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TOM TAT

Sir dung phirong phdp li thuyét nhiéu loan c6 diéu tiét (Modulated Perturbation Method —
MPM) ¢ gan ding bdc hai dé giai phirong trinh Schrédinger, ching t6i thu dwoc biéu thire gidi tich
cho ndng lwong exciton & trang thdi co ban trong don 16p chalcogen ddi kim logi chuyén tiép
(Transition Metal Dichalcogenide — TMDC). Két qud thu dwoc cé tinh tong qudt cho nhiéu logi
TMDC khéc nhau. Viéc kiém tra @g chinh xdc cho hai loai TMDC la WS, va \WSe; bang cdch so
sanh vé6i két qua chinh xdac bang sé cho thdy sai s6 ciia biéu thire ndng lwong gidi tich dwdi 0.5%.
Pay la két qua cé y nghia khoa hoc va thic ddy viéc tiép tuc nghién ciru cho cdc trang thdi kich
thich cao hon.

Tir khéa: exciton; phuong phap toan tir FK; phwong phap nhidu loan c6 didu tiét;
TMDC

1.  Médau

Trong nhitng nam gan day, su thanh cdng trong viéc cd lap duoc vat liéu hai chiéu
tao ra cac don 16p ban dan, ma ra nhiéu hudng nghién cau ca Ii thuyét 1an thuc nghiém.
Trong s céc vat lidu tién tién hai chiéu do, dugc quan tam rat Ion 1a don 16p chalcogen do6i
kim loai chuyén tiép (Transition Metal DiChalcogenide — TMDC) véi cac tinh chat dién tur
va quang hoc doc déo. Trong ban din don 16p TMDC thi viéc hinh thanh exciton chiém uu
thé trong céc chuyén doi quang hoc, nén exciton anh hudng dén tinh chat quang cua vat
liéu. Exciton 1a mét gia hat bao gom mot electron mang dién tich &m va mot 15 tréng mang
dién tich duong twong tac Coulomb v&i nhau tao thanh mot trang thai lién két trong chat
ban dan. Phd niang lwong cua exciton trong don 16p TMDC duoc nghién cau rong réi ca li
thuyét 1an thuc nghiém (Chernikov et al., 2014; Henriques et al., 2021; Lin et al., 2022; Liu
et al., 2019; Stier et al., 2018; Zhu et al., 2015). Bac biét, nhdm nghién ctu Truong Dai
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hoc Su pham Thanh phé H6 Chi Minh di phat trién phwong phap s va ap dung thanh cong
cho exciton trong don 16p TMDC dit trong tir trudng voi két qua c6 do chinh xéc cao, 1&n
dén 15 chir s6 thap phan (Hoang et al., 2013; Ly et al., 2023; Nguyen et al., 2019).

Ngoai nghiém sb, nghiém giai tich cho bai toan nay cé tim quan trong dic biét va bat
dau duoc chl y (Berkelbach et al., 2013; Molas et al., 2019; Nguyen-Truong, 2022) do cac
rng dung tiém ning cho viéc trich xuat thdng tin vat liécu TMDC. Dé c6 duoc nghiém giai
tich trong cac cong trinh (Berkelbach et al., 2013; Molas et al., 2019; Nguyen-Truong,
2022), céc tac gia da thay doi thé twong tac Keldysh (Keldysh et al., 1979) bing céc gan
dung khac. Trong khi d6, nhiéu cong trinh dé chi ra thé twong tac Keldysh mo ta rat tét
tuong tac electron-1d tréng trong don 16p ban din (Chernikov et al., 2014; Stier et al.,
2018; Zhu et al., 2015). Ngoai ra, cac biéu thirc giai tich trong (Berkelbach et al., 2013;
Molas et al., 2019; Nguyen-Truong, 2022) c¢6 d6 chinh xac chua that sy cao. Do vay, viéc
tim nang luong giai tich c6 d6 chinh xac cao cho exciton trong don 16p TMDC véi thé
tuong tac Keldysh con mang tinh thoi sy.

Cong trinh ndy duoc thyuc hién do cac diéu kién sau. Trude tién, phuong phéap toan tir
FK (Feranchuk et al., 2015) &p dung cho exciton trong don 16p TMDC (Hoang et al., 2013;
Ly et al., 2023; Nguyen et al., 2019) cho phép thu duoc biéu thic giai tich cho tat ca cac
yéu té ma tran, ké ca thanh phan lién quan dén thé tuong tac Keldysh. Ngoai ra, cong trinh
(Nguyen et al., 2023) m¢i day da chi ra phuong phap nhidu loan voi sy diéu tiét bang tham
s6 tu do c6 thé cho nghiém chinh xéac cao chi véi bo chinh bac hai. Nhu vay, Ii thuyét nhidu
loan co6 diéu tiét (Modulated Perturbation Method — MPM) nay ht:a hen cho 10i giai giai
tich thich hop. Chung t6i stir dung phuong phap MPM tim nghiém giai tich cho exciton hai
chiéu trong don 16p TMDC véi thé twong tac Keldysh va cong b trong bai bao nay két
qua cho trang thai 1s. Két qua thu dugc so sanh véi két qua tinh s6 ¢ cong trinh (Ly et al.,
2023) cho sai léch khong qua 0.5%, chirng to phuong phap tinh la dang tin cay.

2.  Phwong phap
2.1. Phwong trinh Schrodinger

Phuong trinh Schrodinger cta exciton trung hoa trong don 16p TMDC da dugc dua
ra trong cong trinh (Ly et al., 2023) qua phép bién doi Levi-Civita. Dic biét trong cong
trinh (Ly et al., 2023), thé Keldysh da duoc biéu dién giai tich qua phép bién doi Laplace,
rat thuan tién cho tinh toan dai s6. Chung t6i da tinh toan lai cac phuong trinh chinh trong
cong trinh (Ly et al., 2023) phuc vu cho cac tinh toan trong bai bao nay.

Phuong trinh Schrodinger cho exciton hai chiéu ¢6 dang

1 . ~
b0~ E p -0, ®
2u
voi khdi lugng hiéu dung cua exciton gz =m;m; /(m; +m;), ti s6 cia khdi luong giita

electron va 13 trdng p=m_ /m.. Thé tuong tac dién tir va 18 tréng V,_.(r) dwoc md ta boi
thé Keldysh (Keldysh et al., 1979) va duoc viét trong cong trinh (Ly et al., 2023) duéi dang
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bién doi Laplace. O day, m;, m lan luot 1a khdi lugng hiéu dung cua electron va 16 tréng
trong don 16p TMDC.

Phuong trinh (1) ¢6 thé dua vé dang khong tha nguy@n véi ban kinh Bohr hiéu dung
a, = 4ze,h? | ue?. Sau do, phép bién doi Levi-Civita: x =u? —v?, y =2uv chuyén phuong
trinh khéng thir nguyén tir khdng gian xy sang phuong trinh trong khong gian uv nhu sau

_1 i.,.i —E(U2+V2)+\7 (u,v) r(u,v)=0 (2)
glou? a2 A ' ’
trong do
Vo) = [ et ®
e K7 1+ a%g®

v6i x 1a hiang s dién mai trung binh, d6 dai chin r, lién quan dén d6 phan cuc cua don

I6p TMDC (1, =27 y,5 ) Va a = ro* .

aO
2.2. Phwong phdp dai 56
Phuong trinh (2) 12 phuong trinh Schrodinger cho dao dong tir phi diéu hoa. Phuong
trinh d3 giai bang cach st dung cac toan tir sinh huy dugc trinh bay chi tiét trong
(Feranchuk et al., 2015). Khi d6, dé dua cac sé hang trong phwong trinh nay vé dang dai
s6, cc toan tir sinh huy &, ", b, b* 1a ham caa u,v,6/8u,8/év di duge dinh nghia chi
tiét trong cong trinh 2023 (Ly et al., 2023). Nhitng toan ti nay thod diéu kién

(a.a]=1 [b,b"|=1. (4)

Tat ca nhitng toan tir trong phuong trinh (2) c¢6 thé biéu dién nhu sau:

r o 0 A L At A+A KR

T=$+W:a)(ab+ab —a‘'a-b b—l), (5)

I§=u2+v2=i(é6+é*6*+é*é+6*6+1), (6)
[0

Dang dai s6 caa b ham co sé cho dao dong tir diéu hoa hai chiéu duoc dua ra dudi dang:

— 1 2+ \k+m fja+yk—m , 7
. m) \/(k+m)!(k—m)!(a) ®0) )

V6i trang thdi co ban, chi s6 m=0 va 0<k <. O day, trang thai chan khong |0) thoa
cac phuong trinh
4/0)=0, b|o)=0. (8)
Khi st dung mdi lién hé (4) va cac cac phuong trinh (8), ta c6 thé tinh tat ca nhitng
yéu t6 ma tran trong phuong trinh (3) va két qua di duoc dua ra trong cong trinh 2023 (Ly
et al., 2023). Hon nita, V&i bai toan cho trang thai co ban (m=0), c4c yéu to6 ma tran
c6 dang:
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1,. ~
T, :;<j,0|T |k, 0) = —(2k +1)&; + K&,y + (K+D)S; 9)
R, = @(],0|R|Kk,0) = (2k +1)&; +KJ,,, +(K+DJ; ., (10)
(Ve ), ={§.0|@V, [k,0) = (2k +DU ;, + KU, , +(k+DU,,.,, (11)
J

Vi

L i (k=28 () (k) E dqg . (12
o e (LY @

Ko o - S / 1
s=0 t=0 0 (1+q)25+t+1 q2 + s
[ N4

VA o la tham s tu do dugc dwa vao trong dinh nghia cac toan tir sinh hay dé diéu chinh
tbc do hoi tu cua bai toan, véi tham sb nay, thanh phan nhiéu loan luén dugc diéu chinh
nhé hon thanh phan chinh.
2.3. Li thuyét nhiéu logn Rayleigh-Schridinger

Li thuyét nhiéu loan giai phuong trinh Schrédinger da dugc trinh bay chi tiét trong
nhiéu sach gido khoa Co hoc lugng tir. Tuy nhién, trong cac nghién ctu ciia nhém chidng

t6i phuong trinh ¢6 mot chit khéc biét véi dang Hy (u,v) = E Ry (u,v) nén Ii thuyét cin
phét trién va da duoc dua ra trong (Nguyen et al., 2023). O phan nay, ching toi khang
dinh lai cac biéu thirc va sir dung dé tinh toan nang lwong cua exciton & trang thai co ban.
Phuong trinh (2) c6 thé viét lai nhu sau
Hy (u,v) = ERy(u,v), (13)

n 1o v s oD A -
trong d6 toan todr H = —§T +V, . O day, cac toan tt T va R dugc biéu dién qua toén tu

sinh huy trong cac biéu thac (5) va (6). Toan tir V, hoan toan c6 thé bidu didn qua toén tir
R nhu biéu thirc (3). Dé phat trién Ii thuyét thi truéc hét ta chia Hamiltonian H va toan tir
R thanh hai thanh phan

H=H,+AV, R=R,+/R,. (14)
O day, céc thanh phan H, va R, 1a nhitng toan tir trung hoa, hai toan tir con lai V va R,
¢6 thé xem nhu thanh phan nhidu loan, B <1 Ia tham sé nhiéu loan. Ham song va ning
lugng sé& duoc khai trién theo tham sé nay.

Cac yéu té ma tran cua nhitng toan tir ndy ciing duoc xac dinh nhu sau. Khi j =k thi

(k,0[H,|j,0)=0, (k,0|R,|j,0)=0, (k,0]V|j,0)=v,, (k,0|R,|j,0)=r,. (15)
Truong hop j =k, ching ta cé

(k,0[H, |k,0) = hy, (k,0|R, |k,0) =, (k,0[V|k,0)=0, (k,0|R, |k,0)=0. (16)
Trong bai ton ctia chiing toi, cc yéu té ma tran hy, r., Vi, I, c6 thé md ta qua cac biéu
thire (9), (10) va (11). Cu thé nhu sau:
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e = (k.0 iy [,0) = (k. 0] i[,0) = Pl (e

fu :<k’0|§o|k,0>=<k,0||§|k,0>:%
Véi j#k thi
= (k.| 1,0) = (k,0[R[},0) =~
10 e
Pé tinh gén dung bac khong cia niang luong va ham soéng (n=0), ta bo cac thanh
phan c6 tham sé B =0 trong phwong trinh (14), khi d6 |¢//(°)> =|0,0) va thay (9), (10)

vao (17), ta duogc
2

h 10}
Eég) =E&p = % = ? + (VK )oo . (18)

00
Tiép dén, gan ding bac mot cia ham song va niang lwong c6 dang nhu sau:
v )=[0,0)+ BlawS),  Ex =&0 +BAEY . (19)
Pem (19) va (14) thé vao phuong trinh (13) va ddng nhit theo £, chung ta tinh duoc

AB =0 [ayid) =3 = 1.0) 20)
izt Ny =&l

1l
Sau cuing, gan dung bac hai ciia ham song va ning luong c6 dang
i) =[0.0)+ Blav@ )+ B2 |AwiD),  ED = e+ 57 AED. (21)

Thay (21) va (14) vao phuong trinh (13) va ddng nhit theo 2, ta ciing c6 duoc

+00 2
AESS) _ _Z (thrOO hOOrJO) (22)
j=1 (hjj foo — oo u)roo

‘Al//(z)> ZZ (VJOrOO 00 Jn)(ij 00 hoorkj)|k10>_ (23)

77 k(M0 = hoo ) (e Too = oo i)
3. Két qud va thdo lugn
3.1. Nang lwong exciton trang thdi co ban
Pé tinh ning lugng exciton trang thai co ban cua don 16p TMDC, ta thay (11) va (12)
vao (18), khi do6

1 1) In[(l+x/x2+1)(1+x/x2+1ﬂ+X_l ’ (24)
U 8xa?  ka | X +1 Jx? +1 x* +1

VoI x =1 (25)

(0] 24
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T biéu thic (24), c6 thé xac dinh tham s6 tw do @ hay X (Vi x =1/ wa ) béi diéu
kién ds, /1 ox =0. Vi truong hop WSe:2 (x = 4.34;1, = 4.21nm = 4.21x10°m; x = 0.190m, ),
ta dugC x =0.8032 va WS, (x = 4.16;r, =3.76nm = 3.76x10°m; 1z = 0.175m,) thi x =0.8631.

Thay cAc gié tri ciia X vao (24), duoc két qua & cot E Bang 1. Véi cot E trinh bay
nang lugng exciton khi chua xét dén bo chinh, cac gia tri sai s6 1an lugt 14 2.15% va 2.16%
cho WSez va WS, khi so sanh vdi cong trinh 2023 (Ly et al., 2023).

Cac biéu thuc tinh bo chinh bac hai cho ning lugng AE®, chling t6i trinh bay &
phan phu luc. Sau do, ta thay cac gia tri cia X & trén vao (P1), (P3 — P7) va (21), duoc két
qua 1a cot E? ¢ Bang 1. Khi so sanh két qua cot E® véi cong trinh 2023 (Ly et al., 2023),
cac gia tri sai s6 lan luogt 12 0.32% va 0.40% cho WSe; va WS,. Ngoai ra, khi tinh s chiing
ta s& nhan thdy can tinh dén s6 hang nio ctia bo chinh. O déy, ¢ thé tinh dén sau s hang
trong bd chinh bac hai vi sy dong gop tir sé hang tht bay trd di 1a rit nho c6 thé bo qua.
Nhu vay khi tinh dén bd chinh bac hai, két qua 13 kha tt so vai (Ly et al., 2023).

Bdng 1. Nang luong exciton cho trang thai co ban.

E® (mev) 5 (%)

E (meV) (Ly et al.,

Chét E® (mev) 5 (%) 2023)
WSe; =164.974 PXT =168.064 0.32 —168.603
WS, =174.665 2.16 =177.901 0.40 =178.617

3.2. Biéu thic gidi tich cho ning lwong exciton trang thdi co ban
Tir biéu thic (24) chung tdi khai trién Taylor dén bac bén dé tinh gan dung va xac
dinh duoc biéu thic giai tich cho nang luong khi chwa xét dén bé chinh:

— _ —i(1.85203—2.70121x+ 2.36141x° ~1.09960x° +0.21059x* ), (26)
v6i didu kign 8;_1320 VA tir (26), chiing 01 xéc dinh tham sé X phu thuoc vao & va a
X
nhu sau
x = 0.33337 + 0.38325< . (27)
22

Tuong tu, tir cac biéu thie (P1), (P3 — P7), ching t6i ciing tinh dwgc biéu thuc giai
tich cho cac s hang b chinh bac hai

AE® = —é (0.02365 — 0.04096x + 0.03564x —0.01618x° + 0.00303x") (28)
AE® = —%(0.00310 —0.00257x +0.00095x” —0.00011x° + 0.00002x" ) (29)
AE® = —5(0.00134 ~0.00486x + 0.00830x* —0.00620x" +0.00188x" ) (30)
AE® = —i(o.ooom +0.00023x — 0.00031x” +0.00015x" — 0.00003x" ) (31)
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AE® = —i(0.0000446 +0.0001245x —0.0001313x* +0.0000571x" — 0.0000099x" ) (32)
Ko

AE® = —i(o.oooons +0.0000625x — 0.0000551x? +0.0000212x° —0.0000034x" ) (33)
K

Cong cac sé hang & (26), va (28 — 33), ta duoc biéu thic giai tich gan dung bac hai
cho nang lugng cua exciton trang thai co ban nhu sau:

1 1

EQ = ——— ——(1.88032 - 2.74918x + 2.40580x" —1.12186x + 0.21548x" ) (34)

thay X tir biéu thic (27) vao (34) ta duoc

2 3 4
ED = : _ L 1119229-0.56999 < +0.20067( < | —0.04698( < | +0.00465( < (35)

Két qua cho hai truong hgp WSez va WS, dugc trinh bay trong Bang 2. Vai cot E©
trinh bay niang lugng exciton khi chua xét dén bo chinh (biéu thiic sb (26)), cac gia tri sai
s6 1an luot 14 2.17% va 2.22% cho WSez va WS;, khi so sanh véi cong trinh 2023 (Ly et
al., 2023). Cot E'® trinh bay két qua khi xét dén bd chinh bac hai, cac tham sé cia WSe; (
k=4,34,0.=3,483) va WS, (#,=4.16;0.=2.989) dugc thay vao bicu thic (35), véi sai s 13
0.38% va 0.44% lan lugt cho WSe; va WS,. Tur két qua kha tot cho hai truong hop WSe;
va WS;, chiing ta c6 thé 4p dung biéu thtc téng quat (35) cho nhitng don 16p TMDC khac
nhau.

Bdng 2. Nang liong exciton cho trang thdi co ban tinh tir biéu thirc gidi tich (26) va (35).
E (meV) (Ly et al.,

Chit E® (mev) o (%) E® (mev) S (%) 2023)
WSe; =164.938 217 =167.955 0.38 —108.603
WS, =174.650 222 =177.838 044 —L78617

4.  Kétluan

Phuong phap li thuyét nhiéu loan c6 diéu tiét dwoc phét trién mot cach thanh cong dé
xay dung biéu thuc giai tich cho ning luong exciton trong don 16p TMDC & trang thai co
ban. Két qua dat duoc sai s6 dudi 0.5% so véi két qua chinh xac bang sé cong bd trudc
day. Két qua nay duoc tinh tong quat cho tat ca cac loai don 16p TMDC va kiém chung sb
cho don 16p WS, va WSe,. Trong cong trinh tiép theo, chling t6i s& tim biéu thic giai tich
cho cac trang thai 2s, 3s, 4s, 5s va xay dung biéu thirc tng quét cho trang thai s dong thoi
kiém chtng sb cho nhiéu loai TMDC khac nhau.

‘0

% Tuyén bé vé quyén loi: CAc tac gid xac nhan hoan toan khéng cé xung dét vé quyén loi.
% Loi cam on: Cam on GS TSKH Lé Véan Hoang da dét ra bai toan, thao ludn, déng goép
trong qua trinh tién hanh nghién cdu va viét bai bao. Cam on TS Phan Ngoc Hung, cdm

on s tai tror kinh phi ter Dé tai cp Bo, ma s6 B2022-SPS-09-VL.
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ABSTRACT

Using the Modulated Perturbation Method (MPM) in the second approximation order to
solve the Schrodinger equation, we get the analytical description for excitons for the ground state
in monolayer transition metal dichalcogenide (TMDC). The results obtained are generalizable to
many different types of TMDC. The accuracy test for two types of TMDC is WSe, and WS, by
comparison with the exact numerical solutions shows that the error of the analytical description is
less than 0.5%. This is a significant result and promising for further research for higher excited
states.
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PHU LUC
Khi thay céc biéu thirc (9), (10), (11), (12) va (21) vao (22), ching ta xac dinh duoc céc biéu
thirc b6 chinh bac hai cho ning lwong nhu sau:
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