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TOM TAT

Exciton hai chiéu trong tir trong la bai toan quan trong cho viéc trich xuat cac théng tin
cau trac vat liéu don I6p TMD (Transition Metal Dichalcogenides). Gan ddy, phirong phdp todn tir
FK (Feranchuk-Komarov) dwot sir dung thanh céng dé tinh sé phé ning hrong cho hé nay. Trong
cong trinh nay, i thuyét nhiéu logn véi su diéu tiét bang tham sé tuw do duroc sir dung dé tinh ning
lirpng Ciia exciton trong tir trieong Véi thé Keldysh. Truwéc tién, ching tdi trinh bay tong quét lai i
thuyét nhiéu logn. Sau dé, su héi tu cua nghiém bé chinh bdc cao dwroc nghién citu Véi tir trieong
1én toi 120 Tesla. CAc tinh toan sé duroc trinh bay cho trang thdi co ban, nhung cdc biéu thirc tong
quéat cho phép tinh cho cac trang thai kich thich. Két qud c¢é dé chinh xdc dén bé chinh bdc hai rat
cao, sai sé dirdi 1% cho phép nghién cizu tiép van dé dé co loi giai gidi tich twong minh.

Tir khoa: toan tir sinh hiy; bo ham co so; phuong phap toan tir FK; exciton; thé man chan;
hé nguyén tir hai chiéu

1.  Giéithiéu

Pho ning luong cta exciton trong don 16p TMD (Transition metal dichalcogenide) 1a
bai toan quan trong trong cac khdo sat cac hiéu img luong tir, quang hoc va vat li ban dan
va dugc khao sat tir nhiing nam 30, 60 va 70 (Frenkel, 1931; Keldysh, 1979; Rytova, 1967;
Wannier, 1937) cho t&i ngay nay (Chernikov et al., 2014; Goryca et al., 2019; McDonnell,
Viner, Rivera, Xu, & Smith, 2020; Nguyen, Ly, Le, Hoang, & Le, 2019; Raja et al., 2017;
Stier et al., 2018). Bang cach so sanh phd ning lugng exciton cua Ii thuyét va thuc nghiém
ta co thé trich xuat duoc thong tin cau tric don 16p TMD nhu hang sé dién méi trung binh,
chiéu dai chin va khdi luong rat gon cua don 16p TMD. Y tudng nay lan dau tién khoi
xuéng vao nam 2014 bai Chernikov cong trinh (Chernikov et al., 2014) dé trich xuét chiéu
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dai chian va y tuéng nay duoc tiép tuc ap dung cho nhitng cong trinh 2018, 2019 khi dua
trén phd ning lugng exciton trong tir truong dé trich xut chiéu dai chan, hé s6 dién moi va
hé s6 nghich tir (Goryca et al., 2019; Stier et al., 2018). Tuy nhién, trong cac cdng trinh
nay, dé trich xuat thong tin khéi lugng rat gon, cac tic gia str dung cong thic ning luong
phu thudc tuyén tinh vao tir trudng. Nén nghién ctru mot biéu thire giai tich phu hop hon
cho vung tir trudng dudi 90 Tesla dé sir dung trong cac thuc nghiém 1a can thiét.

Ciing trong nam 2019, ching t6i dd ap dung phuong phap toan tir FK (Feranchuk,
Ivanov, Le, & Ulyanenkov, 2015) dé trich xuit chiéu dai chan va khéi lugng rat gon cua
don 16p TMD cuia chit WSez (Nguyen et al., 2019). Pho ning luong thu dugc trong cong
trinh nay hoi tu dén 12 chir sé thap phan cho muc lugng tir s. Viée giai s6 phd ning luong
nay dua trén mo hinh gidi chinh xac phuong trinh tri riéng, véc-to riéng cho phép ching to1
st dung lai code FORTRAN dang trén Tap chi Computer Physics Communications nam
2019 (Cao, Ly, Hoang, & Le, 2019). Tuy nhién dé c6 dugc biéu thirc mé ta tuong minh sy
phu thudc ctia ning luong exciton vao tir trudng thi cach giai sb trén khong thé sir dung
dugc. Tu day da goi y cho chung t6i thuc hién nghién ctru nay véi muc ti€u nghién ctru
tinh hoi tu cling nhur d6 chinh xé4c ctia bd chinh bac thap trong Ii thuyét nhiéu loan.

Trong nghién ctru ndy, trudc tién chung toi sé trinh bay mot cach hé théng mé hinh Ii
thuyét nhiéu loan khi 4p dung cach diéu tiét toc do hoi tu br:ing tham s tu do dua ra trong
phuong phép toan tir FK. Sau d6 chung t61 khao sat tinh hdi tu cia mo hinh nay va ap dung
dé tim ning luong mirc co ban cia exciton trong tir truong déu co cudng do 1én dén 120
Tesla, gip doi tir truong trong phong thi nghiém hién nay (Stier et al., 2018). Ching toi
cling so sanh két qua thu duoc v6i md hinh giai chinh xac phuong trinh tri riéng, véc-to
riéng va danh gia vai tro diéu tiét cua tham sb tu do dé c6 duge nghiém hoi tu. Ngoai ra
chung t6i ciing danh gia do chinh xéac cta bd chinh dén béc hai dé c6 thé str dung biéu thirc
giai tich ning lugng cho cac bai toan vat |i tiép theo.

2. Lithuyét nhiéu loan cé diéu tiét
2.1. Phwong trinh Schriodinger

Trude tién, chung toi viét phuong trinh Schrédinger cho exciton trung hoa dit trong
tir trudng trong hé don vi nguyén tir (Hartree atomic units) c6 don vi chiéu dai 1a ban kinh
Bohr hiéu dung a = 47e,h” | pe®, p=mm,/(m, +m,) la khoi lugng rt gon, don vi ning
lugng 13 Hartree hiéu dung E, = ue* /167°¢lh* va don vi tr truong 1a B, = uE, /eh.
Phuong trinh ¢6 dang nhu sau:

2 2 2
{—%(%+%)+%(X2+y2)+Vh_e(r)+%—E}yx(x,y)zo, (1)
trong d6, ban kinh r =/x*+y?, m=0, +1, +2,... 1a tri riéng cua toan tir moment dong

luong
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- N G 0
Iz =—|(X5—y&j, (2)

tham sé a,, =(m,—m,)/(m, +m,). Khi luong hiéu dung cita 15 trong m, va electron m,
dugc ude luong trong Bang 1 cong trinh (Kylanp4d & Komsa, 2015). Thé ning twong tac
Vi, (r) gifta electron va 15 tréng trong don 16p TMD cé dang thé Keldysh (Keldysh, 1979)

duoc mo ta thong qua ham Struve va Bessel bac khong

vK(r,rO,x)z—ﬁ{Ho(’j—rJ—Yo (Kr—rﬂ 3)

O day, «1a hang s6 dién méi trung binh, r, 1a do dai chén c6 lién quan t6i do phan
cuc y,, cua don 16p TMD, r, =27zy,,. Chi tiét vé phuong trinh ndy c6 thé tham khao
trong cong trinh (Nguyen et al., 2019).

Bay gid chiing t6i str dung phép bién doi Levi- Civita (Levi-Civita, 1956)

X=u?-Vv?, y=2uv (4)
dé chuyén phuong trinh Schrédinger (1) vé dang dao dong tir phi diéu hoa hai chiéu. Budc
chuyén nay da duoc thuc hién & cac cong trinh trude day (Hoang-Do, Hoang, & Le, 2013;
Hoang-Do, Pham, & Le, 2013; Nguyen et al., 2019) do vay trong bai nay, khdng trinh bay
lai tinh toan. Két qua cudi cung thu duoc phuong trinh Schrédinger trong khong gian (u,Vv)

nhu sau

1( o* 07 1
{_g(ﬁ—i_WJ_(E —Emaex}/j(uz +V2)

(5)
2
Y (12, 2\ 2 2
+—(u"+v°) +(u"+v° )V, (u,v u,v)=0.
0 (00 (00)
Bai toan dao dong tir phi diéu hoa rit thudn tién tinh toan bang phuong phéap dai s6
qua biéu dién toan tir sinh huy, dugc dinh nghia nhu sau:

. 2(u+iij, & = ﬁ(u_iij,[;: 2(V+£ij,/§+= ﬁ(v-ﬁj«e)
2 w ou 2 o ou 2 oV 2 w oV

Chu ¥ 1 trong céc gido trinh co luong tir, nguoi ta sir dung tan sd goc cua dao dong
tr diéu hoa trong dinh nghia toan tir sinh, huy, nghia 1 ngudi ta chon cb dinh:
@ =+-8E +4ma, y. Khi d6, thanh phan dao dong diéu hoa s& 1a phan chinh va thanh
phan phi diéu hoa s& 1a nhifu loan. Phuong phap toan tir trinh bay trong chuyén khao
(Feranchuk et al., 2015) ¢ ¥ tuong 1a xem @ nhu mot tham s tu do gitip diéu chinh tdc
d6 hoi tu cua bai toan. Diéu nay da dugc thao luan trong chuyén khao va duoc nhéc lai
trong cong trinh (Nguyen et al., 2019).
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Trong bai toan nay, dé tan dung tinh chit bao toan ciia moment dong lugng, toan tu
sinh, hiy méi dugc dinh nghia thong qua cac toan tir ¢ (6) nhu sau:

a=p(a-if) &' =p(a+if). b= (a+id), 6 = (a-if) ™
Céc toan tir sinh, hity méi thoa mén céc tinh chat giao hoan
(44 ]=[bb"|=1 [44]=[4",4" ]=[bb]=|b"b" |=0. ®)

Luc nay, toan tor moment dong lugng chi chtra cac toan tir trung hoa A, =4'4 va

N L A
L:E(a a-b b). (9)
Phuong trinh (5) duogc viét lai dang dai s6 nhu sau

Hw)=ER|y), (10)

trong d6, E=E — Mer,, y [ 2 va céc toan tu H, R duogc biéu dién qua cac toan tir sinh, huy

R=&a'a+b'b+1+ab+a'b’,
2 (12)

~ ~ ~ ~ ~ 2 ~ ~
H =?(a A+b'D+1-80- 4" )+ LR’ - V.

@
Trong biéu thuc (11), toan tir \7K mo ta thé chan Keldysh duoc viét & dang tich phan

-= R, 12
I\/1+w2rq % ° (12

Pé 4p dung mé hinh Ii thuyét nhiu loan, trong phuong trinh (10) ching tdi tach
Hamiltonian H va toan tr ban kinh R 14n luot thanh hai phan. Mot phan chua toan tir
trung hoa ﬁo, Iio. Pay 1a cac toan tir co cac yéu té ma trdn nim trén dudng chéo chinh
khac 0 va yéu t6 ma tran khac bang 0. Phan thir hai 14 phan nhiéu loan V, S chira cc todn
tir khong trung hoa nén thanh phéan trén dudng chéo chinh bang 0. Vi du, ta tach toan tir
R= R +5, trong do R chi chira toan tir trung hoa

N=a'a+bb+1, (13)
va S chita cac toan tir khong trung hoa

S=M+M*; M=4ab, M*=4"b". (14)

Cudi cung chung t6i viét lai dang dai sé ctia phwong trinh (10) thanh

(Ho+V )lw)=E(R,+S)|w). (15)

Phuong trinh (15) bit ngudn tir phwong trinh (5) c6 dang phwong trinh cho dao dong
tir phi diéu hoa. Tir ddy bd ham co sé dao dong tir didu hoa hai chiéu dugc s dung. Tén
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dung tinh chit bao toan moment dong luong nén bd ham co s¢ hai chiéu con mét chi sb
chay n dugc viét lai & dang dai sb
1

|n’m>:\/(n+m)!(n—m)!(é+) (67) " lo(@)), (16)

trong d6, &, 4", b, b* 1a toan tir sinh, hity méi duge dinh nghia nhu trong (Nguyen et al.,

2019) va duoc viét lai trong (7). B ham co s& (16) 1a truc giao va chudn héa théa méan cac
diéu kién

(n".m'[n,m)=6,,8,.,, va 4|0(w))=b|0(e))=0.
2.2. Mb hinh Ii thuyét nhiéu loan

Béy gio, ta coi thanh phan V, S trong phuong trinh (15) 1a thanh phan nhiéu loan.
PAu tién ta viét V — BV, va S — S, & ddy A 1a tham s hinh thuc dé xac dinh béc
nhiéu loan va s& bo di sau khi x4c dinh dugc cac bd chinh nang luong va h¢ s6 ham song.
Ta viét lai phwong trinh Schrodinger (15) thanh

(Ho+ AV )lw)=E(Ry+ S )|w). (17)

Gia thuyét céc tri riéng cua H khong suy bién va hé ham riéng {| |>} ciia H ,1a day
du va tryc chuan thoéa man phuong trinh

H,[n)=ER; [n). (18)

Giai phuong trinh nay s& tim duoc ning luong bac 0 phu thudc vao tham sb tu do @
va binh phuong ctia cuong do tir truong y

. V ?
+ w

nn

trong do, cac yéu td ma tran duge xac dinh

X =(n,m|X]|k,m).

Dé tim nghiém bac (s) cta (17), trude tién ta viét dang khai trién cta bd ham co s&
(16)

+00
lw,)=[m+ D Ck). (20)
k=0,k=n

Ta chu ¥ rang tuy bai toan dang xét 13 hai chiéu véi hai chi sb luong tir nhung do hé
c6 tinh bao toan moment dong luong nén bd ham co s& dugc ¢d dinh boi sb luong tir tir m
va chi con mot chi s6 chay trong khai trién ham séng bén trén. Thay (20) vao phuong trinh
(17) ta thu duoc
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~+00

(I:|0+,B\7)(|n>+ 5 Ck|k>jzén(§o+ﬂ§)[|n>+ chk|k>j. (21)

k=0,k=n k=0,k=

Tiép theo, ta nhan trai <n| cho hai vé (21) ta thu duoc

Er(10) Rnn +ﬂ Z CkVnk = En (Rnn +IB Z CkSnkj' (22)
k=0,k=n k=0,k#n

Tuwong tu ta nhan trai <J |, j #n cho hai vé (21) ta cling thu duoc

EV'C.R, + AV, +ﬂk_ozk CV, =E, (chH +BS,, +ﬁk_ozk: cksjkj. (23)

Sau do, ta tim nang luong En va hé sb khai trién C i dudi dang khai trién theo bac

nhiéu loan (S)
E,=E”+> pAEY, C, = pac(j=n), (24)
=1 =1

trong do, Er(lo) 13 ning lwong bd chinh bac 0 dugce xac dinh trong biéu thire (19) va hé sb
khai trién bac 0, C¥ =1.

Cubi cung, ta 1an luot thay cac biéu thirc (24) vao hé phuong trinh (22) va (23) dé
tim céac bd chinh ning lwong va hé sé khai trién ham song.

Nang lwgng bé chinh bdc (s). Dé tim nang lugng bd chinh ta thay (24) vao (22).

Khai trién va rat gon ta duoc

Zﬂh+l z VnkACIEh) = Er(10)2ﬁt+l Z SnkACIEt) + RnnZﬂhAEr(]h)
h=1 k=0,k=n t=1 k=0,k=n h=1
+00 +00 400 (25)
+> B"AENS gt > s ACy.
h=1 t=1 k=0,k=n

Xét bd chinh bac 1, ta chi giit lai cac s6 hang c6 chira A° B va thu dugc

AEY = 0.

n

Tiép theo khi xét bo chinh béc (s—1), ta chi giit lai cac s6 hang c6 chira tr S° — **va

thu duoc
s—2 +00 s-2 +00 s-1
Zﬁhﬂ Z VnkACIEh) = Er(10)2ﬂt+l Z SnkACIEt) + RnnZlBhAEéh)
h=1 k=0,k=n t=1 k=0,k=n h=1 26)
s-3 b (h)s—Z—h 1 +00 ® (
+Y BAEY Y B DS, AC,
h=1 t=1 k=0,k=n

Tuong tu xét bo chinh béc (s) ta thu duge
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52 400 +00
IBh+l VnkACIEh) + IBS Z VnkACIES&)
h=1 k=0,k=n k=0,k=n
s—2 +o0 +o0 s—1
=EOY Y S ACY +e,8° > S, ACET +R BAES +R D BAE (27)
t=1 k=0,k=n k=0,k=n h=1
s—2 +00 s-3 s—2-h +00
+4° Y AE" S S ACET Y B"AEN ST g Y s ACy
h=1 k=0,k=n h=1 t=1 k=0,k=n
So sanh (26) va (27), ta thu duoc
+00 s-2 +00
AEY) = i{ > (Vi —EVS, ) ACE - AEY Y s, Acﬁ““)} (28)
Rnn k=0,k=n h=1 k=0,k=n

Ham séng bé chinh bic (S) Ta tiép tuc tim hé s6 khai trién ham séng bac (S) bang
cach thay (24) vao (23) va tién hanh rut gon

R, (E - ng’))hz_l: BACY + BV, + ; > Actv,

k=0,k#n
=pEVS, +EVS g > ACS, +R, Z ﬁtAEgt)z p"act” (29)
h=1 k=0,k=n -1 -1

+stﬂ”lAE +Zﬂ”1AE Zﬂ Zw C"s,.

h=1 k=0,k=n

Tuong tu nhu cac budc tim ning luong bd chinh, ta 1an lugng tim hé sb khai trién
bac 1, AC; bac (s-1), ACE™; va bac (s). Sau d6 so sanh hai biéu thirc bac (s—1) va

(s), cudi cliing ta thu dugc

S,EV-v,
ACE” = —() (30)
H;-R; En
1
AC(S) = + Z ( )AC(S -1)
i (0)
H; —R;E; K0 i
(31)

+ Zl: AER,ACHY + 22: AEY i S, ACE
t=1 t=1 anj
3. K&ét qua va thao ludn
3.1. Khado sdt sw héi tu ning lwong bé chinh
Khi ap dung mé hinh Ii thuyét nhiu loan, mot didu can quan tdm la sy hoi tu cia

nang lugng va ham séng bac (S) Dé c6 duoc sy hoi tu ndy, thanh phan khéng trung hoa

v phai du nho so voi I:|0, nghia la
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g

Tir biéu thic (11) cho thdy, cac yéu t6 ma tran cia Hamiltonian H = I-A|0 +V phu

< [H,

: (32)

thudc vao tham sb tu do @ nén ta c6 thé chon vung gia tri nay thoa man diéu kién hoi tu
(32). Gia tri @ c6 thé duge chon bang cach cho JE, /dw =0, véi ¥ nghia 1a ning lugng
khong phu thugc tham s ®. Tuy nhién ta khong biét duoc biéu thic giai tich ciia ning
lugng E. ma chi c6 biéu thiic ctia ning lugng bo chinh bac khong Er(]o) (Hoang-Do,
Pham, et al., 2013).

Nhung trong nghién ctru nay, chung t6i ap dung mé hinh Ii thuyét nhiéu loan cho thé
chin Keldysh. Tur biéu thic (19), ta thay yéu té ma tran phu thudc vao tham sé @ trong
dau tich phan phirc tap vi c6 chira cac thong s cu tric co ban nén chung toi phai khao sat
su hoi tu cia tham s6 @ bﬁng s6. Khi nang lugng hoi tu vé gia tri chinh xdc, cac bd chinh
s& tién vé khong. Trong phan ndy, chung t6i s& khao sat tham sé ty do @ dé tim ra ving t6i
wu dé nghiém s6 hoi tu nhanh nhat. Két qua khao sat ghi trong Bang 1, mot truong hop vi
du cho don 16p TMD ctia chit WSe, véi cac thong sb cau triic co ban nhu hing sb dién
moi trung binh « = 4.5, tham s6 chan r, = 4.2088 nm va khdi lwong rat gon x = 4.2086m,
trong tuong tac cua tir truong déu 60 Tesla, trong d6 ing véi gia tri @ =0.25 va o =0.45
nghiém s hoi tu 3 sd thap phan, 1éch so véi gia tri chinh xac tdi 0.5% khi 1ay bac bo chinh
s=2. Pic biét, tai ving @ =0.35+0.05 nghiém s hoi tu 6 chir sd thap phan khi ldy bac
b6 chinh s=9. Két qua hoi tu nay du khdo sat cac hiéu tmg tir phd ning lugng exciton
trung hoa khi ma cac phan tich phd ning luong thuc nghiém khoang 1 meV (Goryca et al.,
2019) va cac cong trinh I thuyét sir dung phuwong phap bién phén c6 sai s6 4% so voi két
qua thuc nghiém (Goryca et al., 2019; Liu et al., 2019; Stier et al., 2018).

Bdng 1. Sir héi tu ciia ning heong trang théi co ban 1#mg véi cac thong so
Cdu triic co ban k=45, r,=4.2088 nm, u =4.2086m, Va tir truwong déu y =60 T.

Bacginding () ©=025 ©=03 ©=035 ©=04  ©=045

0 -0.027442 -0.028999 -0.029476 -0.028964 -0.027524

2 -0.029572 -0.029995 -0.030053 -0.030351 -0.031509

3 -0.029136 -0.029894 -0.030155 -0.030423 -0.031192

9 - -0.030177 -0.030197 -0.030186 -

10 - -0.030204 -0.030197 -0.030207 -
Chinh xéac -0.030198 (Nguyen et al., 2019)

3.2. Ning lwong mikc co bin ciia exciton trong don I6p TMD ciia chit WSe2 trong tir
truwong déu

Trong phan ndy, ching t6i khao sat sy hoi tu ciia niang lugng mirc co ban 1s trong
ving gidi han ctia tir truong déu 1én t6i 120 Tesla, hon gip dbi tir trudng dugc tao ra trong
cac phong thi nghiém hién nay (Stier et al., 2018). Két qua dugc ghi & Bang 2 véi tir
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truong déu c6 cuong do 20, 40, 60, 80 va 120 Tesla. Két qua cho thdy, trong toan mién tir
truong tir yéu dén 16n nghiém sé co thé hoi tu dén 6 chir sé thap phan. Vé6i nhitng phép
phan tich quang phd ctia phong thi nghiém hién nay 1a 1 meV (Goryca et al., 2019) md
hinh nay c6 thé ap dung cho nhiing bai toan trich xuit thong tin cdu tric bang cach so sanh
phd thue nghiém. Ching t6i ciing so sanh két qua ctia mé hinh nhidu loan véi mé hinh giai
chinh x4c phuong trinh tri riéng, véc-to riéng (Nguyen et al., 2019). Két qua cho thdy, md
hinh nhiéu loan c6 thé 4p dung dé tim phd ning luong cho exciton trong don 16p TMD
trong tlr truong c6 cudng do dén 120 Tesla. Tir day, co thé goi ¥ cho ching t6i ap dung md
hinh nay dé giai phuong trinh Schrodinger véi Hamiltonian dang phtic cho cac bai toan
exciton dat trong dién trudng hay xét dén hiéu Gmg nhiét d6 gay ra boi su chuyén dong cua
khéi tAm trong tir trudng déu.
Bdng 2. Mitc nang luong co bdn theo cuong do tur truong 20, 40, 60, 80, 120 Tesla wng
Véi Cac thdng so Cdu triic co ban k =4.5, 1, =4.2088 nm, u = 4.2086m,
khi chon gia tri tham sé tir do @ = 0.35.

Béc gin ding (S) y =20 y =40 y =60 y =80 y =120
0 -0.029681 -0.029604 -0.029476 -0.029297 -0.028784
2 -0.030254 -0.030177 -0.030053 -0.029887 -0.029446
3 -0.030346 -0.030275 -0.030155 -0.029988 -0.029513
8 -0.030359 -0.030298 -0.030195 -0.030055 -0.029675
9 - - -0.030197 -0.030054 -0.029648

14 - - - -0.030058 -0.029699

Chinh x4c bang s6
(Nguyen et al., 2019) -0.030359  -0.030298 -0.030198 -0.030059 -0.029676

M6 hinh Ii thuyét nhiéu loan c6 thé tim ning luong bo chinh bac 2 & dang giai tich.

Pé thuc hién muc tiéu nay, chung t6i tach yéu t5 ma tran Hamiltonian H,, thanh hai phﬁn:
phan khong chira tir trudng va phan c6 chira tir truong, cu thé:
Hy = A +Bor® Vin = A, +B7" (33)
Tiép theo, ta thay biéu thirc (33) va (30) vao (28), sau d6 1ay dén bac bo chinh s =2,
cubi cung rut gon biéu thirc thu dugc
1 Ninax
72 Y (7%) (34)
(R,)
trong d6, ham sé y,, (X) va cac hé sé trong dau téng dugc tinh bang

AE(Z) - _

2
_ X +b,, X+C,,
d,X+€,

a, = ( Bkn Rnn - BnnSkn )2 ) bkn = 2(Akn Rnn - A\mskn )( Bkn Rnn - BnnSkn )1 (35)
Cn = (Akn Rnn - AmSkn )2 ) dkn = Bkk Rnn - Bnn Rkk’ € = Akk Rnn - Am Rkk'

Yin (X)
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Trong tinh toan cu thé, nang luong bd chinh dén bac 2 co thé hoi tu dén 4 chit s6 thap
phan, sai s6 0,4% cho tir truong nhé va trong ving tir trudng 16n 14 3 chir s6 thap phan
tuong duong 0,7%. Két qua nay du dé phan tich cac hiéu ing tir phd ning lugng exciton li
thuyét va thuc nghiém.

4.  Kétluan

Trong nghién ctru nay, ching toi da trinh bay mot cach c6 hé thdng so so Ii thuyét
nhiéu loan dé giai phuong trinh Schrodinger ding vé6i su diéu tiét do hoi tu cua nghiém
thong qua tham sé tu do dugc dwa vao bing phuong phép toan tir FK. Chung t6i thu duoc
cong thuc tong quat bd chinh ning lwong va ham song bac (S) . Chung t6i khao sat tinh hoi

tu cia mo hinh Ii thuyét nhidu loan va tim ving tham s6 tu do t6i wu cho murc ning lugng
co ban cta exciton trong don 16p TMD ctia chit WSes.

Chung t6i 4p dung mé hinh 1i thuyét nhiéu loan thanh céng cho md hinh thé Keldysh
mo ta twong tac ciia exciton trong tir trudng trong don 16p TMD véi cuong do 16n gap hai
lan cudng do tao ra trong phong thi nghiém hién nay. Chung toi ciing viét duoc biéu thirc
tinh ning luong bd chinh bac 2 bang giai tich theo cudng do tir truong. Mac du, nghién
ctru ndy chi khao sat murc ning lugng co ban nhung day 14 co s& quan trong dé phat trién
mé hinh nham giai quyét nhiing bai ton phirc tap hon, vi du nhu: bai toan exciton trong
dién truong va bai toan hiéu tng nhiét d6 khi xét dén su chuyén dong vi nhiét cua khéi tam
cua electron va I3 tréng trong tir trudng. Trong bai toan nay, ning luong s& & dang s6 phuc
khi ma co ché gay ra hiéu tng nhiét 1a boi hiéu tng xuyén ham khac voi co ché dua trén
co ché phonon. Sau nghién ctru ndy, ching toi tiép tuc nghién ciru ning luong va ham séng
cho céc muc kich thich va s& cong bé trong cong trinh tiép theo.

% Tuyén bé vé quyén lgi: Cac tac gid xac nhan hoan toan khéng c6 xung dét vé quyén loi.

< L& cam on: Bai bao nghién ctru nay dwoc tai tro béi Trwrong BPai hoc Sw pham Thanh
phé Hé Chi Minh qua dé tai trong diém cép triromg ma sé CS.2019.19.44TP. Céc tac gia
chén thanh cém on GS TSKH. Lé Van Hoang da huéng dén, dat van dé va gop y, chinh
stra cho bai bao.
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ABSTRACT

Two-dimensional excitons in magnetic fields is an important problem because of the latest
achievements in the application of exciton energy spectroscopy to retrieve structural information of
monolayer transition metal dichalcogenides (TMD). The Feranchuk-Komarov (FK) operator
method has been successfully used to calculate the numerical energy spectra for this system. In this
work, the perturbation theory with the regulation of free parameter is used to calculate the neutral
exciton energy in a uniform magnetic field with Keldysh potential. We first discussed the
perturbation theory with general formulas. Then, the convergence of the solution taking into
account the higher-order correction was studied with magnetic fields up to 120 Tesla. Numerical
calculations are presented for ground states, on the other hand, general expressions allow
calculations for excited states. The results are accurate with an error of less than 1% facilitating
the further study of the problem to have an explicit analytical solution.

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