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TOM TAT

Hiéu iing nhiéz dg 1én pho ndng lwong exciton trung hoa trong don 16p WSe; trong tir trieong
déu theo co ché méi lan dau tién dwoc nghién cizu trong céng trinh nay. Co ché ndy dira hodn toan
khac Vi co ché exciton-phonon da dwoc nghién cizu bai nhiéu cong trinh triede day trong triong
hop khdng c6 tir truong. Nho tach chuyén dong khoi tam cho exciton trung hoa va thu doc
Hamiltonian chinh xac, ching t6i nhdn thay c6 thanh phan lién quan véi nhiér do va tir trirong ma
trong cac nghién ciu trude ddy da bé qua. Ching téi da giai chinh xac bang sé phirong trinh
Schrodinger bang phirong phap todn tir Feranchuk-Komarov cho cac trgng thai 1s, 2s, va 3s va khdo
s&t anh hwong cua nhiét dé 18n phé nang lwong. Két qua cho thdy Véi tir truong lén d@én 100 Tesla
nang lirong cua exciton trang thai 3s tai 300K c6 thé khac biét gan 6% so véi tai nhiér dg OK. Ching
16i ciing tinh ban kinh exciton va thdy rang né thay doi theo nhiét dg, vi du véi tir trirong 100 Tesla,
ban kinh tgi nhiét @6 300K ting lén hon 50% so véi tai nhiét dg OK. Két qua ndy goi ¥ cho ching toi
nghién ciru sdu hon hiéu vmg nhiét do 18n cac tinh chat vat Ii ciia exciton trong don 16p TMD.

Tir khoa: toan tir sinh hity; b ham co so; exciton; phuong phép toan tir FK; thé man chin; hé
nguyén tir hai chidu

1.  Giéithiéu

Exciton 1a mot gia hat ton tai trong chat ban dan dudi twong tac dién giira electron va
16 tréng. Thong thuong thé trong tac nay 1a twong tac Coulomb nhung néu electron bi giam
giir trong don 16p ban dan thi tuong tac nay 1a twong tdc Coulomb manh (Cudazzo, Tokatly,
& Rubio, 2011), duoc mo ta bang thé Keldysh (Keldysh, 1979). Gan déy, exciton trung hoa
trong don 16p TMD (Transition metal dichalcogenide monolayer) 1a mot chu dé nghién ctru
rat duoc quan tim (Chernikov et al., 2014; Nguyen, Ly, Le, Hoang, & Le, 2019; Stier et al.,
2018). Chernikov (2014), 1an dau tién goi y phuong phép trich xuat nhirng théng tin cau tric
TMD nhu khéi luong hi¢u dung rat gon, do dai chin va hr:ing s6 dién méi trung binh b?mg
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cach so sanh phd niang luong 1i thuyét va thyc nghiém. Két qua cua cong trinh nay thu dugc
phd ning lugng li thuyét tring v6i thue nghiém véi nang lwong lién két 0.32 eV ciia don 16p
WS,. Mot lan nira khang dinh mé hinh tuong tac Keldysh 1 ding cho don 16p ban dan nay
khi str dung khdi luong rut gon hiéu hiéu dung 0.16 m,, trong d6 m, la khdi luong electron

dé truy xuat duoc chiéu dai chin 75 A. Cac cong trinh tiép theo, vi du Stier (2018) hay
Goryca (2019) nghién ctru phd ning luong exciton trong tir trudng déu dé truy xuat thém
khéi lwong hiéu dung. Di voi ving tir truong cd cudng do 16n cac muc ning luong trd thanh
cac muc Landau, ning lugng cac mirc exciton phy thudc tuyén tinh vao cudng do tir trudng.
Lam khdp cac mirc nang luong thuc nghiém & viing tir trudng cao sé tim ra khdi lugng rat
gon hiéu dung cua exciton. Tuy nhién, cac phé nang lugng thyc nghiém dugc do ¢ nhiét do
16n hon 4 K trong khi phd Ii thuyét gia st phd ning luong thu dugc & 0 K. Su chénh 1éch
nhiét d6 nay co6 thé anh huong dén két qua cudi cing.

Dé giai quyét cac van dé nay, mot loai cic cong trinh nghién ctru phd ning luong
exciton ¢ nhiét do thap 4 K dén nhiét d6 phong khoang 300 K (Arora et al., 2019, 2015).
Céc cong trinh nay da nghién ctru su thay d6i phé nang luong cong hudng va thoi gian séng
ctia exciton theo nhiét do dwa trén co ché tuong tac exciton - phonon. Co ché nay cho phép
du doan thoi gian séng cua exciton trong don 16p TMD. Tuy nhién, cac cong trinh ndy chua
x6t tO1 su c6 mit cia tir trudng. Nho cong trinh trude day nghién ctru sy chuyén dong cua
khéi tdm anh hudng 1én phd ning luong exciton trong tir trudng (Hoang, Ly, & Le, 2020),
mot goi ¥ cho chung t6i nghién ctru sy anh hudng cia nhiét do 1én phd nang luong khi c6 su
hién di¢n cta tir truong. Ching toi thue hién lai quy trinh tach khdi tAm mot cach chinh xéc
cho chuyén dong electron va 16 tréng va thu dugc Hamiltonian, trong d6 c6 su xuét hién
thém thanh phén nhiét d§. Nhu vay, ngoai hiéu irng nhiét do theo co ché tuong tac exciton
— phonon phd ning lwong con chiu thém su tac dong tir thé twong tac do nhiét d6 chira trong
Hamiltonian chinh xac. Trong thanh phan thé twong tac mdi ndy, chang nhitng chira yéu té
nhiét do con co6 yéu td tir trudng 1dng vao do, cho nén hiéu img nhiét do gay ra s& duogc ting
cudng gap boi khi cuong do tir trudng 16n. Pay 1a hiéu tmg quan trong khong thé bo qua khi
nghién ctru phd ning luong exciton trong tir trudng déu. Cong trinh nay 1a khoi du cho
nghién ctru hiéu rng méi nay cho ba mirc nang lugng ¢ trang thai s, m=0.

Phuong phap toan tir FK da c6 nhirng thanh cong cho céc bai toan nguyén tir trong tir
truong déu va gan day 1a cac nghién ciru cho exciton trong 16p TMD trong tir trudng déu
(Hoang, Nguyen, Hoang, & Le, 2016; Nguyen et al., 2019) da chirng minh tinh hiéu qua va
db tin cdy cao ctia phuwong phap. Trén co s d6, chiing toi tiép tuc sir dung phuong phéap nay
nhu 13 su ké thira va phép trién phuong phap dé giai phuong trinh Schrodinger c6 cac yéu to
ma tran phirc cho bai toan exciton trung hoa co tir trudng déu. Trong cong trinh nay ching
t61 s& trinh bay tom tit quy trinh tach chuyén dong khdi tdm cho exciton dé thu duoc
Hamiltonian chinh xéc, tir @6 trinh bay chi tiét sy xuét hién cta nhiét do va tir truong la hai
yéu t6 chinh giy ra hiéu tng nhiét do 1én phd ning luong exciton. Sau d6 chung t6i ¢ trinh
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bay két qua va thao luan hiéu Gmg nay tac dong Ién ba mirc nang luong 1s, 2s, 3s cho don
16p WSes.
2. Phwong phap toan tir FK khao sat hiéu wng nhiét dd trén phd niing hrgng exction
2.1. Tdch chuyén djng khoi tam cho exciton

Tach chuyén dong khéi tam 1a budc quan trong dé dan t6i viéc phat hién ra co ché méi
gdy ra hiéu ing nhiét d0. Viéc tach chuyén dong khdi tAm cuia hé electron — 15 tréng chinh
xédc da duoc thuc hién trong cong trinh gan day (Hoang et al., 2020) va trinh bay chi tiét
trong Luan 4n tién si (Ly, 2022). Trong phan nay ching t6i nhic lai két qua thu duoc
Hamiltonian chinh xac ¢6 chira thanh phan nhiét do va tir truong. Cac budc tach chuyén
dong khdi tam duge tom gon nhu sau:

(i) Viét phuong trinh Schrodinger cho hé electron — 13 trong trong tir truong déu B va
chtrng minh thanh phin moment dong lugng trén truc Oz cua electron va cia 18 trong riéng
phan khéng giao hoan v6i Hamiltonian.

(ii) Chuyén Hamiltonian trén trong hé toa d6 khdi tim R va chuyén dong tuong dbi giira
electron va 18 tréng . Trong budc nay, chiing t6i chi ra 1a khong thé tach Hamiltonian mot
cach triét dé do toan tir dong luong P khong bao toan, nghia 1a toan tu dong luong khong
giao hoan v&i Hamiltonian. Dé tach dwuoc chuyén dong khéi tam, chung toi phai dung khai

A cy aa 5. 8 5+ L1y aia . A LA oms o3 A \
niém véc-to gia dong luong P, =P 5 BxTr, eladi¢n tich nguyén to, bdi vi dai lugng nay

bao toan.

(iii) Dung tri riéng K va ham riéng cua véc-to gia dong luong

2(RF) = f(F)exp{%(K +%|§xrjﬁ}, (1)
v6i f(F) 1a mot ham bét ki, dé thu dwoc Hamiltonian chuyén dong twong ddi
2p?2 ~ — -
» _ 1 p’ +i(x2 +Y?) + ﬁIZ +V, (r)—i(eBx K).f. (2)
2u 8u 2u M

Trong d6, p 1a dong luong twong dbi giita electron va 16 trong, u = m,m, /M 1la khéi luong
rat gon, tham sb a,, =(m,-m,)/M, va M =m, +m, la tong khéi luong hiéu dung cua 15
tréng m, va electron m, dugc udc lwong trong Bang 1 cong trinh (Kyldnpéd & Komsa,
2015). |: 1a todn tir moment dong lugng co tri riéng m=0, +1, +2,... Mot luu y 1a todn tir
|: khong giao hoan v6i Hamiltonian (2) nén toan tir nay khong bao toan. Thé ning tuong tac
V,_. (1) giita electron va 13 trong trong don 16p TMD c6 dang thé Keldysh (Keldysh, 1979).

Thanh phan K?/2M 1a dong ning cua khéi tdm chuyén dong tu do trong tir truong nén
khong gy ra hiéu tng vat Ii 1én phd ning luong, do d6 chung t6i khong xét phan nay va da
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lugc bo khoi Hamiltonian twong dbi (2). Thanh phan —(el§ x K ) F/M 1ayéutd giy ra hiéu
rmg nhiét do 1én phd ning lugng exciton va chung toi s& trinh bay ki trong phan sau.
2.2. Hiéu wng nhiét do

Hiéu tng nhiét do 1én phd ning luong exciton duoc chung t6i nghién ctru dua trén co
ché méi khac hoan toan co ché exciton-phonon. Co ché nay do thanh phan —(el§ x K ) riMm
giy ra. Yéu té nhiét d6 nam an bén trong dong luong cta khdi tim. Néu xem chuyén dong
ctia khdi tim 1a chuyén dong nhiét hai chiéu c6 dong nang K?/2M =k,T thi K c6 lién
quan dén nhiét do tuyét ddi T theo biéu thirc

K =,/2Mk,T, 3)

& day k, 1a hang s6 Boltzmann. Nhu vay thanh phan
Vien (X, y):—(eéxK).r/M :iﬂ—B(KYx—KXy) (4)

vira chira cung luc hai yéu td tir truong va nhi¢t do nén hi€u ung nhié¢t do nay s€ khong xay
ra khi khong c6 tir trudng ngoai. Khi tir trudng va nhiét d du 1on thanh phan nay anh hudng
lén phé nang lugng, dac ddi voi su tach mirc nang luong. Mtrc d§ anh huong cua nhiét do
nhu thé nio s& duoc phan tich trong phan sau.

Chung t6i xem chuyén dong cua khdi tim c6 dong luong bang nhau & moi hudng

K, =K, =K /+/2 vaviét lai thé twong tac do nhiét d (4) nhu sau

Vi (x,9) =22 () ©)

Tir Hamiltonian (2) chiing t6i viét phuong trinh Schrédinger cho exciton trung hoa dit trong

tir truong trong hé don vi nguyén tir c6 don vi chiu dai 1a ban kinh Bohr hiéu dung
a, = 4ne h’ | ue®, don vi nang lugng 1a Hartree hiéu dung E, = pe* /167°£2h* va don vi tur
truong 1a B, = uE, / eh nhu sau:

o2 o2 7/|AZ }/2 , ,
{__LerW}raex 7+F(X +y )+Vh_e (r)+Vim (X, ¥)—E w (X, ¥)=0, (6)
trong d6 ban kinh r =/x* + y?, toan tir moment dong luong duoc dinh nghia

] :—i(x%—y%), @)

va thé tuong tac do nhiét do

Viem (X, y) = Bk T (X_ Y), (8)
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m.-m . ‘
n* | k,=3.166811563x10°° 1a hang s6 Boltzmann c6 thir nguyén K™ va T la
m, +m

Pox =

nhiét do tuyét dbi ¢ thir nguyén Kelvin. Thé ning twong tac V.. (r) gita electron va 16
tréng trong don 16p TMD c6 dang thé Keldysh (Keldysh, 1979) phu thudc vao x 1a hang sd
dién moi trung binh, r, 1a do dai chén c6 lién quan té1 d§ phan cuc y,, cua don l6p TMD,

I, = 27y,5, Vaban kinh r thong qua ham Struve va Bessel bac khong

VK(r’rO’K):_zi%{HOL%]_YO[Kr_;}}' ©)

Can cha y khi r — 0 thé Keldysh V. — Inr, day la tuong tdc Coulomb manh do exciton bi
su gidi han khong gian trong don 16p TMD. Nhu vay, hiéu timg do exciton chuyén dong
trong don 16p TMD s& anh huéng manh 1én mic co ban va cac murc kich thich thip
(Chernikov et al., 2014).

Trong cdng trinh (Stier et al., 2018) nghién ctru sy anh huéng cua tir truong 1én ciu
tric va phd ning luong cua exciton trong don 16p WSez cho két qua ban kinh muc 1s, 2s, 3s
la r,=1.7nm (=6.4au.), r,=6.6nm (=25au.), va r, =143nm (=54 a.u.). Chlng
t61 dya vao nhitng udc luong nay dé khao sat su anh huong dong thoi cua tir trudng va nhiét
d 1én tach murc nang luong kich thich thr nhat. Hinh 1 13 mét vi du thé hién hai dudng thé
hiu dyung tac dong Ién exciton trong tir truong 7 =0.01a.u. (~94 T) cho hai trudng hop

nhiét ¢ T=0K va T =300 K. Trong vi du nay, khi ban kinh gan bang 7.5 a.u. thi hai
duong thé hiéu dung bat dau tach xa nhau, cho thay hiéu tmg nhiét do s& gy ra déng ké tir
muc kich thich 2s, 2p tré di.

0.03F 7T,
0.021'" L
0.01}

T 0.000
-0.011

0.03F
0.021 (b)
0.011
0.00}
20.01}
L0.021 J0.02|
oo/ ] 003}
5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 10 145 50 55
)

T =300 K

(a)
{a.u.)

0)

0.v)

v

T = 300 K

Veff(x
Veff(x

X (a.u) v (o
Hinh 1. Thé nang hi¢u dung: (a) V., (X,y = O)——l/l(‘r+(]/ k,T /2)X+y/2X2/8;
(b) Vi (X 0, y =-—1/xr— (}q/ /2) y+7°y? I8 tdc dong lén exciton trong don 16p WSe;

khi xét d@én hiéu ing nhiér @6 T=0K va T =300 K trong truong hop hang sé dién moi
k=45, tr truong y=0.0lau. (94 T), ban kinh lau.=0.2595nm, ndng luwong
la.u.=5.5484 eV.
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2.3. Phwong phdp todn tiv FK gidi sé phwong trinh Schrodinger

Phuong phap toan tir FK (Feranchuk, Ivanov, Le, & Ulyanenkov, 2015) da duoc ap
dung thanh cong cho bai toan nguyén tir ba chidu va exciton hai chiéu c6 man chén dit trong
trrong ngoai (Cao, Ly, Hoang, & Le, 2019; Ly, Hoang, & Le, 2021; Nguyen et al., 2019).
Chi tiét cac budc ap dung phuong phap nay di duoc trinh bay trong cac nhiéu cong trinh
true day. Nhung dé tién theo ddi ching toi ghi lai nhitng diém trong tdm cac budc ap dung
va tap trung trinh bay yéu t6 ma tran cia thé twong tac do nhiét d6 din dén phuong trinh tri
riéng véc-to riéng. Phuong trinh ndy c6 cic yéu té ma tran dang phirc nhung vin bao dam
tinh Hermitian H; =H

;, do d6 tri riéng thu duoc van 1a s thuc cling chinh 14 ning luong
ctia exciton. Dé giai phwong trinh tri riéng véc-to riéng dang phtrc chung toi khong thé dung
cac code chuong trinh tinh cta chung toi phét trién & cac cong trinh trude ma phai viét lai
code dva trén goéi LAPACK (Netlib.org. LAPACK: Linear Algebra PACKage, n.d.). Cac
budc ap dung cu thé duoc trinh bay dudi dy.

Trudc tién chung toi sir dung phép bién dbi Levi- Civita (Levi-Civita, 1956)

Xx=u’-v% y=2uv (10)
dé chuyén phuong trinh Schrddinger (7) trong khéng gian (X,y) vé dang dao dong tir phi
diéu hoa hai chiéu trong khong gian (u,V)

(A 2 2o ) )l

2

(11)
+%(u2 +v2)3 + B, 7K, T (u4 —v“)}w(u,v) =0.

Bai toan dao dong tir phi diéu hoa rat thuan tién tinh todn bang phuong phap dai sb
qua biéu dién todn tir sinh hay

o Lo oAy oA LA a L oAy A L.
azﬁ(a—lﬂ), a zﬁ(a+lﬂ), b:—z(a+|,8), b =$(a—|ﬂ), (12)
trong do
o [ofy 10 oo fofy_12) 5 [of,,12) 4 fof, 10
“= E[“E%j’a - 2(” wauj'ﬁ 2(V+wavj’ﬁ 2(\’ a)avj' (13)

va @ dugc xem nhu mot tham sb tu do giup diéu chinh téc do hoi tu cta bai toan. Diéu nay
da dugc thao luan trong cong trinh (Nguyen et al., 2019). Céc toan tir sinh, huy phai thoa
mén céc tinh chét giao hoan
[a.a"]=[b,b"|=1, [4,4]=[4",&" |=[b,b]=[b"b"|=0. (14)
Budc thir hai, ching t6i s& chuyén cac toan tir trong Hamiltonian (12) vé cac toan tir
sinh, hity. Nhu d trinh bay & phan trén, toan tir moment dong lugng chira cac toan tir trung

hoa A, =4'a va A, =b'D
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[-—~(aa-5') (15)

nhung khéng bao toan nén sb luong tir tir m khong phai 1a tham sé ¢d dinh ma 1a chi sé chay
v6i diéu kién [m[<n=0,1,2,... 1a s6 luong tir chinh.
Budc thir ba, chung t6i viét phuong trinh Schrodinger lai & dang dai s6 nhu sau

I:||t//>= R l//>, (16)

trong d6 céc toan tir H, R duoc biéu dién qua cac toan ti sinh, hay

R=4'a+b'b+1+ab+4a'b",
2

17)
1 ALA A Al A+t 7 S0 }/ 53 7 (
H= a‘a+b'b+1-ab-a'b RL+—R*- Jk,T V
. JrangRls g 20"
Trong biéu thuc (18), toan tir \7K mo ta thé chan Keldysh duoc viét & dang tich phan

= e R, (18)

__I\/lJra) r’g* / k°

va toan tur VT c¢6 dang phtc ¢6 lién quan dén thé twong tic do nhiét do v6i phan thuc va o
nhu sau:

Re(V;)=(4"a" +b'b" +4a+bb+2b"a+24'D )R,

. " IR 2 (19)

Im(Vy ) =(4"'a" ~b'b" ~4a+bb—20"4+24'b|R

Phuong trinh (17) c6 dang phuong trinh cho dao dong tir phi diéu hoa hai chiéu vi vay
b6 ham co s& dao dong tir diéu hoa hai chiéu dugc sir dung 14 thich hop nhat. Do toan tir
moment dong luong khong bao toan nén m dwoc xem la chi sd chay, véi |m| <n. Pbay la
diém khac biét trong viéc giai phuong trinh (17) & cong trinh nay so véi nhitng cong trinh
ap dung phuong phap FK trudc day (Nguyen et al., 2019).

Trong budc thu tu, bd ham co s¢ hai chiéu ¢6 hai chi sb chay n, m duoc viét lai &
dang dai s6

_ 1 a* nem (A~ \Pm o)),
|’ >_\/(n+m)!(n—m)!( ) (b) |O( )> (20)

trong d6 4, a*, b, b* 1a toén tir sinh, hay. B6 ham co s6 (21) 1a truc giao va chuan hoa thoa

man céac diéu kién

(n'.m'|n,m)=5,.,8,, . va &0(e))=b|0(a))=0.

Budc quan trong thtr ndm 1a tinh yéu t6 ma tran Hamiltonian. Trong cac cong trinh
trude day, ching t6i da tinh hau hét cac yéu t6 ma tran, trong cong trinh ndy yéu t6 ma tran
cta thé nhiét 46 duoc tinh bd sung va thu dugc
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(Vi e = A=) M)+ D) (05 M= 2) (1M, s s
+(1- |)\/(n m+3)(n—-m+2)(n—=m+1)(N+M+1)5,., 1 remiOnmonmia
+(L+i)(n+m+3)(n+m+2)(n+m+1)(n=m+21)8,. s mnma
) N ey ey ) [ ) P S
+(1+i)\/(n+m+1)(n+m+2)(4n—2m+3)5”.+m.vn+m+25n._m.yn_rn (21)
#3(L+1)(n—m)(n+m=+1) (20 +2)8,., . pmsGrmnms
+(1- |)\/(n+m)(n+m—1)(2n—2m+1)5n.+m.yn+m725n_m.‘nfm
+(1+ |)\/(n m)(n—-m—-1)(4n+2m+1)3,., . 1.nOnmnm_2
+(1=1)(n=m+1)(n=m+2) (4n+2M+3)8,., 0.0 mn-miz

0,

n'-m’,n-m+1

+3(1—|)\/(n+ m)(n—m+1)S

n'+m',n+m-1
5, 1a diu Kronecker-delta va i = —1.

Cubi cung, ching t6i khai trién ham séng |l//> theo b ham co s& (21)
v)=> > cpulim) (22)
j=0|m|=0

sau d6 thay ham song (23) vao phuong trinh (17) sé thu duwgc phuong trinh tri riéng, véc-to
riéng téng quat

(H-ER)C=0, (23)
trong d6, H, R la ma tran Hamiltonian va toan tur R. Vi ham s6ng (23) duoc khai trién tir
tong cua (N +1)2 s6 hang nén céc ma trin nay 1a ma tran vudng c6 (N +1)2 x(N +1)2 phan
tir. Giai phuong trinh (24) s& thu dugc phd niang luong 1a cac tri riéng E va cac hing s6 khai
trién C; = twong ung. K&t qua nay s€ duoc trinh bay ¢ phan Két qua va thao luén.
3. Két qua va thao luin

Trong phan nay, chiing ti s& trinh bay két qua vé anh hudng cua nhiét d6 1én 3 mirc
nang luong thap 1s, 2s, 3s va thao luan vé cach tim ban kinh trung binh twong tng cho don
16p WSez. Chung toi di chon céc thong sb cau triic cho don 16p nay bao gdm ti sb khdi lugng
hiéu dung m_ / m, =0.94, chiéu dai chan r, = 4.2086 nm va hang s6 dién mdi x = 4.5, khdi
lwong rat gon u = 0.2039m,. O day, m, =9.1094x10"*' kg 1a khdi lugng cua electron. Bang

1 ghi lai két qua thu duoc cho trudng hop nhiét d6 0 K va 300 K twong g vai tir truong tir
0Tdén150T.
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Bing 1. Mirc nang lwong 1s, 2s, 3s thay déi theo tir truong va nhiét dg.
Don vi nang lwong la eV, tir truong la T va nhiét do la K

. . 1s 2s 3s
Tir truong 0K 300 K 0K 300 K 0K 300 K
0T -0.168552  -0.168552  -0.038554  -0.038554  -0.016552  -0.016552
00T -0.165807  -0.166005 -0.006750  -0.005202  0.060367  0.060075
150 T 0162581  -0.162972  0.020157  0.021711  0.105882  0.099790
Thay d6i 0.2% 7.7% 5.8%

Tir Bang 1 cho thay, khi tir truong bang 0 T d6 1éch hai murc ning luong 2s—1s 1a
130 meV, va 3s—2s 1a 22 meV cho ca hai truong hop nhiét d6 0 K va 300 K. Két qua nay
trung khép vai s6 liéu thuc nghiém cia cong trinh (Stier et al., 2018). Tiép tuc ting tir truong
dén 150 T, ta thdy c6 su thay doi ciia phd ning luong giita trudng hop nhiét d6 0 K va 300K.
Tuy su thay d6i nay khoang 1% nhung ban kinh quy dao cua electron & ba mirc trén c6 su
thay ddi dang ké, 1én dén 54%. Cu thé, chung t6i di lam khép phd ning luong ba mirc
1s, 2s, 3stheo binh phuong cua tur trudong, E(B) =E, +0o, B*(Stier et al., 2018), trong
viing tlr truong nho thu dugce hé s6 nghich tir o, va sau cing thu dugc ban kinh qua cong
thic 1, =./8uc,, /e, véi e la dién tich nguyén td. Két qua trinh bay & Bang 2 cho thy
nhiét d6 c6 anh huéng dang ké 1én hé sé nghich tir va ban kinh. Vi du & mic 3s sy anh
hudng nay 1a 137% dbi véi hé s6 nghich tir va 54% ddi v6i ban kinh trong truong hop nhiét
do 300 K.

Bang 2. H¢ 56 nghich tir va ban kinh ciia ba mirc 1s, 2s, 3s o nhiét dé 0 K va 300 K

O35 . (Stier O3 . (Stier O3 . (Stier

Nhigtdd  (pev/T?) Is etal,  (uev/T?) 2 etal,  (nev/T?) 3 etal.,

(nm)  2018) (nm)  2018) (nm)  2018)

0K 02773 1604 167 48872 6.732 696 25542 1524 158
300K 02558 1540 @ - 55215 7.156  -- 60.421 23.44 -
Thayddi 8% 4% - 13% 6% - 137%  54% -

Trong cong trinh nay chung t61 chi nghién ctru sy anh huong ctia hi¢u img nhiét o Ién
trang thai s. Chung toi nhan thay rang hiéu Gmg nay c6 thé anh huong manh hon & céc trang
thai p, d va s& dugc chiing toi nghién ctru trong cong trinh tiép theo.

4.  Kétluan

Trong nghién clru nay, chung t61 da khao sat sy anh hudng cua nhiét do lén ba murc
nang luong 1s, 2s, 3s. Chiing toi dd khao sat cu thé cho hai trudng hop m, / m, =0.94
tuong ung voi don 16p WSe» trong pham vi nhiét do 1én té1 300 K va tir truong trong khoang
0 T dén 150 T. Két qua cho thdy, hiéu tng nhiét d6 c6 anh hudng 1én phd ning luong 6 trang
thai s din dén su thay doi ban kinh tuong tmg va c6 thé quan sat duogc trong thi nghiém hién
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nay. Dong thoi chung t6i ciing chi ra rang trong nhiing tinh toan chinh xac khong thé bo qua
hi€u ing nay.

Chung t6i cling viét chuong trinh tinh bang ngon ngit FORTRAN dé phat trién giai
phuong trinh trj riéng c6 cac yéu t6 ma tran dang sé phuc véi do chinh xac 12 chir s thap
phan. Code chuong trinh ¢ thé cung cip mién phi cho cong ddng nghién ciru.

% Tuyén bé vé quyén lgi: Cac tac gid xac nhan hoan toan khéng cé xung dét vé quyén loi.

% Loi cdm on: Nghién ctru nay duwoc tai tror béi Ngudn ngan sach khoa hoc va cong nghé
Truong Pai hoc Sw pham Thanh phé H6 Chi Minh trong dé tai trong diém cép truong ma
s6 CS.2019.19.43TD. CAc tac gid chan thanh cdm on GS. TSKH. Lé V&n Hoang da dat
vén dé, huéng dan gidi quyét, gép y va chinh sdra cho bai béo.
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ABSTRACT

This article presents the temperature effect on the neutral exciton energy spectrum in
the WSe, monolayer in the magnetic field by a new mechanism that was first investigated in this
work. This mechanism is entirely different from the exciton-phonon mechanism studied by many
previous works in the absence of magnetic fields. By separating the center of the mass movement for
the neutral exciton and obtaining the correct Hamiltonian, we found a term related to temperature
and magnetic fields that were ignored in previous studies. We numerically solved the Schrodinger
equations using the Feranchuk-Komarov operator method for the 1s, 2s, and 3s states and
investigated the effect of temperature on the energy spectrum. The results show that with a magnetic
field of up to 100 Tesla, the exciton's energy at the 3s state at 300K can be nearly 6% different from
that at OK. We also calculated the exciton radius and found that it varies with temperature. For
example, with a 100 Tesla magnetic field, the radius at 300K increased by more than 50% compared
to at OK. This result suggests that we have to investigate further the temperature effect on the physical
properties of exciton in TMD monolayer.

Keywords: annihilation and creation operators; basic set; exciton; FK operator method;
Keldysh potential; two-dimensional atomic systems
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