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TOM TAT

Chuing tdi tién hanh higu chinh thé man chan Cudazzo tir dang goc d@é mé ta anh hwong cia
méi truong |1én phé nang lieong ciia exciton. Phirong phdp todn tir FK duwoc sir dung két hop véi
phép bién doi Levi — Civita d@é giai quyét bai toan exciton trong tir trwong. Dang twong minh cia
ham séng va yéu té ma trdn ciia bai todn duwoc trinh bay cu thé trong cong trinh nay.

Tir khoa: exciton hai chiéu, phwong phap toan tir FK, yéu t5 ma tran, thé man chin Cudazzo
hiéu chinh.
ABSTRACT

The Cudazzo-like screening potential and the matrix elements of exciton
in two dimension in magnetic field

We have modified the Cudazzo screening potential to describe the effect of the environment
on the exciton spectra. The FK operator method is used in the combination with the Levi — Civita
transformation to solve the problem of exciton in magnetic field. The explicit form of the wave
function and the matrix elements is presented in this work.

Keywords: exciton 2D, FK operator method, matrix elements, Cudazzo-like screening potential.

1. Mé dau

TMDs (Transition Metal Dichalcogenides) 1a dong vat liéu c¢6 cau tric phan tir tao
thanh tir mot kim loai chuyén tiép (M) lién két vai hai chalogen (X) c6 cong thuc chung la
MXz, trong thuc nghiém ngudi ta quan tam dén céc vat liéu véi M: Mo, W va X: S, Se, Te.
Ké thira duoc nhiing uu diém tir graphene [1], [2], va so hitu khe cdm ning lugng vao
khoang 1 ~ 3 eV [3], [4] cac don 16p TMDs ¢ tiém ning manh mé& trong cong nghé ban
dan va cac linh vuc khac [5]. Trong ban dan don 16p TMDs thi viéc hinh thanh exciton
chiém uu thé [6] (chiém 1/3 ~ 1/2 tong sb chuyén doi) trong cac chuyén doi quang hoc, do
do6, ddi trong nay anh huéng manh dén tinh chat quang cua vat liéu, vay nén viéc xac dinh
nang luong exciton trong cac don 16p ndy la mot trong nhirng hudng nghién ciru dugc céc
tac gia quan thm trong nhiing nim gan day [4], [6].
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Dé mo ta day du anh huong ciia moi truong 1én dbi twong exciton, ta khdng thé chi
sir dung hang sé dién moi va xem don gian twong tac giira electron va 15 trong 1a tuong tac
Coulomb, ma phai tinh toan chi tiét thdng qua thé man chan [4]. Thé man chin phé bién
duogc da s6 céc tac gia chap nhan dé xét anh huong cia mdi trudng 1én exciton 1a caa nhom
tac gia Keldysh [7] dua ra vao nam 1979, thé ndy md ta kha tot Ii thuyét so véi thuc
nghiém [4]. Bén canh d6, viéc sir dung tir truong trong khao sat phd nang lugng exciton co
tac dung lam ting tuong tac giita electron va 15 tréng [8] 1am cho phd ning lugng tro nén
rd nét hon, thém vao dé ciing lién quan dén céc van dé nhu: hiéu tng Zeeman [9], hiéu ting
valley [10]... nén bai toan exciton trong tir truong voi mot thé man chan thich hop o y
nghia trong viéc xay dung Ii thuyét cho cac hiéu &ng trén.

Trong cdng trinh ndy, dé xac dinh duoc cac yéu tb ma tran cho bai toan ching tdi st
dung phuong phap toan tir FK [11]. Y tuong chinh cta phuwong phép nay 1a biéu dién ham
song can tim dudi dang t6 hop tuyén tinh bo ham co s 1a bo dao dong tir diéu hoa. Ching toi
d4 &p dung phuong phép FK thanh cong trong cong trinh trude day vai thé man chin Yukawa
[12] dang e ¥ /r, tuy vay, thé nay con thd so chua mé ta duoc day du anh huong cia moi
truong. Phuong phap toan tir FK gap kho khan khi 4p dung thé man chan Keldysh do dang
cua thé nay khé phirc tap gay tré ngai trong qua trinh xt Ii tinh toan dai s6. Trong cong trinh
[13], chung toi d4 tién hanh hiéu chinh thé Yukawa gdc dé dua no vé dang cua thé Keldysh
nhung van giit duoc sy don gian trong biéu thuc cia nd, thé ndy mé ta kha tot ning luong &
trang thai co ban, tuy nhién, véi cac trang thai bac cao xuat hién sy sai khac. Véi muc dich
tim mot thé man chén don gian hon thé Keldysh nhung van du hidu qua dé md ta phi hop véi
thyc nghiém, trong cdng trinh ndy, chlng tdi s& hiéu chinh thé Cudazzo tir thé goc [14] va si
dung né dé mé ta anh huéng ctia moi trudng 1én phd ning lugng exciton.

Bai bao gom nhitng phan sau: m¢ dau la phan gisi thiéu, tiép theo 1a nhitng 1ap luan
dé xay dung thé man chin Cudazzo hiéu chinh, cudi ciing 1a quy trinh tinh toan dan dén két
qua la dang twong minh ciia ham séng va yéu té ma tran cua bai toan.

2. Thé man chan Cudazzo hiéu chinh

Trong cong trinh [4], Chemikov clng cac cong su d& chi ra viéc sir dung thé
Coulomb dé mo ta anh huong ctiia moi trudng 1én exciton 1a khong day du, tham chi cong
trinh con cho thay su thay ddi hang sé dién moi theo cac trang thai caa exciton. Bé mo ta
day du duoc anh huong cia méi trudng, tac gia da xét dén sy c6 mat caa thé man chin, cu
thé 1a thé Keldysh, trong hé don vi SI n6 ¢6 dang [7]

) N é . .
VKeIdysh(r) =- : { b 840ng_ YOEL%' (1)

s
dpeet2g BLT I

trong d6, cac ham H(r/r,) va Y,(r/r,) lan luot 12 ham Struve va ham Bessel loai hai,

con r, la khoang cach dic trung tiy thuoc vao vat ligu. Péi véi phuong phap FK thi cac
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ham nay kha phuc tap gdy khé khin trong qua trinh tinh toan. Dya trén cac tiém can khi
xét dén khoang cach r® +¥ va r® 0 cua thé man chan Keldysh

Vi ()= Ve ()= - 325 Sr@r; In2- goﬁ

, 1)
. . _ e
'!(!@rp VKeIdysh (r) - ,-I(IR)T VCudazzo (r) - 4pee0r '
Cudazzo va cic tac gia khac da dé xuat thé man chan khac ¢ dang nhu sau [14]:
e & r,0 r
V r=- n§+ 2=+ (In2- ex E —3 2
Cudazzo( ) 4peeoro g r E ( go) p ro % ( )

trong do, e, la hing sb dién, e Ia hang s dién mdi, g, 1a hiang s Euler — Mascheroni
(g, » 0.5572). Thé man chin nay c6 dang don gian hon thé Keldysh khi nd Ia to hop cua

ham logarithm tu nhién va ham e mi, nhung c6 do tuong thich cao véi thé cua Keldysh
trong toan mién r khi sai s6 twong ddi giira hai thé nay cao nhat chi vao khoang 3% [14].
Chang tdi tién hanh hiéu chinh tfr thé gbc va dua ra dang nhu sau:

VCudazzo— Iike(r): 4pee g § 0 + Cr Il eXpE‘ M r%u (3)
ofo Y

o

trong d6, ¢ la tham sb mo ta sai s6 tuong doi glfra thé goc va thé hiéu chinh. Ta c6 thé
thiy duoc y nghia cia tham sb nay qua viéc xét dén céc tiem can khi r® +¥ va
r® 0 sau day:

I|mV

Cudazzo- like (r) =

8n§—-+ In2- goﬁ 4)

4pee0 g Brg

L+ c). (5)

limV, ie(N) = -
(@Y Cudazzo- like 4peeo

1]

Vv

lLoF

ook r (Hn) 0.0 I

e — Ty I (ag)
[1] 5 10 15 2D 25 30 [+] 5 10 15 20

5]
th

30
Hinh 1. Su twong thich vé dang diéu giia thé Cudazzo hiéu chinh (nét liéen dam)
véi thé Cudazzo goc (nét dirt) (a), va thé Keldysh (cham gach) (b)
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Nhu vay, khi xét tiém can r ® 0 (5) thi ca ba thé man chan cho cling gia tri, con khi
r® +¥ (6)thi xuat hién sy sai khéac gitra thé goc va thé hiéu chinh biéu hién qua tham s6
c, ta c6 thé chon ¢ du nho dé giam sy sai khéc gitra hai thé. Hinh 1a voi gia tri c= 0,01
ta thiy su twong thich cao vé dang diéu giira thé hiéu chinh va thé gbc trong toan mién gia
tri. Vi Hinh 1b ta thiy c6 su sai khéac giita hai thé trong ving r nhé va trung binh
(1,5a, ~ 20a,), tuy nhién thé hi¢u chinh van giir dugc dang didu cua thé Keldysh va tuong
thich t6t voi thé Keldysh & cac tiém can.

Thé Cudazzo duoc hiéu chinh da xuat hién dang e /r 1a dang quen thudc trong cac
cong trinh truge day ma ching t6i d4 giai quyét thanh cong véi phuong phap toan tir FK.
Trong phan tiép theo, chlng t6i s& sir dung thé Cudazzo vira hiéu chinh vao bai toan
exciton trong tur truong.

3. Bai toan exciton hai trong tir trwong véi thé man chan Cudazzo hiéu chinh
3.1. Phép bién doi Levi — Civita va bai toan nguyén ti

Phuong trinh Schrodinger khong thir nguyén cho exciton trong tir truong véi thé man

chan Cudazzo hiéu chinh c6 dang nhu sau:

e 1212 120 ig 6 g 0
E E‘HX V'3 ZE'Hy Yixs 8(X+y)%‘”

(6)
- —gn§ 8 ch Il expg (In2 (n2- g r%zulf(x,y): E¥Y(x,y).
9]

rg r t

Trong phuong trinh trén thir nguyén ctia nang lugng 1a m'e* /16p*e’e, n* = 2R Voi
R,” la hing s6 Rydberg hiéu dung, tha nguyén cia do dai la 4peeyi’ / m'e? twong duong
vai béan kinh Borh hiéu dung. Tac dung cua truong ngoai sé thé hién thong qua cudng do
tu truong khong the nguyén g = aw, /2Ry* (voi w, = eB/2pm’) nhu sau: gl 1 tu
truong yéu, g » 1 tir trwong trung binh va g 0 1 tir truong manh.

Nhu d4 dé cap, ching t6i s& s dung phwong phap toan tir FK dé giai quyét van dé,
dé bai toan dang xét phu hop V6i y tuong chinh cia phuong phap, trude hét ta can bién doi
phuong trinh (7) vé dang cta bai toan dao dong tir. Cong trinh [16] d4 chi ra viéc c6 thé
dua bai todn nguyén tir trong khéng gian (x,y) sang bai toan dao dong tur diéu hoa/phi
diéu hoa trong khéng gian (u,v) Véi su trg gilp caa phép bién doi Levi — Civita [15]:

Px=u2- V%

_ ()

T Y= 2uv.

Phuong trinh Schrodinger qua phép bién doi Levi — Citvita c6 dang
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2 g2 3 —(In2—v.) (uZ+v?
—E[ 0 +a—j—iyi(u2+v2)+cexp (In2 7/0)( )
(8)

2
er—(u2 +v2)3 —c— (u o ) In| 14— ¥ (u,v)= E(u2 +v2)‘P(u,v).
8 o (u2 +v2)

Tir hai s6 hang dau trong phuong trinh (9) ta ¢d thé thiy dugc dang quen thugc caa
bai toan dao dong tur diéu hoa, cac s6 hang con lai c6 thé xem nhu thanh phan gay nhiéu
loan. Tir d6, ta c6 co so dé ap dung phuong phap toan tr FK dé giai quyét bai toan. Toi
day bai toan c6 thé giai theo ca hai huéng Ia tinh toan giai tich va tinh toan dai s6. DJi vai
s6 hang cudi cing ching tdi gap kho khin khi ¢6 mat ham logarithm tu nhién nén s& sir
dung tinh toan giai tich, cac sé hang con lai c6 thé thuan loi tién hanh tinh toan dai s6 nhu
trong céc cong trinh trudc.

3.2. Tinh todn dai sé

Trong phan nay, ching tdi s& trinh bay cach dua cac sé hang trong phuong trinh (9)
vé dang dai s6 théng qua cac toan tir sinh huy, sau d6 s& xay dung bd ham séng co s6 &
dang dai s6 va cung cap mot sb cong thirc tac dung tng véi bo ham vira xay dung.

3.2.1. Céc toan tw sinh hay

Dé dua cac s6 hang trong phwong trinh (9) vé dang dai s6 ta str dung cAc toan tir sinh

hay sau:

ol 0. 12 90
[u_ 2§u+'n 7T E Tug
n 1 10.. {0 ®)
lv‘ﬁg“ﬂ—v%’v ) g' e

trong d6, xuat hién hé thic giao hoan gi,LT a: é?,\?* a: 1, c4c giao hdan tir con lai bang 0.
Céc toén tu trung hoa (70, V'V theo dinh nghia trén c6 nghiém riéng la bo dao dong tu
didu hoa. Trong phuong trinh (9), ta c6 thé thiy duoc sy bao toan cia toan tir L, nhw vay
I:Z va cac toan tu trung hoa sé c6 chung bo ham riéng, hay noi cach khéc I:Z ciing co thé
biéu dién duéi dang td hop tuyén tinh cia cac toan tir trung hoa. Dé dua L, vé dang trung

hoa chlng toi dua ra cac toan tir sinh hiy méi nhu sau:
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a= Tng DG+ i)+ (w- (@@ + i\7+)a
- _g D(@G- i)+ (w+ (A" - iO*)B
A {_ (10)
b= mg w+ D(U- i0)+ (w- D@ - i)Y
b = Téw- D@+ i0)+ (w+ (" + V")

trong do, ? H: g) b+ U= 1, cac giao hoan tir con lai bang 0, w Ia tham s ty do dua vao dé

hiéu chinh ham song. Toan tir I:Z duoc biéu dién thdng qua cac toan ti sinh hiy mai ¢6 dang

[ ==(&4a+Db'h). (11)

Z

N |-
—~

Trong phan tiép theo, ching t6i s& can xay dung bo ham co s Va tinh toan céc tac
dung cua cic toén tu sinh hay 1€n by ham nay.
3.2.2. Bg ham co so dang dai s6

Dang dai 56 ciia bo ham co s& cho dao dong tir diéu hoa hai chiéu dugc dua ra dudi dang:

_ 1 +\Na +\™
|na’nb>__:JE:TE:T(a ) (b ) 0(w)), (12)
véi n,,n, 1a cac sé nguyén khong am. ‘O(a))> |a trang thai chan khéng thoa cac h¢ thirc
<0(a))|0(a))> =1,
é(a))|0(a))> = b(a))|0(a))> =0

Nhu da dé cap, bo ham co so s& 1a bo ham riéng cia toan tir L, hay ndi cach khac

(13)

bo ham nay co xét dén sy bao toan cua toan tir hinh chiéu moment dong lwong I:Z . Do 46,
thay vi su dung b ham cd dang nhu cong thic (13) ching téi sé sir dung dang sau:
n-m
) - ) ) o) @
Theo d6 chiing ta c6 cac cong thuc tdc dung
a"a|n(m))= n- m|n(m)), (15)
b*b|n(m))= n+ m|n(m)), (16)
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N[n(m))= (&*4+ b*b)|n(m))= 2n|n(m)),

M* |n(m))= 4 b+ In(m))= {/(n+1)*- m?|n+ Lm)), (17)

M In(m)) = éb|n(m)>: VYn?- m?|n- Ym)).

B6 ham dugc xay dung dudi dang dai s6 cling cac cong thic tac dung trén s& duoc
sir dung dé tinh toan thanh phan ma tran cho céc s6 hang cé thé dua vé dang dai s6. Doi
v6i s6 hang logarithm tu nhién khong dua dugc vé dang dai s6 ching t6i s& tién hanh tinh
toén giai tich.

3.3. Tinh toan gidi tich

Trong phan ndy ching toi s& xay dyung ham séng co sé & dang giai tich trong toa do
cuc (p,¢) dé phuc vu cho qué trinh tinh toan yéu té ma tran cho sé hang logarithm tu
nhién. Bé xay dung dang ciia ham séng ¢ dang twong minh caa ham song & dang giai tich
ta quan tdm dén hai dic diém sau cua ham song:

e Ham song béo toan dai lugng I:Z ;
e Ham song giai tich lién hé véi dang dai s6 qua biéu thic (18).

b'o¥, (p.¢)=(n+m)¥, . (p.9), (18)
V6i c4c toan tir b*b d4 dugc dinh nghia trong phan 3.2.1.

Chung toi dinh nghta toa d¢ cuc (p,¢) trong khong gian (u,V) nhu sau

{u = pC-OSqi), 9)
= psin¢.

Véi hai dic diém néu trén ham séng twdng minh trong khong gian (u,v) c6 biéu thic:

|m 2|m 2m _wa72 2\ml
(p:9) f/m'm % (wp?)e T (o) 20

Nhu vay, ching ti xay dung thanh cdng b ham co s¢ & ca hai dang giai tich va dai
s6. Ham s6ng can xac dinh “Pn,m>sé duogc khai trién dudi dang to hop tuyén tinh cua céc
ham nay:

‘an’m> =|n(m)>+ Z Cy | k(m)> =¥, n(p.d)+ Z Cy¥ym (0 9). (21)

k=m,k=n k=m,k=n
4. Yéu t6 ma tran cho bai toan exciton trong tir trwong véi thé man chian Cudazzo
hiéu chinh

Khi chuyén vé dang dai s6 phuong trinh (9) ¢6 dang
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trong d6, H" 1 s6 hang chira thanh phan logarithm tu nhién. Dé thiy duoc dang cua bai
toan ham riéng tri riéng ta viét phuong trinh (23) dudi dang
H|¥om)=ER|¥ o m), (23)

trong d6, H 14 toan tir Hamilton bai toan Iic nay, R 14 céc toan tir di kem véi nang lugng

E trong phuwong trinh (23). Ta can xac dinh thanh phan cia cac ma tran <‘Pn.’m. ‘ H “Pn’m>

Va (W |R| W, ) d€ giai bai toan. DE thuan tién ching toi dat
(W |H[¥om)=H=HR+H® +H",

R (24)
<an',m' ‘ R‘an,m> =R,

trong do, H,H ROHS,HY, R 1a cac ma tran véi cac thanh phan khac khong duogc xac dinh

theo cong thuc sau:

< Matran HR
2

2
HRM:(MJ(Zn+1)+ 7 (2n+1)(5n% +5n +3-3m?) —c,

3

8w 4o
HR =(4ym_“’2 23 (e +10n+6—m2)}/(n+1)72—rnz,
8w 8w
HY oo :g—;(2n+3)\/(n +1)?—m’ \/(n+2)2 —m?, (25)
HY s :Sy—a;\/(n +1)° —mz\/(n+2)2 —mz\/(n+3)2 -m?.

< Matran HS

s :C”*Hm‘ 1 (—y)(ZH) \/(n+m)!(n—m)!(n+s+m)!(n+s—m)!
S (k=) (14 ) [nam—(k=s) J{n-m—(k=s)]'  (26)
s=0,12,...
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voi p=(In2-y,)/ .
% Matran H-

o1 (n_|n1)! (rH_S_|m|)!OO —k 1, 2m+Ly 2 2m ol
H o= (sl (n+s+m)!£e k Lhm(k)Lw@(k)ln(uTjdk, 27)

trong d6, k = wp?.
< Matran H

H=HR+HS +H". (28)
< Matran R

1
R,, =—(2n+1),

“ (29)
Ry = —+/(n+1)" —m?,
Tat ca cAc ma tran trén déu c6 tinh chat doi xang (Vd: H,; =H;,...). C4c phan tu

ma tran con lai gia tri bang 0.

Vi cac yéu to ma tran (26)-(30), ta c6 thé giai phuong trinh (24) bang phuong phép
vong lap hoic giai tryc tiép hé phuong trinh tuyén tinh. Trong cong trinh tiép theo, ching
t6i sir dung g6i LAPACK trong thu vién Intel [17] dé x4c dinh ning luong chinh xac cua
bai toan.

5. Kétluan

Chung t6i d& xay dung thanh cong b ham co s& cho phuong phap toan tir FK ¢ ca
hai dang dai s6 va giai tich, dang tudng minh cia thanh phan ma tran ciing duoc trinh bay
chi tiét. Bai toan dugc xay dung ¢ dang khéng thir nguyén nén mang tinh phd quét c6 thé
Xét vai cac vat liéu TMDs khac nhau.

% Tuyén bé vé quyén loi: CAc tac gid xac nhén hoan toan khéng c6 xung dét vé quyén loi.

% Loi cdm on: Nghién ctu nay duwoc tai tro béi Quy Phét trién khoa hoc va céng nghé
Qudc gia (NAFOSTED) cho dé tai ma sé 103.01-2016.90.
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