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Anh huéng cua do day 16p dién moi 1én trang thai ngung tu exciton
trong cau trac graphene hai l6p
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Tom tat

Dit cach nhau bang mot 16p dién mdi c6 d6 day xac dinh, h¢ hai 16p graphene duge khang dinh t6n tai trang thai ngung
tu exciton. Hé dién tir-18 trong trong ciu triic graphene hai 16p ndy dugc m6 ta bang md hinh dién tir hai 16p c6 ké toi
twong tac Coulomb giita dién tir trén mot 16p va 13 tréng & 16p con lai. Bang gan dung Hartree-Fock, ching toi da thu
dugc hé phuong trinh tw hop, cho phép xac dinh tham s trat ty trang thai ngung tu exciton. Két qua tinh sb khang dinh
su tOn tai trang thai ngung tu exciton trong hé khi khoang cach giita hai 16p graphene di nho. Anh hudng cia d6 day
16p dién moi 1én sy hinh thanh va 6n dinh trang thai ngung tu exciton trong hé graphene hai 16p duoc thao luén chi tiét.

Tir khéa: Trang thai ngung tu exciton; graphene hai 16p; gan dung Hartree-Fock.

Abstract

This paper discusses the magnetic correlations in diluted magnetic semiconductor from signatures of the static spin
Separated by a thickness dielectric, a structure of two graphene monolayers is specified to exist the excitonic
condensation state. The electron-hole system in the double layer graphene is described by a generic two-level electronic
model taking into account a Coulomb interaction between an electron in one layer and a hole in the opposite layer.
Utilizing the Hartree-Fock approximation, we deliver a set of equations determining self-consistently the excitonic
condensation order parameter. Numerical results indicate an appearance of the excitonic condensation state in the
system if the dielectric thickness is sufficiently small. The effects of the dielectric thickness in the formation and
stability of the excitonic condensation state in the so-called double-layer graphene are intently discussed.

Keywords: Excitonic condensation state; double layer graphene; Hartree-Fock approximation.

1. Mé dau tu exciton dén nay van con nhiéu diéu chua
Mic du duoc tién doan cach day hon  duoc sang to cling nhu kha nang quan sat thyc
ntra thé ky [1, 2], ban chét cua trang thai ngung ~ nghiém cua trang thai nay trong vét li¢u con
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nhiéu thach thirc. Theo cac tién doan 1y thuyét,
trong cac hé ban kim loai hay ban dan véi khe
ning lugng nhd, cac dién tr & dai dan va 15
tréng & dai hoa tri c¢6 thé lién két tao thanh
exciton do lyc hut tinh dién Coulomb [1, 2].
Exciton 1a gia hat boson, vi vay, khi nhiét do du
nho, hé exciton v6i mat do da 16n c6 thé tdn tai
& mot trang thai lugng tir theo 1y thuyét ngung
tu Bose-Einstein (BEC) [3]. Trang thai ngung
tu exciton c6 nhidu diém giéng voi trang thai
siéu dan, hay trang thai ngung tu cua cic cip
Cooper trong ly thuyét cua Bardeen-Cooper-
Schrieffer (BCS), vi vdy, trong mdt ) gi6i han,
nguoi ta thuong dung 1y thuyét BCS dé mo ta
trang thai ngung tu exciton. Tuy nhién, khéc
v6i trang thai siéu dan, mot trang thai dan dién
ly tudng, thi trang thai ngung tu exciton lai la
dién moi, va nguoi ta cling hay goi la trang thai
dién moi exciton [4].

Néu nhu trang thai siéu dan dugc quan sat &
rat nhiéu loai vat liéu thi trang thai ngung tu
exciton lai rat hiém khi duoc xac dinh thuc
nghiém. Viéc kho quan sat dugc trang thai
ngung tu exciton 1a do trong hau hét cac vat
liéu, thoi gian sdng cua exciton thuong rat ngin
so v6i thang giang nhiét. Cap dién tir - 16 tréng
& gan nhau rat d& tai két hop dé huy exciton.
Chinh vi vay trang thai ngung tu exciton chu
yéu ton tai & cac hé c6 cau trac hai 16p, nhu
giéng luong tir ban dan hai 16p [5], 16p kép
graphene hai 16p [6], hay graphene hai 16p [7].
O céc vat liéu hai 16p nay, exciton dugc tao
thanh do ghép cédp cua dién tr trén mot 16p véi
16 tréng ¢ 16p con lai dudi tac dung cua luc
tuong tac tinh dién Coulomb gitlta chung. Dién
tir va 16 tréng duoc tao ra mot cach doc 1ap do
ap dién thé ngoai gitra hai 16p, ngin cach nhau
boi 16p dién moi, vi vay, exciton tao thanh cé
thoi gian song 1au hon so véi exciton trong cac
vat li¢u thong thuong. Trong céac loai vat li€u
hai 16p nay, céu trac graphene hai 16p (DLG)
duoc quan tdm hon ca, do nguoi ta dé dang

thiét 1ap dién ap ngoai, diéu khién mat d6 dién
tir va 16 trong trén moi 16p, mot tinh nang thiét
thuc trong tmg dung coéng nghé [8]. Mot diéu
chic chin ring, trong tac Coulomb giira dién
tor va 16 trong quyét dinh sy hinh thanh va
ngung tu exciton trong hé. Thé tuwong tac
Coulomb nay trong cau tric DLG la thé tam xa,
phu thudc vao dic tinh cia l6p dién modi va
khoang céach gitra hai 16p graphene. Gia sur ban
chat cua lop dién moéi dat gitra hai tam
graphene 1a khong d6i, trong bai bao nay,
chung t6i tap trung khdo sat anh huong ctua do
day 16p dién moi hay khoang cach giira hai 16p
graphene 1€n sy hinh thanh cling nhu dac tinh
ctia trang thai ngung tu exciton trong hé. Bang
gan dung Hartree-Fock, chung t6i khao sat mo
hinh dién tir hai 16p khi coi dién tir trén mdi 16p
graphene nhu dién tir din va dién tir hoa tri
trong hé ban kim loai hay ban dan. Khi do,
chung t6i thu dugc hé phuong trinh tu hop cho
phép xéac dinh tham s trat tu trang thai ngung
tu exciton. Két qua tinh s vi vay co thé giai
thich méot cach chi tiét buc tranh trang thai
ngung tu exciton trong cu trac DLG khi c6 sy
thay ddi do day 16p dién moi hay khoang cach
gitra hai 16p graphene.

Ngoai phan mé dau, phan con lai cia bai
bao dugc chia lam 3 phan. Trong phan 2, chiing
toi trinh bay mo hinh lugng tr mo ta hé dién tu,
16 tréng trong hé DLG. Nhiing tinh toan giai
tich 4p dung gan ding Hartree-Fock cho mb
hinh nay ciing duoc trinh bay. Phan 3 thao luan
nhitng két qua tinh s6. Cudi cung, phan 4 néu
két luan cling nhu d¢ xuét ciia bai bao.

2. M6 hinh va gan diing Hartree-Fock

Pé mo ta hé dién tu, 16 tréng trong ciu tric
DLG, ching toi gidi han hé trong gan dung
ning luong thap. Khi dién ap ngoai dugc dat
vao hai lop ctia hé, mot 16p mang dién am,
tuong Ung véi thura dién tur, 16p con lai mang
dién duong, thira 16 trong. Khi d6 ta chi quan
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tam toi mirc nang lwong thip cua dién tir va 15
trong ma bod qua cac muc v6i ning luong xa
muc Fermi. Vi vay, hé dién tir 16 tréng 6 thé
md ti bang md hinh dién tir hai muc ning
luong. Pé don gian trong biéu dién, ching t6i
su dung biéu dién dién t hoa tri, thay cho 16
trbng & 16p graphene tich dién duong. M6 hinh
dién tor cho h¢ DLG trong khong gian xung
luong vi thé co thé viét dudi dang Hamiltonian
nhu sau:
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t sinh (huy) dién tir trén 16p mang di€én am va
16p mang dién duong Ung véi xung luong K,
g voi cac hé thirc tan sic trong gan ding lién
két chat
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v6i Yo 1a tich phan nhay nat va # 1a thé hoa.
Thé hoa H phu thudc vao dién thé V% ap vao he,

H=V,/2 _E.ed/2 y4i E. 1a cuong do dién
truong ngoai, e 1a dién tich cta dién tu, va d 1a
khoang cach giira hai 16p graphene hay d6 day
cua 16p dién moi dat gitra hai 16p. Nhu vay, hai
s6 hang dau cua Hamiltonian mé ta hé dién tu
khong tuong tic. S6 hang cudi biéu dién tuong
tac Coulomb gitra hai dién tir ¢ hai 16p khac
nhau. Day la tuong tac tam xa, néu goi € 1a
hing s6 dién moi cua 16p ngan gitra hai tam
graphene, thé twong tac co thé viét dudi dang
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0 day, q&li = Hﬁ.‘
6, = atan(k,,/k, ). Nhu vdy, ngoai goc tan xa, thé
twong tac phu thuéc manh vao d¢ day l6p dién moi.

Chu y rang, Hamiltonian (1) dugc viét khi da bo qua
hé sb suy bién spin.

— B4 12 goc tan xa voi

Dé khao sat mo hinh viét & Hamiltonian (1),
chung t6i st dung gan dung Hartree-Fock.
Phuong phéap nay cho phép chung ta gan dang
biéu dién tich cta bdn toan tir thanh cac tich
cua hai toan tir khi bo qua dong gop cia thang
giang. Hon nita, phuong phép nay té ra hitu
hiéu khi mé ta sy pha v& dbi xtmg khi hé ton tai
& trang thai trat tu. Két qua vi vy co thé mo ta
t6t it nhit v& mat dinh tinh cac trang thai trat ty.
Gia thiét hé DLG c6 thé ton tai trang thai
ngung tu exciton, twong ing vai sy ton tai tham
s6 dac trung cho su ghép cip gitta cac dién tir &
hai 16p, khi do6 ta thu dugc Hamiltonian hi¢u
dung.
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dac trung cho mat
do cap dién tu-15 tréng hay mat do exciton. S6
hang thir ba trong = vi vay mo ta su lai hoa
gifra cac dién tir & céc 16p graphene khac nhau,
thé hién sy pha v& di xung tu phat ciia hé khi
& trang thai ngung tu exciton. Tham s6 &% hay
ka1 nhing dai luong dic trung cho tham s
trat tu trang thai ngung tu. H. o dang toan
phuong cia cac toan tir sinh, huy, vi vay c6 thé
chéo hod bang phuong phap Bogoliubov, khi
dinh nghia cac toan tir fermion maéi
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Tur dang chéo ctia Hamiltonian, ta dé dang
xac dinh dugc mat do exciton phu thugc xung
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v
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bd Fermi-Dirac v6i T 13 nhiét do.

T cic phuong trinh (2&3) ta c6 thé xac
dinh tham s6 trat ty trang thai ngung tu exciton
mot cach ty hop, két qua tinh sé hé phuong
trinh nay dugc trinh bay & phan tiép theo.

3. Két qua tinh sb va thao luin

Trong phan nay, chung tdi trinh bay két qua
tinh sd giai hé phuong trinh (2&3) mot cach tu
hop. Bit dau bang mot gia tri bat ky khac 0 cta
mat dd exciton 5.&, tor phuong trinh (2) ta thu

dugc gia tri cua khe nang lugng A, Khi do
Hamiltonian dugc Chﬁ? hod va céc nang luong
trang thai gia hat ciing nhu cc hé so “,
Vi dugc xac dinh, tor do gia tri cia mat do
exciton dugc xac dinh lai theo phuong trinh (3).
Gia tri nay lai dugc su dung cho phuong trinh
(2) & vong lap tiép theo. Qua trinh giai hé
phuong trinh ty hop két thic néu sy sai khac
cua 9% gitta hai vong lip lién tiép du nho,
thuong nho hon 10-8. Trong két qua dudi day,
chung toi gitr nguyén ban chit cta 16p dién méi
& giita hai 16p graphene. Khong mét tinh tng
quat, ching t6i chon h?mg s6 dién moi & — 4,
phi hop véi chat dién moi thong dung SiO2
[9], Yo —
luong va don vi d¢ dai trong céc tinh toan dudi
day. Khong gian xung luong duoc gidi han boi
hai vécto bl1=(21/3)(1,V3) va b2=2n/3)(1,-\3).
Trong bai bdo nay, chung t6i chi xét nhi¢t do
T=0, hay thing giang nhiét dugc bé qua. Anh

+ va a=1 dugc chon lam don vi nang

huéng cua thing gidng nhiét 1én trang thai
ngung tu exciton s€ dugc khdo sat trong céc

cong trinh tiép theo.

Hinh 1: Céu trac ving ning luong trang thai gia hat cua
hé dién tir 16 trong trong ving Brillouin thir nhét giéi han
theo cac vécto bl va b2 ¢ nhiét d0 T=0 cho truong hop
Ex=0.5, d=0.5 (a); Ex =0.5, d=1 (b); Ex =1, d=0.5 (¢); va
Ex =1, d=1 (d).
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Pé hiéu rd anh huong cua do day 16p dién
modi 1€n sy hinh thanh trang thai ngung tu
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exciton trong cau triic DLG, trudc hét chung toi
khao sat birc tranh nang luong trang thai gia hat
cua hé khi hé ¢ trang théai ngung tu exciton.

ﬁ’.l'lﬂ
Hinh 1 m6 ta cac nang lugng gia hat B cua

hé & nhi¢t do T=0 cho hai truong hop cua dién
truong ngoai Ex=0.5 (hang trén) va Ex=1 (hang
dudi) khi do day cua l6p dién modi lan luot 1a
d=0.5 (bén trdi) va d=1 (bén phai). Ta nhin
thdy, & nhiét 46 T=0, véi thé Coulomb du 16n,
khi c6 mot dién thé dat vao giita hai 16p
graphene, cu triic ving ning luong ctia hé ton
tai khe nang luong tai mic Fermi. Piéu nay
khing dinh hé ¢ trang thai ngung tu exciton do
su ghép cip cua dién tir dan & 16p trén véi dién
tir hoa tri & 16p dudi. Khi dién truong ngoai nho
[Hinh 1 (a&b)], thé hoa p nho hay hai dai dan
va hoa tri xen phu nhau it dan t6i mat do dién
tir va 16 trong nho, xac xuat ghép ciap hinh
thanh exciton vi vay ciing thip. Két qua trang
thai ngung tu exciton c6 thé hinh thanh nhung
ta nhan thdy khe ning luong nho so véi trudng
hop dién truong ngoai 16n hon [Hinh 1 (c&d)].
Diéu d6 cho thdy viéc ting dién trudng ngoai
lam ting sy xen phu cua dai dan va dai hoa tri,
dan t6i xac suat ghép cip dién tir 16 tréng hay
exciton 16n hon, trang thai ngung tu exciton vi
vay on dinh hon. Ung v6i mot gia tri xac dinh
du 16n cta cuong do dién truong ngoai, Hinh 1
cho ta thay, khi ting khoang cach d, khe ning
luong cua trang thai gia hat giam manh. Diéu
nay la do khi tdng khodng cach gilta hai 16p
graphene hay d¢ day 16p dién moi lam giam gia
tri cia cuong do tuong tdc Coulomb, mdt dai
lugng quyét dinh su ghép cap cua dién tir va 15
trong. Tuy nhién, viéc tang d va giit nguyén Ex
lam tang thé hod p hay ting mirc do xen phu
gitta ddi hod tri va dai din. Chinh vi vay, anh
huong cia d§ day 16p di€n moi gitra hai 16p
graphene 1én burc tranh ngung tu exciton trong
céu tric DLG c6 nhiéu diém thu vi, ma ching
toi s€ khao sat sau.

cococooo
“Nwhso

coocooo
—NwWweO

(d)

Hinh 2: Mat d¢ exciton phy thudc vao xung lugng Sk
trong ving Brillouin thir nhit gi6i han theo cc vécto bl
va b2 ¢ nhiét d6 T=0 cho cac truong hop Ex=0.5, d=0.5
(a); Ex=0.5, d=1 (b); Ex =1, d=0.5 (c); va Ex =1, d=1 (d).

Hinh 2 mé t4 sy phu thudoc vao xung luong ctua
mat dg exciton ok tuong Gng voi cac truong hop da
thao luan trong cac hinh ¢ Hinh 1. Chua y rang, 8k
cling dong vai tro cua tham sd trat ty trang thai
ngung tu exciton. Tir hinh v& ta nhan thiy khi dién
truong ngoai nho, chi mot phan nho dai nang lugng
ctia dai dan va dai ho4 tri xen phu nhau xung quanh
diém Dirac K va K’, do vay chi nhiing dién tir va 18
trong c6 xung luong xung quanh cac diém nay moi
dong gop vao qué trinh ghép cap. Su phan bd cap
dién tir-16 tréng, vi vay, tap trung rat it xung quanh
muic Fermi [xem Hinh 2 (a&b)]. Tuy nhién, khi
tang dién truong ngoai, muic dd xen phu hai dai
nang lugng tang 1én, ving xung lugng ma tai do6 cac
dién tir va 18 trong ghép cip duoc md rong. Sy phan
bd cua 8k rong hon [Hinh 2 (c&d)]. Chua ¥ rang,
trong tat ca cac trudng hop, 8k xuét hién dinh tai
muc Fermi, thé hién su vai tro quan trong cua mat

Fermi trong viéc hinh thanh cip dién tir va 16 tréng.
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Exciton vi viy ngung tu ¢ dang BCS, tuong tu nhu
trang thai siéu long cta cip Cooper trong 1y thuyét
BCS. Cang tang dién truong ngoai, xung lugng
Fermi cang xa diém Dirac, va ta cang d& quan sat vi

tri dinh cia ham phan bd mat do exciton k.
4. Két luan

Bang viéc ap dung gan dung Hartree-Fock
cho mo hinh hai dai nang lugng mo ta hé di¢n
tir trén mot 16p va 16 tréng ¢ 16p con lai khi tinh
tdi ca lyc twong tac Coulomb giira ching, anh
hudéng cua do day 16p dién moi gitra hai 16p
graphene 1én trang thai ngung tu exciton trong
cAu trac graphene hai 16p di duge khao sat. Khi
bd qua nhitng dong gop cua thang giang, ching
toi da thu dugc hé phuong trinh tu hop, cho
phép xac dinh tham sd trat tu trang thai ngung
tu exciton. O nhiét d6 T=0, két qua tinh s6 hé
phuong trinh tu hop da chi ra rang & mot gia tri
x4c dinh cua dién trudng ngoai, hé co thé ton
tai trang thai ngung tu exciton, thé hién & sy
xuét hién khe nang luong tai muc Fermi cua
cAu trac ning luong gia hat. Tang dién truong
ngoai lam ting sy xen phu giita dai dan va dai
hoa tri dan téi ting cudng kha ning ghép cip
cta dién tir va 16 trong, khe ning lugng ting,
thé hién sy 6n dinh cua trang thai ngung tu
exciton. Piéu nay ciing dan t6i viée trai rong su
phan bd ciia mat do cip dién ta-15 tréng trong
khong gian xung lugng. Tang do day cua l6p
dién moi gitta hai 16p graphene, cuong do
tuong tac Coulomb giam lam hep khe néng
lwong. Két qua tham sd trat ty trang thai ngung
tu exciton cling bi gidm bt ddc biét vai cac cdp
exciton ung voi cac xung lugng xa xung lugng
Fermi. Trong cac truong hop nay, gia tri tham

sb trat tu déu 16n nhét tai xung lugng Fermi hay
chi nhiing cip dién ta-16 trong gan mirc Fermi
méi dong vai trd ghép cadp. Trang thai ngung tu
exciton trong truong hop nay, vi vay, c6 dang
BCS. Trong céu trac graphene hai 16p, ting do
day d mot mat gidam lyc Coulomb gilra di¢n tir
va 16 trong, mot mat lai ting cudng xen phu
gitra dai hoa tri va dai din. Diéu nay c6 thé dan
toi su phtc tap trong bic tranh ngung tu
exciton. Trong cdc cong trinh tdi, chung to1 s€
khao sat chi tiét hon tinh chat nay trong cau
tric graphene hai 16p.
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