton s& ngung tu Va ton tai trong trang thai luong tir dugc dé
Xuat vé mat Iy thuyét tir hon nira thé Ky trudc (Mott 1961). Tuy nhién, ban chit dong hoc ciing nhu co
ché chuyén pha trang thai ngung tu cua exciton van con gay tranh céi. Viéc gia tang cac dir ligu do dac
thuc nghiém trong nhitng nam gan day da cung cb cac du doan 1y thuyét vé sy ton tai trang thai ngung tu
cua c4c exciton va thu hat nhiéu su tap trung nghién ciu (Subedi, A., 2020; Kim, M. J. va nnk, 2020; Ye,
M. va nnk, 2021; Volkov, P. A. va nnk, 2021; Zhang, Y. S. va nnk, 2021; Ejima, S. va nnk, 2021).

Sy két cap dién tu - 15 tréng hinh thanh exciton va trang thai ngung tu caa né thuong dwoc nghién ciu
vé mat ly thuyét thong qua st dung cac md hinh hai dai nang lugng ma tiéu biéu 1a mé hinh Falicov-
Kimball mé rong (Extended Falicov-Kimball — EFK) (Ninh, Q. H., Phan, V. N., 2021; Kaneko, T. va
nnk, 2013, Ejima, S. va nnk, 2021). Tuy nhién, EFK 1a md hinh thuan tay dién ti tc 1a chi quan tim dén
tuong tac tinh dién giira dién tir vai 16 tréng. Trong khi do, cac nghién ciu thuc nghiém da cho thiy
phonon ciing tham gia vao hd trg su két cap dién tir - 15 tréng va thiét 1ap trang thai ngung tu cia exciton.
Vi dy trong mot sb vat liéu nhu TmSegssTeoss (Wachter, 2018), TazNi(Sei—Sx)s; (Ye, M. va nnk, 2021)
hay Ta;NiSes (Volkov, P. A. va nnk, 2021; Zhang, Y. S. va nnk, 2021), c4c két qua do dac thuc nghiém
cho thiy exciton c6 thé hinh thanh va ngung tu ¢ nhiét d6 du thap nhd su hd trg cia phonon. Do vay, dé
nhan duoc két qua phi hop véi thuc nghiém va md ta hé exciton gan véi hé thuc nhat, lién két dién tu/Id
trbng véi phonon can phai dugc dua vao md hinh va tinh toan mot cach k§ luang.

V6i hé exciton, cac quan sat thuc nghiém da khing dinh cac tinh chit dong hoc cua hé c6 lién hé mat
thiét véi sy ton tai cau tr(c pha phuc tap trong hé. Xung quanh diém chuyén pha, cac tinh chit thing
giang dong vai tro hét st quan trong. Do d6, dé co thé hicu mot cach sau sic vé sy hinh thanh exciton va
qua trinh chuyén pha trang thai ngung tu cua no, cac tinh chat dong hoc Can phai dugc xem xét ky ludng,
dac biét ¢ lan can diém chuyén pha ngung tu. Hon nira, méi trong quan vé khdi luong hiéu dung cua dién
tr va 1o trong anh huong dang ké dén su 6n dinh cua trang thai ngung tu exciton (Conti, S. va nnk, 2020;
Ejima, S. va nnk, 2014). Trong bai bao nay, chung t6i xem xét sy ton tai clia cac exciton trudc khi trang
thai ngung tu dugc thiét 1ap anh huong bai mét can bang khdi lugng dién tu/ld tréng thong qua sir dung

*Tac gia lién h¢
Email: dothihonghai@humg.edu.vn
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md hinh EFK ¢ sy hién di¢n cua phonon. Bang viéc 4p dung gan ding Hartree-Fock khang gisi han két
hop véi ly thuyét ham Green, biéu thirc giai tich caa ham cam ing exciton da duoc rat ra. Tir két qua tinh
s0 phan 40 ciia ham cam ung exciton dong, gian d6 pha md ta dau hi¢u thing giang exciton anh hudng
boi mét can bang khdi lwong & trén diém chuyén pha trang thai ngung tu duoc thiét lap. Nh¢ do, ban chat
dong hoc cua chuyen pha trang thai ngung tu exciton c6 thé dwoc sang to, dong thoi Cung ¢b nhirng quan
sat thuc nghlem vé su hinh thanh cua exciton ngoai trang thai ngung tu (Sugimoto, K. va nnk, 2018; Lee,
Jinwon va nnk, 2019).

Ngoai phan m¢ dau va két luan, bai bao gom 2 phan Trong d6, md hinh EFK hai chiéu c6 sy hién dién
cua phonon va phuong phép tinh toan 1y thuyét de tim ra biéu thac giai tich ham cam g exciton dugc
trinh bay trong phan 2. Bang ‘phuong phép tinh s6, Cac giatri cu thé cua phan a0 ham cam &ng exciton
dong khi thay ddi cac tham sb caa mo hinh duogc tim thay. Phan 3 cua bai béo trinh bay céc gian do pha
thiét lap duoc tir két qua tinh s6 va nhitng thao luan vé céc két qua do.

2. Mb hinh va phwong phap ly thuyét

D& nghién ciru Iy thuyét vé chuyén pha trang théi ngung tu cua céc exciton trong vat ligu ban kim loai,
ban dan, ching ta xét mé hinh EFK hai chiéu c6 lién két dién ta/l6 trong - phonon véi Hamiltonian dugc
viét trong khéng gian xung lugng dudi dang sau

U
H = Z(Eop]tpk + eﬁe;{ek + e{(‘hlhk) N Z eIJ(rekJrthtlhkl_q
k g k,k1,q (1)
T t t T
+ \/_NZ[quh-k(p—q + pq) + h—kek+q(pq + p—q)]
kaq

trong d6, e'; hi vapl lan luot Ia cAc toén tu sinh dién tir & dai dan, 15 tréng ¢ dai héa tri va phonon tai
xung lugng k; eg™ 1a nang luong tén sic ciia dién tir va I8 tréng. Trong gin dang lién két chit, cac ning
lugng nay duoc cho boi
e = e — ey, —y @

V6i v = 2(cosk, + cosk,) trong mang vudng hai chiéu gom N nit mang, €™ 1a nang luong tai nat
cua dién tir (15 tréng), t4™ Ia tich phan nhay nat giita hai nat lién ké cua dién tur (15 tréng) va p 1 thé hoa
hoc. Mdi quan hé giita t¢ va t" biéu thi mi twong quan vé khdi lwong hiéu dung giira dién tir va trong.
Do d6, dé don gian khi tinh sb, nguoi ta thuong chon t¢ = 1 va duoc xem 14 don vi cia nang lugng. Khi
d6, cac dai lugng con lai déu dugc tinh theo don vi cua t® va gia tri cua t" s& thé hién sy chénh léch vé
khéi lwong hiéu dung cua dién tir va 15 tréng. Trong cong thirc (1), sé hang dau tién thé hién Hamiltonian
khong tuwong tac cuia hé dién tu, 16 tréng va phonon c6 ning lugng khong tan sic E,. Hai s6 hang cudi
cuing trong cong thirc (1) lan Iuot biéu thi Hamiltonian twong tac Coulomb gitra cac dién tir - 18 trong voi
U la thé tuong tac tinh dién Coulomb va Hamiltonian tuong tac cta hé dién tir - 18 tréng - phonon véi g la
hang sé lién két dién tu/I5 trong - phonon.

Ap dung gan dang Hartree-Fock khdng gidi han va bo qua cac sé hang vo cung bé, Hamiltonian (1)
duoc viét lai nhu sau

HUHF = Z(Ekekek + Efhi e + Egplp) + AZ(ek+qh + h_yersq) + VNA®DI +pq) 3)

¢ day, nang luorng tan sic cua cac dién tir da bao gom su déng gop cua tuong tac Coulomb biéu thi sy
dich chuyén Hartree cua dai héa tri va dai dan duc’yi anh huong cua tuong tic Coulomb

Ek = Ek z<eklek1 4)
U
Ex = € — NZ(thlﬂ) (5)
k1

Trong truong hop khdng xay ra ngung tu exciton, moi tham so trat tu trang thai ngung tu déu triét tiéu.
Khi d6, cac mat do hat dugc danh gia don gian théng qua cac ham phan b Fermi-Dirac dudi dang:
Yot ad/N = YenF (EF)/N 1a mat do dién tu (khi @ = e) va mat do 13 tréng (khi @ = h). G day,
ne(EX) = (1 + ePE)~1 v6i B 1a nghich dao cua nhiét do T.

Trong Hamiltonian (3), cac truong thém vao dé pha va ddi xang tu phat lién quan dén sy 6n dinh cua
trang thai ngung tu exciton cé dang

U
A= _N Zg(pq> - \/_NZ(elL—qhik)l (6)
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g
= NZ(equhi + h_kek+q) (7

K
A va A la tham sd dic trung cho sy ton tai trang thai ngung tu cua exciton boi c¢6 chia sé hang
(ek+qh_k) biéu thi su két cap cua cac dién tir - 15 trong va gay ra trang thai ngung tu. Khi céc tham sb nay
khéc khong khing dinh cac exciton trong hé 6n dinh ¢ trang thai ngung tu. Viéc khao sat su hinh thanh
exciton va trang thai ngung tu cua chung thong qua xem xeét tinh chét cua cac tham s6 A va A da duogc
ching toi thuc hién gan day (Thi-Hong-Hai-Do va nnk, 2017; Thi-Hong-Hai-Do va nnk, 2019; Pd Thi
Hong Hai va Phan Van Nham, 2020). Tuy nhién, dé c6 cai nhin tong quan nhat vé su hinh thanh exciton
va thiét 1ap trang thai ngung tu cua chdng can thiét phai khao sat ky ludng ca trén va dudi diém chuyén
pha.

Trong bai bao nay, chiing toi phan tich ban chat dong hoc cua chuyén pha trang thai ngung tu exciton
thong qua khao sat sy ton tai cua cac exciton trudc khi trang thai ngung tu dugc thiét lap. Mot trong
nhitng dai lugng thuong dugc xem xét trong trudng hop nay 1a ham cam ung exciton dong. That vay,
phan 4o ciia ham cam tmg exciton dong biéu thi sy thang giang két hop dién tir - 15 trong truéc khi trang
thai ngung tu cua cAc exciton 6n dinh. Ham cam tng exciton dwoc dinh nghia theo ly thuyét phan hoi
tuyén tinh nhu sau

1
x(q ) = Nz ((h_keicrqlerrsqh ) o (8)
k ks

Bing cach sir dung phwong trinh chuyén dong cho ham Green hai hat dya trén Hamiltonian (1) ta nhan

duoc

w ((h—kek+q|e]1(-r+qh1—-kr>>w =1- (nl@ - <nle(+q> + (Eli+q + Elf(l) ((h—kek+q|eltr+qhikr))w

U
N Z (((h—kek+q+qrh11;1hk1—qr + 311;1 ek1+qlh1—-k—qrek+q)|eli-r+qhikr))w
kiq/ (9)

4 + t ot
+ \/_N; (((h—kh—k—q+ql - ek+q/ek+q)(p—q/+pqr)|ekr+qh—k1>>w

Tir day ta thiy xuat hign cac ham Green bac cao hon. Tiép tuc viét phuong trinh chuyén dong cho cac
ham Green mai nay va két hop véi gan dung pha ngau nhién, chdng ta nhan duoc biéu thic ham cam ung
exciton dudi dang sau

—x°%(q, w)
14 (U - 29%Vy)x%(q, w)
trong d6 x°¢*(q, w) dong vai trd nhu ham cam tng exciton tran cé dang

e h
205 (q, @) = lz 1- nli(Ek-'.q)e_ nF(El;l) an
N - w+i0" —Eg, , — Ey

x(q ) = (10)

va
v Eo
a= : 29%Ex°(q.0) (12)
2 _ p2 _ 29%Eox°(a
(w+i0%) E§ U0
VGi
h
O 0) = lz 1-— np(Eﬁ_q) - TlF(Ek) (13)
N £ w +i0* + E¢_, + Ey

Trong bai bao nay, tinh chat dong hoc ciia chuyén pha trang thai ngung tu exciton hay sy ton tai cua
cac exciton truéc khi trang thai ngung tu exciton 6n dinh dugc xem xét thong qua khao sat phan ao cua
ham cam ng exciton dong Imy(q, w). Céac dix liéu do dac thuc nghiém (Kim, Kwangrae va nnk, 2021;
Zhang, Y. S. va nnk, 2021; Volkov, P. A. va nnk, 2021) ciing nhu cic két qua nghién ciru ly thuyét (Thi-
Hong-Hai Do and Van-Nham Phan, 2022) c6ng b gan day da khing dinh céc exciton c6 xung lugng q =
0 tham gia nhiéu nhat vao viéc thiét lap trang thai ngung tu trong vat liéu Ta;NiSes. Do vay, trong nghién
clru ndy, chung tdi chi tap trung khao sét tinh chat cua phan 4o ciia ham cam ung exciton dong dugc xac
dinh ¢ cong thuc (10) tai xung lugng g = 0.

3. Két qua va thao luan

Dé xem xét sy ton tai cla cac exciton trudc khi trang thai ngung tu 6n dinh anh huong boi mzit can
bang khoi luong, trong phan nay chung tdi bieu thi cac gian do pha nhan dugc tir két qua tinh so phan 4o
cua ham cam ung exciton dong Imy(q, w) dugc xac dinh ¢ cdng thac (10). Chuong trinh tinh s6 duogc
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thiét 1ap véi viéc chon t€ = 1 1a don vi cua ning luong va thay doi t" @é thé hién sy mat can bang khéi
lugng giira cac 16 tréng ¢ dai hoa tri voi cac dién tir & dai dan. O déy, gia tri caa tich phan nhay ndt caa 15
trong dugc lya chon sao cho t" < t€ thé hién 16 tréng nang hon, dinh x& hon dién tir. Trong nghién cau
nay, chdng toi tinh toan sé va&i hé hai chiéu ¢ s6 ndt mang N = 200 x 200 va thé héa u dugc thay ddi
nhung luén dam bao tong mat do hat dién tir va I3 tréng Zka e h(akak)/N =1 tlrc 1a xét hé trong trudng
hop lap day mot nira. Khdng mat tinh tong quat, ching tdi ¢é dinh ning lugng khong tan sic caa phonon
E, = 2 va hiéu hai mic ning luong dai dan va dai héatri E¢ — E" = 2.

Hinh 1 biéu thi phan a0 cia ham cam ung exciton dong tai xung lugng khong Imy(w) =
Imy(q = 0, w) khi thay d6i hang sé lién két dién ta/Id trong - phonon g &ng véi hai gia tri cua tich
phan nhay nat cua 15 trong t" tai nhiét do khong va thé tuong tic Coulomb U = 4,5. Vi tap hop cac
tham sé duoc lya chon ¢ day, hé 6n dinh trong pha ban dan véi dai dan va dai hoa tri cach xa nhau
va ham cam tng exciton dong s& biéu thi su ton tai cua cac exciton trudc khi trang thai ngung tu tré
nén 6n dinh. Hinh 1a cho thiy véi t" = 0,2, dinh nhon don tan s6 thip ludn xuit hién trong quang
phd ciia phan a0 ham cam tng exciton dong tng véi todn b cac gié tri cua hang sb lién két g dugc
lya chon. Diéu nay biéu thi su ton tai cua trang thai két hop cua céc exciton da duoc hinh thanh &
trong chat ban dan truéc khi hé chuyén sang trang thai ngung tu exciton. Tang hang s6 lién két dién
tir - phonon, dinh phé dich chuyén sang trai voi cudng do cao hon va bé rong gan nhu khong dbi thé
hién xu huéng 6n dinh trang thai ngung tu exciton khi g di 16n. Diéu nay hoan toan phi hop voi
gian do pha trong hinh nhé ¢ gitra Hinh 1 thé hién sy ngung tu ciia cac exciton dudi anh huéng cua
lien két dién ta/ld trong - phonon va ciing di duoc thao luan trong cac tai liéu (Subedi, A., 2020;
Yan, J. va nnk, 2019). Hinh nhé ¢ gitra Hinh 1 cho thdy véi U = 4,5 va t" = 0,2, trang thai ngung tu
exciton dugc thiét 1ap khi hing sb lién két dién tir - phonon g > 0,8. Tiang t" tirc 1a giam mat can
bang khéi lwong, ching han khi t" = 0,4, Hinh 1b van cho thiy dinh nhon cudng d6 cao xuat hién
trong quang phé caa phan 4o ham cam tng exciton dong. Vi tri dinh dich chuyén vé phia tan s thap
hon khi ting g thé hién xu huéng cong huong exciton. Tuy nhién, véi g > 0,4, hé di c6 thé chuyén
tir trang thai ban dan sang trang thai ngung tu exciton. Pidu nay khing dinh sy mit can bang khbi
lwong dién tir - 15 trng ¢ anh huong dang ké Ién sy ton tai cua exciton trong hé ban dan nhiét do
thp trudc khi trang thai ngung tu dwoc thiét 1ap. Khi mat can bang khéi lwong nho hay cac 15 tréng
tré nén linh hoat hon lam ting kha ning két cip dién tir - 13 tréng hinh thanh exciton nén chi can lién
két dién tu-phonon nho ciing c6 thé hd trg su ghép cap.

20 T — 10 ; B ; . . ; 15
(a) th=0.2 08| -oo—t=02 ¢ (b) th=0.4
e =04 7
i ¥,
N o= 10
SM \: -~
K
1 2 §<
g=0.1 { Y e~
---9g=03
g=0.5
--—--g=0.6
—aESRe g=0.7
1 T T 0

15 1.0 0.8 0.6 04 0.2 0.0
(0]

Hinh 1. Ham cam uing exciton déng iing véi hai gia tri cua tich phan nhay nat cua 16 trang " khi thay
dsi hang sé lién két g tai U= 4,5 va T=0. Hinh nhé biéu th; gian do pha trang thdi ngung tu exciton trong
mat phang (U, g) #ng vdi 2 gia tri cua t"

Tiép theo, chling t6i xem xét anh huéng cua nhiét do 1én su ton tai cua cac exciton & trén diém chuyén
pha ngung tu exciton. Hinh 2 biéu thi phan 4o caa ham cam @ng exciton dong Véi céc gia tri khac nhau
cua nhiét do khi t" = 0,4, g = 0,2 va U = 3. Trong pham vi ciia cac tham sb nay, hé 6n dinh trong pha ban
kim loai véi dai dan va dai hoa tri xen pha nhau. Gian db pha trong hinh nhé caa Hinh 2 cho thay, hé én
dinh trong trang thai ngung tu exciton dang BCS khi nhiét d¢ du thap. Khi T > 0,25, h¢ ton tai trong pha
ban kim loai nhiét d¢ cao véi dinh don xuét hién trong quang pho phan ao ham cam g exciton dong.
Tuy nhién, cudng d6 dinh thap va bé rong lon, dac biét dinh pho trai dai voi cuong do thap ¢ nhiét do cao
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thé hién thing giang exciton 1a khong dang ké. Giam nhiét do, cuong do dinh tang 1én va vi tri dinh dich
vé phia tan s6 thip. Sy xuat hién cua cuc dai ning lugng thap trong quang phd phan 4o ham cam tng
exciton dong biéu thi sy cong huéng cua céc trang thai két hop exciton hinh thanh trude d6. Dau hiéu
dich dinh phé ciing cho thdy xu huéng xuit hién trang thai ngung tu exciton khi nhiét do dat toi gia tri toi
han. Diéu ndy khang dinh sy ton tai ctia cac cap dién tir - 16 tréng hay exciton trong trang théai ban kim
loai thong thuong trudc khi trang thai ngung tu exciton dugc thiét lap. Két qua ndy trai véi cac quan diém
trude do cia Bronold va Fehske la cac exciton dong thoi hinh thanh va ngung tu ¢ pha ban kim loai con ¢
pha ban dan thi exciton hinh thanh truéc khi ngung tu (Bronold, F. X. va Fehske, H., 2006). Tuy nhién,

—T=025 %4
34 ~==T503
821
®
E
1
¥
II,'/
04— : . , .
0.0 05 10 15

né lai hoan toan phu hop vai cac két qua nghién cau thuc nghiém gan day & hé ban kim loai Ta;NiSes
(Sugimoto, K. va nnk, 2018; Lee, Jinwon va nnk, 2019).

Hinh 2. Ham cam uing exciton déng khi nhiét dg thay doi vmg véi t" = 0,4 tgi U= 3, g= 0,2. Hinh nhé
biéu th; gian do pha trang thai ngung tu exciton trong mat phang (U, T) g véi 2 gia tri cua t".

00 0.5 10 15

Hinh 3. Ham cam iing exciton dgng khi nhiét dg thay doi vmg véi t" = 0,2 tai U= 3, g=0,2

Cudi cuing, trén Hinh 3 ching tdi biéu thi phan ao caa ham cam tng exciton dong vei cac gia tri khac
nhau cua nhiét do khi t" =0, 2,9 =0,2va U =3. Vi tap hop cac tham s6 nay, gian do pha trong hinh
nho cua Hinh 2 cho thy, hé 6n dinh trong pha ban dan khi nhiét do thap, con khi nhiét o cao, hé ton tai
trong pha béan kim loai. That vay, Hinh 3 cho thiy véi nhiét do cao, T 20,2, phan 40 cia ham cam tng
exciton dong c6 dinh phd cudng do thap va ma rong thé hién sy tdn tai it nhiéu cua cac trang thai két hop
exciton trong pha ban kim loai. Giam nhiét do, dinh phd dich chuyén dan sang trai xudng tan sé thip hon
v6i bé rong thu hep lai va cuong d6 dinh ting 1én rat nhanh khing dinh sy tdn tai cua cac exciton lién két
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chat. Dau hiéu cia dinh phd cuong do cao & day thé hién su gia ting manh m& cua cac exciton lién két
chat trong trang théi ban dan truge khi xay ra qué trinh chuyén pha ngung tu exciton. Piéu d6 tuong ung
véi su hinh thanh cua cac exciton bén ngoai trang thai ngung tu trong chat ban dan. Va khi nhiét do du
thip dudi nhiét d6 téi han, trang thai ngung tu exciton s& duoc thiét 1ap. R6 rang la dau hiéu cua sy ton tai
trang thai két hop exciton tré nén rd nét hon khi hé chuyén sang pha ban dan. Trong trudng hop nay, t" =
0,2 trc 12 mat can bang khéi lwong 16n, 15 tréng dinh xt hon nén su lai héa gitra cac dién tir va 16 tréng
kho xay ra hon lam cho ving ngung tu exciton bi thu hep lai (xem hinh nhé ctia Hinh 2). Do d6 cac trang
thai két hop exciton ciing chi xuat hién & nhiét do thap. Nhiing két qua nghién ciru nay cua ching toi mot
Ian nita da cing ¢ nhitng quan sat thuc nghiém vé su hinh thanh cua exciton ngoai trang thai ngung tu
trén vat liéu ban kim loai (Sugimoto, K. va nnk, 2018; Lee, Jinwon va nnk, 2019).

4, Két luan

Nhu vay, trong bai bao ndy, su ton tai ctia cac exciton & trén diém chuyén pha ngung tu trong vat ligu
ban kim loai, ban dan anh huong bai chénh léch khéi lwong hiéu dung gitra dién tir va 16 tréng da dugc
nghién ctu thdng qua khao sat phan 4o caa ham cam ung exciton dong. Ap dung gan dung Hartree-Fock
khong gici han két hop ly thuyét ham Green cho md hinh Falicov-Kimball mé rong c6 su hién dién cua
phonon, cong thirc xac dinh ham cam wng exciton da dugc tim thiy. Thuc hién chwong trinh tinh sé khao
sat phan 4o ciia ham cam tmg exciton dong theo tich phan nhay nit cua 16 tréng va nhiét do, két qua cho
thdy cac dau hiéu cua su ton tai trang thai két hop exciton & trén cac diém chuyén pha. Trong trang thai
ban kim loai vi lién két dién tir/I3 trong - phonon du I6n va & nhiét do gan nhiét o chuyén pha, mot dinh
ru thé ¢ tan sb thip xuat hién trong quang phd cua phan 4o ham cam ung exciton dong cho biét kha nang
xay ra hién tuong ngung tu exciton. DAu hiéu nay duoc cung cb dang ké khi h¢ ¢ trong trang thai ban dan,
quang pho phan a0 cua ham cam tng exciton dong Xuit hién mot dinh cuong d6 rat cao o nang luong
thap. Diéu d6 chi rd xu huéng on dinh cia trang thai ngung tu exciton khi nhiét do dat t6i gia tri toi han.
Khi mét can bang khdi luong nho, cac 15 tréng tre nén linh hoat hon lam ting kha nang két cap dién tir -
15 trbng hinh thanh exciton nén chi can lién két dién tir-phonon nho hay ¢ nhiét d cao ciing ¢6 thé hd trg
su ghép cap hinh thanh exciton trong hé.

Loi cam on
_ Nghién ctru nay duoc tai tro boi Quy Phat trién khoa hoc va cong nghé Quéc gia (NAFOSTED) trong
de tai md so 103.01-2023.43.
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ABSTRACT

Effect of mass imbalance on the excitonic fluctuation outside the
condensed state in semimetallic and semiconducting systems

Do Thi Hong Hai", Nguyen Thi Dieu Thu, Nguyen Thi Hau
Hanoi University of Mining and Geology

In this paper, we investigate the existence of excitons before the condensation state is established
through the dynamical excitonic susceptibility function in the extended Falicov-Kimball model in the
presence of phonons. By using the unrestricted Hartree-Fock approximation combined with Green's
function theory, the analytical expression of the excitonic susceptibility function was found. From the
numerical results, the phase diagrams addressing the excitonic fluctuation affected by mass imbalance
above the phase transition point of the excitonic condensation state in the semimetallic and
semiconducting system is established. In particular, the sharp low-frequency peak in the imaginary part
spectrum of the dynamical excitonic susceptibility function confirms the existence of excitons outside the
condensed state even when the system is in the semimetallic phase. Our results are valuable in
understanding the dynamics of the exciton condensation phase transition

Keywords: excitonic susceptibility function; excitonic condensed; extended Falicov-Kimball model;
electron/hole-phonon coupling; mass imbalance
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E R(Sfﬁ* HOI NGHI TOAN QUOC KHOA HQOC TRAI BAT
EATR SCIENCES M VA TAI NGUYEN VO'I PHAT TRIEN BEN VIPNG (ERSD 2024)

NATURAL RESOURCES FOR
SUSTAINABLE DEVELOPMENT

Anh huéng cia tuong tac dién tir - photon Ién trang thai ngung ty
exciton-polariton trong vi hoc ban dan

Nguyén Thi Hau'2, B Thi Hong Hai'”*, Phan Vin Nham?

Trwong Pai hoc Mo - Bja chat
2Hoc vién Khoa hoc va cong nghé, Vién Han 1am Khoa hoc va Cong nghé Viét Nam
3Truong Dai hoc Duy Tan

TOM TAT

Trong bai bdo nay, ching toi khao sat anh huong ctia twong tac dién tu - photon 1€n trang thai ngung tu exciton-
polariton trong vi hc ban dan. Cac phuong trinh tw hop xac dinh cac tham sé trat ty mo ta cac trang thai ngung
exciton, polariton va photon trong hé dugc xac dinh tir phép tinh gan dung Hartree-Fock trong md hinh 2 chiéu
mo ta hé dién tir, 156 tréng va photon trong cau tric vi hdc. Két qua khang dinh sy ton tai cia trang thai ngung
tu exciton-polariton & nhiét do du nho khi c6 mat cua twong tac dién tir - photon. Nhiét 6 chuyén pha trang
thai ngung tu tang khi tang mat do kich thich va cuong do tuong tac dién tir - photon.

Tir khoa: Exciton; Polariton; ngung tu Bose-Einstein; vi héc ban dan, twong tac dién tir - photon

1. D3t van dé

Ngung tu Bose-Einstein (BEC — Bose-Einstein condensation) 13 mot trang théi trat tu xuat hién ¢ cac hé hat
hozc gia hat boson véi mot lugng 16n cac hat cling tn tai trong mot trang thai luong tir duy nhét. Didu nay xay
ra khi mat do hat/gia hat boson du I6n va dwoc 1am lanh t6i nhiét do thap hon nhiét do t6i han T (T con dugc
goi la nhiét do chuyén pha trang thai BEC). Nhiét do chuyén pha T cang Ién néu khdi luong cac hat boson
cang nho. Do do, dé quan sat duoc trang thai BEC doi hoi hé cac hat boson phai c6 khéi lugng di nho va thoi
gian séng du lon. Exciton-polariton trong vi hdc ban dan 1a mot hé gia hat boson duoc tao thanh do su lai hoa
clia cac exciton trong giéng lugng tir ban din va céc photon bi giam giir trong vi héc (Weisbuch va nnk, 1992).
V6i khéi luong rat nho (c& 10°° khéi lugng caa dién tir ty do) va thoi gian song du dai (c& 270ps & trang thai
can bang), hé exciton-polariton hta hen c6 thé quan sat dugc trang thai BEC ¢ nhiét do phong (Eastham va
Littlewood, 2001). Ngung tu BEC cua exciton-polariton trong vi héc ban dan GaAs dugc quan sét 1an dau tién
trong thuc nghiém vao nam 2002 béi nhém cua Hui Deng va cac cong su, danh ddu budc ngoit quan trong vé
mit nghién ctu thuc nghiém exciton-polariton (Deng va nnk, 2002). Va cho dén nay da co rat nhiéu nhitng
quan sét thuc nghiém khac khiang dinh su ton tai cua trang thai ngung tu exciton-polariton trong cac vi héc ban
dan (Deng va nnk, 2003; Bloch va nnk, 2005; Richard va nnk, 2005; Kasprzak va nnk, 2006; Fei va nnk, 2016;
Schofield va nnk, 2023). Vi tiém nang (ng dung trong cong nghé hién dai, viéc tim hiéu cac yéu té anh huong
ti su hinh thanh trang thai BEC cua exciton-polariton trong cac vi hc ban dan dang dugc cac nha khoa hoc
rat quan tdm nghién ctu trong ca ly thuyét va thuc nghiém. Mat trong nhiing yéu t6 ¢6 anh hudng téi sy hinh
thanh trang thai BEC cua exciton-polariton 1a cudng do tuong tac dién tir - photon. Tuong tac nay khong chi
anh huong dén sy hinh thanh trang thai ngung tu exciton-polariton ma con dong vai tro quan trong trong viéc
xéc dinh cac tinh chat ngung tu cua hé.

Nghién ctru nay sé tap trung khao sat anh huong cua twong tac dién ti-photon dén qua trinh hinh thanh trang
thai ngung tu exciton-polariton trong vi héc ban dan. Phan tiép theo sé& sir dung gan ding truong trung binh
cho mé hinh hai mirc ning lwong dé xac dinh céc tham sé trat tu dic trung cho trang thai ngung tu exciton-
polariton cua hé. Phan 3 trinh bay chi tiét cac két qua tinh sé va phan tich sau hon vé van dé dit ra. Cudi cung,
bai bao s& dua ra két luan tong quét dua trén cac két qua nghién ctru da trinh bay.

2. Mb hinh va tinh toan ly thuyét

*Tac gia lién hé
Email: dothihonghai@humg.edu.vn
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N U N N
H = Saiele+ Zeltihc+ Zowivy —g 2 ehutoh, ~ 2 (Sl +He) @
K K q N q

k,ky ko
trong d6 ba s6 hang dau mo ta h¢ dién tir trén dai dan, 16 trong trén dai hoa tri va photon khong tuong tac, véi
el(e.), hi(h) va y!(w,) bicu dién toan tir sinh (hiy) cua dién tir, 15 tréng mang xung lugng k va photon
mang xung lugng g. Cac h¢ thic tan sic cia dién tir () va 16 trong (&, ) dwoc cho bai biéu thuc:
e/h
E, +8t 7] ?
2
vai t*" [a tich phan nhay ndt cua dién tir va 16 tréng. Su khéac nhau caa tich phan nhay ndt biéu thi méi twong
quan vé khdi luong hiéu dung caa dién tir va 15 tréng. Eq 1a khe ning luong thé hién sy phan tach giita day ctia
dai dan va dinh cua dai hda tri. Trong bai bao nay ching toi xét hé trong vi hoc ban dan do d6 Eq > 0; p la thé
hoéa hoc. Béi vai photon, hé thic tan sic @, dugc cho boi bicu thuc:

@, =/(ca)’ +a? —p ®)

Véi o, 1a nang luong cua photon tai xung luong ¢ = 0.

g" =-2t" (cosk, +cosk, )+

S6 hang thir tu trong phuong trinh (1) mé ta twong tac tinh dién cua dién tir trén dai dan vai 15 tréng trén dai
héa tri v6i cuong do thé tuong tac Coulomb U. S hang cudi ciing trong phuong trinh (1) mé ta twong tac cia
hé dién tu, 16 trbng véi photon véi cudong do twong tac g. N 1a sé nit mang trong giéng luong tir. O day luu ¥
rang anh huong photon Ién sy hinh thanh trang thai ngung tu exciton-polariton phu thuoc vao su chong chap
cuia nang luong Kich thich cap dién tir - 15 trong véi dai nang lwong caa photon. Do do, dé khao sat hé mot cach
thuan loi ching t6i dwa vao tham sé diéu chinh d = @, —E, . Néu d nho thi ning luong kich thich cua cap dién

tir - 15 tréng gan vai day cua dai nang lugng photon do d6 dong gop ciia photon déng vai tro quan trong. Trong
truong hop nguoc lai, néu d 16n thi sy dong gop ciia photon I8n trang thai ngung tu exciton-polariton la it quan
trong.

Cac toan tu tuong téc trong phuong trinh (1) dugc viét lai bang phép gan dung Hartree-Fock, sau khi bo qua
nhitng hang so6 xuat hién trong phuong trinh, ching t6i thu dugc Hamiltonian Hartree-Fock nhu sau:

Hoe = D &0le, + > &N, +A2(e§h'fk + H.c)+2wqy/§y/q +(\/W1"y/§ + H.c) (4)
k k k q

trong dé céc ning luong tan sic tai chuin héa khi co dong gop ciia do dich Hartree-Fock 5 va g duoc Xac
dinh boi:

R XLy ®)
q

g =g —%Z(e&) (6)

q

Trong phuong trinh (4), A va T’ dwoc xac dinh boi:

9 Y
A= \/W<l//0> N zdk (7

-9
r= Nzk:dk ®)

vé6i d, = <e£hfk> =(h.e.)=d l1a mat d¢ cap dién tu - 16 tréng, (v,) la do phan cuc cia photon tai xung

lwong khong. Céc dai lwong trén déng vai trd nhu nhitng tham sé trat tw mo ta trang thai ngung tu cua hé. Tay

thudc vao su canh tranh gitra tham so trat tu trang thai ngung tu exciton A,, = —Wde va tham sé trat tu
k

trang thai ngung tu photon A, = —%<l/l0> ma hé c6 thé tdn tai ¢ trang thai ngung tu exciton, polariton hay

photon.
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Hamiltonian trong phwong trinh (4) dugc chéo héa bang phép bién d6i Bogoliubov, cac toan tir fermion moi
aj,,aj Vatoan tir boson méi b{ dugc dinh nghia:

aj, = &8 +nh, 9)

a;-k =T el' +&hy (10)
) JNT

bl =i +—3,, (11)
q=0

trong d6 cac hé s6 &, ,7, théa man

_ o
&2 =% 1+sgn(§lf+5kh)(ngk) (12)

—e | =h\]
& +§
n? =% 1-sgn (& +§k“)M (13)
k
W, =\j(5ke +& )2 +4|A|2 (14)
Sau khi chéo hoa hoan toan, Hamiltonian trong phuong trinh (4) c6 dang:
Hy. = zEliafka:Lk +ZEk2a;ka2k +zwqb;bq (15)
k k q
& —& W .
véi EX? = Misgn(gke +& )7k 1a cac ning luong gia hat mai cia hé dién ti - 13 tréng. Tir d6 ching

to1 xac dinh dugc céc gia tri trung binh nhu sau:

(ele) =& f (B)+me f (EQ) (16)
(Rhe) =1-7f (B )- & F (EX) (17)
o = (el ) =co-son(a + a0 ) £ (B2) - 1 (E¢)] (18)

k

JNT

@,

(Vaeo) =~ (19)
Giai tu hop cac phuong trinh (5) — (8) va (16) — (19) chung t6i xac dinh duoc cac tham sb trat tu mo ta trang
thai ngung tu cua hé exciton, polariton, va photon trong vi hoc ban dan. Khao sat sy phu thudc xung lugng cua
mat do exciton sé gilp ching ta thay rd ban chat trang thai ngung tu cta hé.
3. Két qua va thao luan

Phan nay biéu thi cac gian do mo ta céc trang thai ngung tu ciia h¢ exciton, polariton va photon trong vi héc
ban dan, cac ket qua tinh s6 dugc chdng téi thuc hién cho hé hai chiéu gom N =200 x 200 ndt mang va chon
t® =1 la don vi cua nang lugng. Khi d6 tat ca cac dai luong déu duoc xac dinh vai don vi t&. Khéng mat tinh
tong quat, ching tdi ¢6 dinh nang lugng cia photon tai xung lugng khdng @, =0.5 va lya chon U = 2.0, tham
sb diéu chinh d = -1 va tich phan nhay nit cua I8 tréng t" = 0.15 dé phi hop vai hé exciton-polariton trong vi
héc ban dan GaAs.

Trudc tién ching t6i khao sat tham so trat tu trang thai ngung tu exciton (A, ) va tham sé trat tu trang thai
ngung tu photon (A, ) theo nhiét d khi thay déi cudng do twong téc dién tir - photon va tong mat do trang

thai kich thich cia hé n = ~ Ra(wdwg) + -~ Ze({efer) + (hfh)).
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Hinh 1. Tham s6 trat ti trang thdi ngung tu cip dién tir - 16 trong A, va photon A ; theo nhi¢r dg img véi
céc gié trj khac nhau cia cuong do twong tac dién tir - photon g khi n = 0.1 (hinh @) va n = 0.2 (hinh b)

Tur két qua trén gian d6 & Hinh 1 ta nhan thay, khi khong c6 tuong tac dién tir - photon, cac gia tri A, va
A, déu nho khong dang ké thé hién hé & trang thai khong trat tw. Vi mot gid tri xdc dinh khac khong cua
héng s6 twong tac g, cd tham s6 trat ty exciton A, va photon A, déu khac khong & nhiét do du thap thé hién
hé ¢ trang thai ngung ty exciton-polariton. Khi tang nhiét do, thang giang nhiét I6n 1am phé v phan nao cac
trang thai lién két nén trang thai ngung tu bi suy yéu. Diéu nay duoc thé hién ¢ su giam nhanh gié tri caa A,
va A, , ching déu bang khong tai cing mét gia tri nhiét o toi han Te. T duoc goi la nhiét do chuyén pha
trang thai ngung tu exciton-polariton. Trén nhiét d t6i han Te, moi trang thai lién két exciton déu bj phé& huy
va hé & trong trang théi plasma cua dién tu, 16 tréng va photon. Téng héng sb twong tac g hay mat do kich thich
n, nhiét do toi han T. tang 1én va gia tri ciia tham s trat ty ciing tang thé hién su on dinh cua cac trang thai
ngung tu. Trén Hinh 1a, khi mat d6 kich thich nhé (n = 0.1), tai gia tri g = 0.5, gia tri cua A,, 16n hon gia tri

cua A, thé hién hé wu tién & trang thai ngung tu exciton. That vy, véi mat do kich thich nho, gid tri cua thé
hoa cach xa ddy cua dai photon nén dong gép cua photon nho dan dén tham s§ trat tu trang thai ngung tu
photon nho trong khi tham s6 trat tu trang thai ngung tu exciton I6n. Hé khi @6 on dinh ¢ trang thai ngung tu
exciton-polariton. Tang hang sb twong téc dién tir - photon 1&n g = 1.0, gia tri cua tham sb trat tw A, va A,
turong dwong nhau. Khi ting mat do kich 1én n = 0.2, Hinh 1b cho thay gié tri cua A, 16m hon gid tri cia A,
. Thét vy, tang mat do kich thich lam tang su xen phu gitra dai hoa tri va dai dan giup ting kha ning ghép cap
dién tir - 16 trong, dong thoi gid tri caa thé hda tién gan téi day cua dai photon lam tang cudng su dong gop cuia
photon. Do d6 gia tri ciia ca hai tham sé trat ty trang thai ngung tu Ay Va Ay déu tiang 1én. Khi dong gop cua
photon tr& nén quan trong va c6 thém dong gop cuia twong tic dién tir - photon g thi tham sé trat ty trang thai
ngung ty photon A, ting nhanh va 16n hon tham sé trat ty trang thi exciton A,, . Tai nhiét do thap, tham so
trat tu trang thai ngung tu photon chiém wu thé hon. .

Nhur vy, ca cuong do tuong téc dién tu - photon va mét d6 kich thich déu c6 vai tro quan trong trong viéc
thict 1ap trang thdi ngung tu va tinh chat cua trang thai exciton-polariton. D€ thay r6 hon anh huéng cua cuong
d6 tuong tac dién tir - photon va nhiét do 1én ban chat trang thai ngung tu, trong Hinh 2 ching tdi khao séat su
phu thuge vao xung lugng cua tham s trat tu n,, (k) = <e£h_*k> =d, khin=0.106mot vai gia tri nhiét o khac

nhau. Pai lugng nay biéu thi su két hop trong khong gian xung luong cua dién tir va 16 trong trong viéc hinh
thanh trang thai exciton va polariton trong hé. Hinh 2 cho thay trong moi truong hop n,, (K) déu dat cuc dai
tai xung luong k = 0 thé hién polariton ngung ty trong trang thai BEC. Tai moi gié‘trj nhiét dg, khi g = 0 mat
do cap dién tir - 10 trong co gia tri rat nho trong toan b khong gian xung lugng. Dicu nay ciing dugc the hién
rat rd trong Hinh 1 bai gid tri caa ca hai tham so6 trat tu trang thai ngung tu déu xap xi bang khéng. Tang hang
s twong tac dién tir - photon Iam mat do exciton n, (K) ting do do6 ca hai tham s trat ty trang thai ngung tu
déu tang (xem Hinh 1a). So sanh Hinh 2a, b, ¢ ta thiy, khi ting nhiét do, ning luong nhiét tang 1én 1am pha v&
su két cap dién tir - 15 trdng nén mat do n,, (K) bi suy yéu. Hinh 2c cho thay, vaéi T = 0.2, chi khi g = 1.0, mat
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do cap dién tir - 16 trong n,,, (K) méi khac khong, con khig =0vag=0.5thi n, (k) hoan toan bj triét tiéu. Diéu
nay hoan toan phti hop vai két qua bicu thi & Hinh 1a, do T =0.2 I6n hon gié trj Tc cia h¢ khig=0va g =0.5.
Q trén nhiét d6 toi han, do nang lugng nhiét qqé 16N, céc trang thai lién két trong hé bi pha v& hoan toan, hé
ton tai trong trang thai plasma ctia dién ti, 16 trong va photon.

@ T=00s TN —eso (b) T=0.1 R () T=0.2
; 8 .

1.0 05 00 05 10 10 05 00 05 10 -10 05 00 05 10
k k

Hinh 2. Mdt d¢ exciton nen(k) theo xung lwong K ing véi mét vai gia tri cua cuong do twong tdc dién tir
- photon gtgin=0.1vanhi¢tdé T=0.05(a), T=0.1 (b) va T = 0.2 (c)

4. Két luan

Nhu vay, bang viéc ap dung gan dung Hartree-Fock, chung t6i d4 tim thdy cac phuong trinh ty hop xéac dinh
cac tham sb mo ta trang thai ngung tu cua hé dién tu, 15 tréng va photon trong ciu tric vi héc. Két qua tinh
toan cho thay tuong tac dién ti-photon va mat do kich thich anh huong tryc tiép dén sy hinh thanh trang thai
ngung tu exciton-polariton. G mat d¢ kich thich thap vai tuong tac dién tir - photon yéu, cac exciton dong vai
tro chinh trong viéc hinh thanh trang thai ngung tu, hé 6n dinh trong trang thai ngung tu exciton-polariton. Tuy
nhién, khi mat do kich thich 16n véi tuong tac dién tir - photon manh, photon déng vai trd quan trong hon, thé
hién hé 6n dinh trong trang thai ngung tu polariton.

Loi cam on
Nghién ciru nay dugc tai tro boi Quy Phét trién khoa hoc va cong ngh¢ Qudc gia (NAFOSTED) trong dé
tai mé s6 103.01-2023.43.
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ABSTRACT

The influence of electron - photon interaction on the exciton-polariton
condensations in semiconductor microcavity

Nguyen Thi Hau'?, Do Thi Hong Hai** Phan Van Nham?®
IHanoi University of Mining and Geology
2Graduate University of Science and Technology, Vietnam Academy of Science and Technology
3Faculty of Natural Sciences, Duy Tan University

In this paper, we investigate the impact of electron-photon interaction on exciton-polariton condensation in
semiconductor microcavity. Applying the Hartree-Fock approximation to a 2D model of electrons, holes, and
photons in a microcavity structure, a set of self-consistent equations determining the excitonic, polaritonic and
photonic condensate order parameters was found. Our numerical results show that the existence of the exciton-
polariton condensation state at sufficiently low temperatures when electron-photon interactions are present.
Furthermore, the phase transition temperature increases as the excitation density and electron-photon
interaction increase.

Keywords: Exciton; Polariton; Bose-Eistein condensation; semiconductor microcavity, electron - photon
interaction
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