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Tém tat: Trong bai bao nay, ching toi khao sat su hap thu phi
tuyén hai photon trong molybdenum disulfide (MoS,) don 16p khi
xét dén tuong tac electron-phonon am doc (longitudinal acoustic-
LA) lien két 4p dien (piezoelectric coupling-PE). Stt dung phuong
phap nhiéu loan ching t6i thu duge duge biéu thic ctia hé s6 hap
thu quang tit (MOAC), tit d6 sit dung phuong phép profile thu duge
do rong vach phd (full width at half maximum-FWHM). Két qua
cho thay raing MOAC va FWHM phu thuoc manh vao tit trudng va
nhiét do, cd MOAC va FWHM déu tang theo tit trudng va nhiét
do déi véi ca hai truong hop hap thu mot va hai photon. Két qua
duge so sanh véi truong hop tuong tac electron-phonon ngang ap
dién.

Tt khéa: MoS; don 16p, hé s6 hap thu quang tit, do rong vach phd.

1 GIOI THIEU

Céc vat ligu mong hai chiéu (2D), mot trong nhiing loai vat ligu mdéi duge kham
pha gan day, c6 nhiéu hita hen cho viéc 4p dung trong cac dung cu quang dién ti
chat lugng cao [1]. Mot trong s6 nhitng vat ligu 2D duge ché tao gan day la loai
vat lieu 2D don 16p ¢6 dang MXs, v6i M = Mo, W, Nb, Ta, Ti, va X = S, Se, Te.
Cac loai vat lieu 2D nay dudc c6 cau tric da 16p dang X-M-X, trong d6 cac nguyén
t& thudoc nhém chalcogen nim trong cac mit phang luc gide duge ngan cach béi
cac mit phang tao nén bdi cac nguyén tit kim loai [2, 3]. Cac cau triic thudc dang

di-chalcogen kim loai chuyén tiép (transition metal dichalcogenides-TMDCs) c6 do
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rong ving cam kha 1én. Do rong nay thay doi tit cau tric da 16p dén cu tric don
16p [2]. Vi du, vat lieu molybdenum disulfide (MoS,) ¢6 do rong vimg cam thay doi
tr 1.29 eV d6i véi vat ligu khoi dén 1.90 eV ddi véi vat lieu ¢ cau trac don 16p [3].

Gan day, MoS, don 16p da duge chitng minh 1a4 mot ban dan c6 tuong tac spin
quy dao (spin-orbit coupling-SOC) [4]. D6 1a 1y do vat lieu nay dang duge quan tam
nghién cttu, dic biet 1a tinh chat quang ciia hé electron trong ban dan khi c6 mat ti
truong [5]. Trong mot cong trinh duge cong bo gan day [6] ching toi da khao sat higu
ting hap thu quang tit trong MoS, don 16p do tuong tac clia electron véi nhiéu loai
phonon déi véi trudng hgp spin huéng lén, ciing nhu do tuong tac electron-phonon
am ngang (transverse acoustic-TA) lién két ap dien [7]. Tuy nhién, mot nghién ctu
chi tiét hon vé tinh chat quan trong nay do tuong tac electron-phonon am doc c6
lien két ap dien (ki higu 1a LA-PE phonon) déi vé6i truong hop spin huéng xudng van
con bd ngd. Trong bai bao nay ching toi nghién citu chi tiét qua trinh hap thy phi
tuyén hai photon trong MoS, don 16p do tuong tac electron-LA-PE phonon déi véi
truong hop spin huéng xudng.

9 HE SO HAP THU QUANG TU

Xét mot tir truong déu B = (0,0, B) theo phuong z, Hamiltonian ctia mot hat
trong MoS, don 16p (n&m trong mit phang (ry)) duge cho béi biéu thitc [4, 8]:

He = at(tk,o, + kyo,) + (A — sTA)0, + TA, (1)

v6i a 13 hang s6 mang, ¢ 1a tham s6 hopping, A = A/2, A = A\/2 véi A va ) tuong ting
1a khe ning luong va tham s6 SOC, chi s6 ving 7 = £1 biéu dién cac ving K va K,
chi s6 spin s = £1 tuong ung véi spin hudng len va spin huéng xuoéng, k = (k,, k)
I3 xung lugng ctia hat tai, va o; (i = x,y, 2) 1a cac ma tran Pauli. Pho nang lugng
E, tng v6i trang théi cta dién tit |a) = |n, s,v,7) duge cho nhu sau [6, 8]:

h2w?

Eo = Epsor = (1 — 5\ A —C7 2
(1 —v)sTA 4w —|—Un2AST (2)

v6i n 1a mot s6 nguyen biéu thi he sé6 mic Landau (LL), Ay, = A — s7A, v = %1
la chi s6 cac viing dan va viing héa tri, fiw, = atv/2/a, 1a ning luong cyclotron véi
a. = (h/eB)"? 1a ban kinh cyclotron. Biéu thic (2) cho thay cic mitc Landau phu
thuoc tuyén tinh vao n va B. Véi n = 0, biéu thiic clia ning lugng c6 dang [8]:

Eosr = —T (A - 35\) + SA. (3)
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Ham séng ctia ving K (7 = +1) la:

ikyy AvTL _
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: /LZ’;H On(T — x0)

trong d6 ¢,(z — z¢) miéu ta ham rieng dao dong diéu hoa c6 tam tai zo = a2k,
va L7 = (A2T)? 41, v6i AYT = /nhw[(1 — v7) Ay — norh?w?/2A,,]7". Ham séng
ctia vimg K’ (1 = —1) dugc lay tit bicu thiic (4) bing cach thay doi ¢, (x —x¢) thanh
¢n71($ - fl?o)-

Khi mot séng dién tit c6 nang luong Q) duge dua vao hé thi hé sd hap thu quang
tit do qua trinh hap thu va phat xa phonon dugc tinh béi biéu thitc [6]:

gsgvAeQC% 2 /Oo 3 2 2
K(§) = Baa’ o 1-— o d Ja o

()= oy ezgt o B Pl = fr) | - da’lggl” Vi (0)
adq?
16

x { NG O(XT) + NEA(XT) +

q

[N 8(X5) + N,o(x)] |, (5)

trong d6 gs = 2 va g, = 2 tuong tng v6i hé s6 suy bién spin va suy bién ving, A la
dién tich ctia hé, f, 1a ham phan b6 ctia electron va:

Bao/ = (Afbj_tllysAzll’fiS/ + 1) [x()én/,n + (ac/\/ﬁ> (\/ﬁén/,nfl +vn+ 15n/,n+1)}7 (6)
XF=Ey — By — (hQ £ hwg, ({=1,2). (7)

Dai lugng J, o (¢) trong cong thic (5) duge cho bdi:

555’ i m! v T m+j_; ] 2
oa (O = — 75 vle™ g [AZ’ZAn/’S/ I )+ )], ()
Lann G e
v6i u = a?¢?/2, m = min(n,n’), j = [0’ —n|, va L (u) la da thic Laguerre lién két.
D61 véi tuong tac electron-phonon am doc (LA-phonon) 4p dién (piezoelectric-PE),
yéu t6 ma tran tuong tac duge cho bdi biéu thic [9):
M = M P (9
gq - 2pr([iA q,LAl »
v6i p 1a mat do khoi lugng va My 1A 12 yéu t6 ma tran tuong tac, wg = vr4q 1 nang
luong ctia phonon véi v 4 1a van toc clia phonon am LAPE. Déi vé6i cac phonon ap
dien (piezoelectric-PE), he s6 tuong tac duge cho bdi bieu thiic [9]

€€11

MPE ~ — (10)
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trong d6 e 1a dien tich clia electron, eq; 1a hing s6 ap dién, va &( 1a hing s6 dién moi.
Cubdi ciing, thay cac biéu thitc (8) va (9) vao (5) va thuc hién tinh tich phan theo bién
q ta sé thu dugc biéu thiic ctia hé s6 hap thu quang tit do tuong téac electron-LAPE
phonon. Két qua thu dudc sé dude stt dung dé tinh s6 va vé do thi.

3 KET QUA TINH SO VA THAO LUAN

Trong phan nay ching toi sé sit dung cac két qua giai tich thu dude & trén dé thuc
hién tinh s6 va vé do thi. Cac tham s6 dic trung dé thyc hién tinh s6 1a [4, 10]:
kp = 1,3807 x 1073 J/K, a = 3,14 A, t = 1,1 &V, m* = 0,48 m,, A = 1,66 &V,
A=75meV, p=3,1x10"" g/cm?, cppn = 6,7 x 10> m/s, e;; = 3,0 x 1071 C/ m,

ne = 10% em™2, va nang luong Fermi Er = 25 meV.
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Hinh 1: Sy phu thuoc cia MOAC vao niang lugng photon A2 trong MoSs don 16p do tuong
téac electron-LA-PE phonon (cac dusng mau xanh) va TA-PE phonon (cac dudng mau den)
tai T'= 77 K véi cac gia tri khac nhau cta tit trusng B. Céc hinh (a) va (b) tuong ting véi
qué trinh hap thuy hai vA mot photon. Két qué dugce tinh cho qué trinh spin huéng xudng.

Trong hinh 1 ching t6i mo6 ta sy phu thudc cia MOAC vao nang lugng photon
v6i cac gia tri khac nhau ctia tit truong ddi véi truong hop tuong téc electron-LA-PE
phonon (cac dudng mau xanh) déi véi dich chuyén n = 0 — n’ = 1. Cac dudng mau
den, tuong tng véi tuong tac electron-TA-PE phonon dugc vé thém dé thuan tien
trong viéc so sanh. Tu hinh vé ta thay rang vi tri clia cac dinh cong hudng déi véi
tuong tac LA va TA phonon la trung nhau, nghia 1a tuong tac ctia electron doéi véi
phonon am ap dién 14 tuong ty nhau ddi véi hai loai LA va TA phonon. Tuy nhién
tuong tac cta electron véi TA phonon manh hon v6i LA phonon, diéu nay dudc the
hién thong qua viéc gia tri cia MOAC déi véi tuong tac TA phonon 16n hon.

Bén canh d6, ta ciing thiy réng khi tir truong tang lén thi MOAC c6 dinh cong
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hudng dich chuyén vé phia ning luong cao, dong thoi gia tri ctia dinh cong hudng
tang len. Nguyén nhan ctia sy dich chuyén vé phia nang lugng cao la do khoang cach
gitta hai mtc nang luong, E, — E, tang theo tit truong. Ngoai ra qua trinh hap thu
hai photon c6 gia tri khodng 55.8% so v6i qua trinh hap thu mot photon ciing cho
thay ring qua trinh hap thu hai photon cho déng gép dang ké vao qua trinh tong
va khong thé bd qua khi khao sat qua trinh hap thu quang tit trong MoS, don 16p,

cling nhu trong mot sé vat lieu 2 chiéu khac.
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Hinh 2: Sy phu thudc cia FWHM vao tit truong tai 7' = 77 K. Cac cham day v cham
trong tuong ng v6i qua trinh mot va hai photon.

Hinh 2 mo ta sy phu thuoc cia FWHM vao tit truong tai 7' = 77 K. Két qua
cho thdy FWHM tang theo tit trudng theo quy luat v/B trong cd hai trusng hop hap
thu mot va hai photon. Két qua nay phit hgp véi két qua thu duge cho tuong téac
electron-TA-PE phonon [7] ciing nhu déi v6i tuong tac electron-LA-PE trong truong
hop spin hudng lén [6].

Hinh 3 mo t4 su phu thuoc cia MOAC vao nang hugng photon doi véi cac gia
tri khac nhau ctia nhiét do. Tuy rang nhiét do khong anh huéng dén vi tri ctia dinh
cong hudng, cac dinh cong hudng chinh (iing véi dich chuyén n = 0 — n/ = 1) xuat
hién tai vi tri AQ = 0.8686 va 1.7372 eV tuong ting véi qua trinh hap thu hai vA mot
photon, nhung nhiét do anh huéng manh dén do cao ctia dinh cong hudng: nhiét do
cang cao thi do cao clia dinh cong huéng cang tang. Mot lan nita két qua nay phu
hop v6i két qua thu duge doi véi tuong téc electron-TA-PE phonon [7] ciing nhu
d6i v6i tuong tac electron-LA-PE tinh cho truong hgp spin huéng len [6]. Dinh nhé
xuat hién bén canh 1a do qué trinh dich chuyén n = 1 — n’ = 2, ma két qua chi tiét
khong duge khao sat & day.

Trong hinh 4 ching t6i mo ta sy phu thudéc cia FWHM vao nhiét do tai
B =10 T. Két qua cho thiy ring FWHM phu thuoc vao nhiét do theo quy luat /7.
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Hinh 3: Sy phu thuoc cia MOAC vao nang lugng photon A2 trong MoSs don 16p do tuong
tac electron-LA-PE phonon (cac dusng mau xanh) va TA-PE phonon (cac dudng mau den)
tai B =10 T v6i cac gié tri khac nhau ctia nhiét do 7. Cac hinh (a) va (b) tuong tng véi
qué trinh hap thy hai v& mot photon. Két qua duge tinh cho qua trinh spin huéng xudng.

St dung chuong trinh tinh s6, ching toi thu duge FWHM (meV)= 0.1/T[K]
do6i véi qua trinh hap thy mot photon do tuong tac electron-LA-PE phonon va
FWHM (meV)= 0.167/T[K] d6i v6i tuong tac electron-TA-PE phonon. Dang tiéc
1 hién nay chua c6 cac két qua thuye nghiem dé kiém chiing cac du doan ctia ching
toi. Tuy nhien, cac két qua nay co thé 1a mot dinh huéng tét cho viéc kiém ching
bang thic nghiém ma ching t6i hy vong la sé duge thire hién trong mot tuong lai gan.
4. KET LUAN

Trong bai bao nay ching toi da dua ra duge biéu thitc giai tich ctia hé s6 hap
thu quang tit trong MoS, don 16p khi c¢6 tuong tac electron-phonon am doc véi thé
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Hinh 4: Sy phu thuoc cia FWHM vao nhiét do tai B = 10 T. Cac cham day va cham
trong tuong tng véi qua trinh mot va hai photon.
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ap dien (LA-PE phonon). Két qua thu dugc cho thay vi tri cia cdc dinh cong hudng
khong phu thudc vao nhiét do ma chi phu thudc vao tir truong trong khi do cao ctia
chiing déu ting theo nhiét do va tit truong nhung. Khi tit truong ting thi cac dinh
hap thu dich chuyén vé phia c6 nang lugng 16n hon. Stt dung phuong phap profile,
chiing t6i thu duge: FWHM tiang theo tit truong va nhiét do véi ca truong hop hap
thy mot va hai photon, nhung FWHM déi véi qua trinh hap thy hai photon nhé hon
so vdi ching trong truong hop hap thu mot photon. Két qua dy doan vé quy luat
thay doi cia FWHM theo nhiét do c6 1a dinh huéng cho viec kiém chitng bang thuc
nghiém trong tuong lai.
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Title: NONLINEAR TWO-PHOTON ABSORPTION PROCESS IN MOS; MONOLAYER
UNDER THE EFFECT OF ELECTRON-LA-PE PHONON SCATTERING

Abstract: In this work, we investigate the nonlinear two-photon absorption process in
molybdenum disulfide monolayer under the effect of electron-longitudinal acoustic (LA)
phonon with piezoelectric (PE) coupling. Using the perturbation method we obtain the
expression for the magneto-optical absorption coefficient (MOAC), and then using the
profile method to obtain the full width at half maximum (FWHM). The results show that
MOAC and FWHM strongly depend on the magnetic and temperature in both cases one-
photon and two-photon absorption processes. The obtained results are compared to those

in case of electron-TA-PE phonon scattering.

Keywords: MoS, monolayer, magneto-optical absorption coefficient, full width at half

maximuin.



