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CONG HUONG CYCLOTRON - TAP CHAT TRONG SILICENE
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Tém tit: Chiing t6i nghién cttu cong huong cyclotron — tap chét thong qua phd hdp thu
trong silicene don 16p dit trong trudng séng dién tir va tir treong vudng géc. Anh hwedng
cua mét dién truong khong doi cling duwoc khao sat. Hé sd hap thu phi tuyén duoc tinh toan
béng ly thuyét nhiéu loan khi xét dén su tan xa dién to — tap chét. Ttr d6, sy phu thudc cta
hé s6 hédp thu song dién tir vao ndng luong photon dwgc khao sat. Két qua cho thdy dién
treong va tr truong anh huong manh 1én pho cdng hudng cta silicene don 16p. Khi ting
gia tri ctia dién truong thi gia tri ciia hé s6 hédp thu tai cac dinh cdng huong téng, con khi
tang gia tri cua tit truong thi gia tri ctia hé s6 hép thu tai cac dinh cong hwong giam. Ngoai
ra, st dung phuong phap Profile chiing t6i thay rrﬁmg d6 réng vach phd hap thu (FWHM)
gan nhw khong doi ¢ nhiét d6 thap va phu thudc vao dién truong cho ca qud trinh hip thu
mot photon va hai photon.

Tt khoa: cong huong cyclotron — tap chat, silicene, pho hap thu, d6 rong vach phd, dinh
cong huong

1 Mo dau

Silicene 1a mot mang 2 chiéu ctia cac nguyén ti silic sip xép trong mot mit phang c6 cau
truc to ong twong tw graphene. Khai niém silicene duwgc st dung lan dau boi Guzman-Verri va
Lew Yan Voon [1]. Do ¢6 ciu truc twong tu graphene nén silicene cting c6 mot s6 tinh chét vat
ly ddc biét giong graphene: cac hat tai la cac Dirac fermion khong khéi luong, phd ning luong
tuyén tinh gan diém K, d¢ linh dong dién tt 16n (tuy nho hon graphene nhung 16n hon rat
nhiéu so véi silic khdi). Diém khac biét co ban la cic nguyén ti silic khdng nam trong cting mét
phéng, thé hién tinh bat d6i xting qua mat phang mang gy nén twong tac spin — quj dao (SOI)
manh trong silicene tao nén moét khe nang lwong nho (cé 1,55 meV) [2]. Ngoai ra, d rong khe
nang luong c6 thé duoc didu chinh bang cach ap dung mét dién truong bén ngoai vuong goc
v6i tam silicene. Tuy c6 cac tinh chat vat ly twong dong, nhung xét vé tiém nang tng dung
trong tuong lai gan, silicene c¢6 wu diém hon graphene boéi vi cac linh kién dién ti dang st dung
hién nay chu yéu dua trén cong nghé silic do vay silicene sé twong thich tot v6i cac linh kién

nay hon graphene.
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Viéc nghién cttu cac tinh chat chuyén tai quang — tir 1a co s& quan trong cho céac ting dung
cua vat liéu vao cac thiét bi quang — dién ti, ddc biét la voi cac vat liéu méi c6 nhiéu tinh chat
ndi troi gan day. Trong sd cac hiéu tng chuyén tai lwgng tw thi cdng huong cyclotron la mot
cong cu quan trong d€ xac dinh cac thong s6 ctuia vat liéu voi do chinh xac cao. Viéc phan tich
pho cdng huong cd thé thu nhan khoi luwong hiéu dung hat tai, khoang cach gitra cac mirc nang
lwong Landau, thira s6 Lande (g-factor) [3]. Cong hudng cyclotron da dwgc nghién ctru chi tiét
trong ban dan khdi, cac vat liéu thap chiéu truyén thong [4] va gan day la trong graphene ca vé
ly thuyét [5] va thuc nghiém [6]. Tuy nhién, cong huong cyclotron trong silicene van chua duoc

quan tam nghién cttu sau rong.

Trong cong trinh nay chung toi tién hanh nghién ctu ly thuyét cong hudng cyclotron
trong silience ¢ nhiét d6 thdp tinh dén anh hudng cta tuong tac dién tir — tap chat khi tam sili-
cene duoc ddt trong mot tr treong vudng goc va mot song dién tir. Anh huwong cta moét dién
truong khdng d6i ciing duoc khao sat. St dung gan ding nhiéu loan, tinh toan biéu thiic tuong
minh ctia hé s6 hap thu tinh dén qua trinh hdp thu mot va hai photon. Cac két qua giai tich
duoc tinh s8 véi cac tham s8 cu thé dé€ thay duoc sy phu thudce ctia hé s6 hap thu va FWHM vao
nhiét d¢. Bai bdo dwgc ciu tric nhu sau. Trong muc 2, ching t6i gidi thiéu mo hinh tinh toan va
cau tric dién tir ctia silicene khi dit trong tir trudng vuong géc va dién truong thang goc véi
truc z. Cac két qua tinh sd va thao luén dwgc trinh bay & muc 3. Cudi cuing, mot s6 két luan

quan trong duoc dua ra 6 muc 4.

2 Biéu thirc giai tich ctia hé s6 hap thu song dién tir trong silicene

Silicene 1a mot 16p nguyén tw silicon 2D xép thanh mang td ong gap khiic nho. Néu bo
qua SOI kiéu Rashba [7], rat nho so v6i SOI thuan tay (intrinsic SOI), Hamiltonian nang luong
thap d6i véi cac fermion lan can cac diém K va K' duoc cho bai [2, 7]

H=v,(r,0, —t7,0,)-(15 A —deE )o, 1)

trong d6, v, 1a van tdc Fermi, r =+(-) 1a chi s6 vung K (K'), o, =x,y,2) la cac ma tran Pauli
chuén spin, 2d la khoang cach gitra hai mang con (sublattice) theo phuwong vudng goc véi tam
silicene, E, la dién truong khong do6i ddt vao tam silicene, Ay, la cuong do SOI, s, =1(s, =-1)
md ta spin 1én (xudng), 7, la thanh phan u (x=x,y) cta toan t xung luong 7 =p+eA, p la
toan tir xung luong, A 1a thé vecto va e la dién tich dién ttr. Gia st 6 mot tir truong vudng gdc

B = Bé. dwoc dit vao tAm silicene. Véi gia thiét chuan Landau A = (=By,0,0), Hamiltonian khong
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thit nguyén va cac gid tri riéng tuong tng da dwgc dua ra chi tiét trong [2]. Nang luong cho

fermion trong treong hop nay la

£, =rho n+ LR @

N

) day, r=+1(-1 ky hiéu trang thdi dién t& (10 trdng), n (n>1) 1a chi s§ mc Landau
(LL), Z, = 4, [ ho, VOi A,(s.) = FAgs. +dE, VA @, =20, /1,, o, 12 tan s6 cyclotron, I, =i/ eB 1a

d6 rong tir. Ham riéng cua mét dién tr gan vung K 1a

. 1,9
|a)=ns..r) =y, <§>=( ’7j¢ : J ®)
n,14,1(5)
v6i f,(&) 1a ham mo ta dao dong diéu hoa chuan héa va
A+ E 1/2 - A )1/2
+ sf_’ + n,s_,r + n,s_,r - + sf_’
m o= [f:l s M= _"{f] : (4)
2Eil,.?; S 2E’l,5: S
Db6i véi mot dién tir gan vung K', cac ham riéng twong tng véi Hamiltonian (1) la [2]
g 1y #f, 1 ()
wn<§)=[ the J (5)
7, ¢fn (5)
voi
- Al )1/2 - A )1/2
n,s.,r +A_(s, _ s = S,
S CRTR
2EI'I,X: N ZEH,S: N

Xét tuwong tac cua dién tir voi photon va cac tap chat gay ra su chuyén doi gitra cac murc
Landau. Xéc sudt chuyén doi W/, do twong tic giita dién tit — photon — tap chét trong silicene
c6 dang [2]

(e _ 27n; 2
Waa' - flSO Z[:Zq:|U(q)|

2
T{ @@ g1y 8,y O(Eg —Ey — (hav), 7)

+
Jn,n',r,z" (‘Yz)
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trong d6, n; 1a ndng dd tap chat, S, 1a dién tich ctia mau, ¢ =1k, -k, | 1a vecto song tén xa, o la
tan s cua song dién ti, J,(x) la ham Bessel bac ¢ cta d6i s6 x, U(g) la hé s6 Fourier cho boi
cong thitc U(q) = 27U, / q,, V6i U, =¢* / (47,¢,), €, 1a hang s6 dién mdi, &, la d6 dan dién, ¢, 1a

d6 16n vecto chan mo ta dién thé cua tan xa. Thira s6 dang

J f v (8.)| duoc cho boi [2]

2
]+ ( ) 2 _ n, ! n_—-n_ —u + +'Ln>fn<( )+ + + n_>Ln>fn< ]
nan' Sz - 'M e mm n, Uu)+1,1, n.-1 |, ( )
n_! n,
2
J- ( ) 2 _ n<! n_—n_ —u - —'Ln>fn<( )+ o n_>Ln>—n<( ) 9
nn' ! S, - 'M e 1, n u mm n -1 u > ( )
n! « n, '

voi u= 1123 412 n . =min(n,n'), n, =max(n,n’) va L>"" la da thitc Laguerre lién két.

Hé s6 hap thu 1 ddi v6i qua trinh ¢ -photon ¢6 thé duoc viét [8]

‘ 167hn,( hao
V= [ ° = + (O
= C—z{l—exp[—nﬂg‘{f@a M- fE )W,

s(w)a o B
(10)
trong d6, f(E,) la phan bd Fermi cua dién tk, n, la mat do dién t&, a=E, /0 voi E; la bién do

séng dién tlr. Ta c6 thé thu duogc biéu thiic tuong minh cho hé s8 hdp thu béng cach chuyén
tong ¢, a, o' thanh tich phan nhu sau [2]

©

Z—) % J.du]fdgo, (11)

2
p (2rly) o
L,/212
L, S,
- — dk, =—=2 ) (12)
27 Y2zl
ala’ nr.s.E/n sl E _Ly/21§ Tlg n,r,s.,x/n',r's.

Trong tinh toan nay, chung toi chi xét cdc qua trinh hap thu mét va hai photon (£=12).

Str dung cac khai trién gan dung cho cac ham Bessel ta duoc
2 2 2 4
J1(agq) = (ayq)”, T (agq) = (ayq)" 1 4, (13)
V6i ay = eEy /[2m" (0" —@})], m" 13 khdi lwong hiéu dung dién tt.
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Tich phéan theo u c6 thé tinh todn bang cach st dung tinh chét truc giao ctia da thiic

Laguerre. Sau khi tinh todn ta c6 hé s6 hap thu séng dién tir cho ving K

645U w2atn,n ho
@+ - 2200 ” ool 1—exp| ——— fET ‘)[1_f(E;'r )
e R A P s

nn' rr s+

x{[(nf w4 =200 n i Jnn, 4o P o +n -1 |

n's,r' n,s,,r

2
xS(ES, o~ Ey, , —ho)+ 2] o {2+ 6n (0 + D+ (n, —n.)
ZB

x(n, +5n_+3)}—4n'n 1,1, ,/n>n< (n,+n_)+(m,n, )2

x(2+6(1_ ~Dn_+(n, —n)n, +5n_ =SS, .~} , ~2ha)|. (14)

n,s_,r

Tuong tu, két qua ctia ving K' duoc cho bdi phuong trinh (14) véi E, ,, E, 0o,

n,s,,r?

lan luot duoc thay bang £, E,. ..u;.7; -

3 K&t qua tinh s6 va thao luan

Trong muc nay, ching t6i thuc hién tinh s6 cac két qua giai tich vira thu dugc o trén dé€
lam r6 mot s6 dac trung vat ly cta phd hdp thu trong silicene don 16p. Céc tham s6 st dung dé
tinh todn s6 duoc cho nhuw sau [1, 2, 9]: E, =10° V/m, ny =5x10%° mfz,g,_ =4, & =8.86x107"
C2/Nm?, n, =108 m 2, vy, =542x10° m.s ™, ¢ =5x10° m ™ [2] va 4y, =3.9 meV [2]. Cac két qua
tinh todn cho truong hop khong c6 mat dién treong khong doi da dwgc thu nhan va thao luan
trong cong trinh gan day [10]. Trong cong trinh nay, ching toi tap trung khao sat anh huong
cua dién truong khong doi 1én qua trinh hdp thu quang — tir va cdng huong cyclotron — tap chat
trong silicene don 16p, tic la so sanh két qua thu duwoc gitta treong hop E. =0va E, #0. Sau
day, chtiing t6i xét hai treong hop cua dién treong ¢E, =0 va eE, =3.9 meV/d . Dong thoi, chi
xét cac dich chuyén xay ra trong vung K.

Hinh 1 chi ra pho hdp thu nhu la mot ham ctia néng luong photon tai tit truong B =10 T,
nhiét do T =4 K véi hai gia tri khac nhau cua dién truong ¢E, =0 va eE_=3.9 meV/d. Ttr pho
hap thu nay c6 thé thay mdi duong cong c6 2 dinh cuc dai ing véi cac gia tri khac nhau ctia

nang lwong photon. D&i véi truong hop eE. =0, dinh th nhat dinh vi tai gia tri ndng lwong

139



Hoang Thi Duyén va CS. Téap 127, S8 1B, 2018

photon 70 =12.8691 meV; gia tri ndng luong nay thoa man diéu kién E,,, - E,,, = 2hw . Dinh thit
hai dinh vi tai gia tri nang luwong photon #w = 257383 meV; gia tri nang leong nay thdéa man
diéu kién E,,, - E,, =ho (E_, =62346 meV, E,,, =88.0843 meV ung vo6i bo dich chuyén cua
muc Landau n=1 n'=2). Hai dinh nay mo6 ta qua trinh dich chuyén dién t tt mtc 11,11y dén
mikc 12,1,1) béng cach hdp thu hai photon va mot photon. Tuong tw, ta ciing thu duoc cac diéu
kién twong tw d6i véi truong hop ¢E. =3.9 meV/d . Day chinh la diéu kién do tim cong huong
cyclotron ¢ cong thitc chung AE = (hw v6i AE la hiéu ndng luong ctua dién tk gitta hai mtc
Landau dau va cudi, (=1 va 2 tuong Gng qua trinh hap thu mot va hai photon. Trong truong
hop nay, tan xa dan hoi dién t&r — tap chit duwoc xem nhu la mét tac dong nhiéu loan 1én xéc
sudt dich chuyén dién tx. Do d6, cac dinh cuc dai nay duwoc goi 1a cac dinh cdng hudng cyclo-
tron — tap chét. Ta ciing thay réng vi tri dinh cdng huwong bi dich chuyén khi ¢ mét dién truong
khong doi; gid tri cua hé s6 hap thu tai cac dinh cdng huwong khi ¢ dién truong e¢E. = 3.9 meV/
d 16n hon nhiéu khi ¢E. =0. Diéu d6 ching to dién truong c6 anh huwong manh dén pho hap

thu.

10 15 20 25 30 35 40 45

Hinh 1. Sy phu thudc ctia hé s6 hdp thu I' vao ndng luong photon 7w tai tie truong B = 10 T, nhiét d6
T =4Xvoihai gid tri khac nhau ctia dién treong eE, = 0 (duong dut nét) va eE, =3.9 meV/d (duong

lién nét).

25 30 35 40
hw (meV)

Hinh 2. Sy phu thudc ciia hé s6 hdp thu T vao nang luong photon %@ tai tir truong B =10 T v6i cac gia
tri khac nhau ctia nhiét d6 T =1 K (duong lién nét) va T=4 K (duong dit nét).
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D€ thdy anh hudéng ctia nhiét do 1én phd hap thy, trén Hinh 2 chiing t6i biéu dién hé s&
hap thu theo ndng luong photon véi cac gia tri khac nhau cua nhiét do. D6 thi cho thdy vi tri
dinh cdng hudéng gan nhu nhau tai nhiét d6 T=1 K va T =4 K. Diéu d6 chiing to & mién nhiét
d6 thap, nhiét d6 khong anh huong dén vi tri dinh cdng huong trong silicene don 16p. Sau day,
ching toi khao sat su thay déi cua d6 rong phd cta dinh cong huong cu thé khi nhiét d thay
déi.

Hinh 3 m6 ta sy phu thudc cta d6 rong vach phd FWHM vao nhiét 6. Khi tang nhiét do
trong khoang tlt 0,1 K dén 70 K, FWHM duong nhu van khong thay d6i. Didu nay cho thdy tac
déng nhiét khong déng gop quan trong trong silicene, nghia la silicene c6 tinh 6n dinh nhiét d6
cao va cac qua trinh tan xa trong silicene don 16p dwoc kich hoat rat yéu. Su phu thudc rat yéu
cua FWHM vao nhiét d6 cling dugc quan sat thay trong graphene don 16p [11, 12] cho thay su
giong nhau vé anh hudng ctia nhiét do 1én cac tinh chat hap thu quang — tir ctia graphene va
silicene don 16p.

Hinh 3(a) cho thay dién truong anh hwong manh 1én d6 rong vach phd FWHM. Gia tri
cua FWHM d6i v6i qua trinh hdp thu mot photon khi ¢6 dién truong eE, = 3,9 meV/d 16n hon
so voi khi dién treong eE, =0. Cu thé, khi ¢E. =0, FWHM xap xi gid tri 3,184 meV, khi ¢E: = 3,9
meV/d FWHM xdp xi gid tri 3,275 meV. Cho dén nay, chiing t6i van chuwra im duogc co ché ly
thuyét d€ giai thich cho su gia tdng gia tri caa FWHM khi c6 mét dién truong.

r 4
3'28>. L] L] L] L] L] . L] L] [ ] ] Y . ° .
A3.26} 7’.\3......'.......-.........
? 3 N
53_247 (a) ® :cE =39mdV/d g (b) » :qué trinh mot photon
= m el =0 E 2 1 :qué trinh hai photon
T 3.22 ) <
<
L 320 g
[ " E EE N ENENEENENEENEENEENENEEENEEEEEDN
3'18}. n | | | | | | | | | | | | | | - | | | | - | -,
0 10 20 30 40 5 60 70 o 10 20 30 40 50 60 70
T (K) T(K)

Hinh 3. Sy phu thudc ctia d6 rong vach phé FWHM vao nhiét d6 T tai tit truong B =10 T: (a) trudng
hop hép thu mot photon khi khong ¢6 dién truong khoéng doi (chdm hinh vudng) va ¢é mét dién truong
khéng d6i eE, =3.9 meV/d (chdm hinh tron); (b) truong hop cé mat dién truong khong d6i ¢E, = 3.9
meV/d d6i véi qua trinh hdp thu mét photon (chdm hinh tron) va qua trinh hap thu hai photon
(ch&m hinh vuéng).
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Hinh 3(b) cho thdy FWHM tai cac dinh cdng huong ting véi qua trinh hap thu hai photon
nho hon nhiéu so véi qua trinh hap thu mot photon. Ddi voi qua trinh hdp thu mot photon,
FWHM xdp xi gia tri 3,184 meV; ddi vdi qua trinh hap thu hai photon, FWHM xap xi gia tri
0,6244 meV. Nguyén nhan la do x4c suat tan xa ciia mot photon 16n hon hai photon. Tuy nhién,
déng gdp cua cac qua trinh hai photon la dang ké va khong thé bo qua.

4  Kétluan

Trong cong trinh nay, ching t6i da nghién cttu cong huong cyclotron — tap chét trong
silicene don 16p khi dét trong treong séng dién tir va tir truong vudng goc, ¢ xét dén anh
hudng cua mot dién truong khong ddi. Két qua khao sat sy phu thudc caa hé s6 hap thu vao
nang luwgng photon cho thdy sw xuét hién cua cac dinh cong huong cyclotron. St dung phuong
phap Profile chung t6i da vé dugc d6 thi bidu dién su phu thudc ctia dd rong phd ctia dinh cong
huong dién t — tap chat vao nhiét do. Dién truong khong d6i anh huong manh 1én pho hap
thu cta silicene don 16p va FWHM ctia cac dinh c¢ong huong gan nhu khong d6i khi thay doi
nhiét d¢. Qua trinh hap thu hai photon cho déng gép dang ké vao phd hédp thy, cho thdy tam
quan trong cua cac qua trinh hdp thu nhiéu photon va viéc nghién ctru cac qua trinh nay la can
thiét trong linh vuec quang phi tuyén. Cac két qua trén la co sé cho cac nghién ctu ting dung

cua vat liéu mdi silicene trong ché tao cac thiét bi quang — dién tir nano.

Loi cam on: Nghién cttu nay duoc tai trg boi Quy Phat trién khoa hoc va cong nghé Qudc
gia (NAFOSTED) trong dé tai ma s 103.01-2016.83.
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CYCLOTRON-IMPURITY RESONANCE IN SILICENE
MONOLAYER UNDER A STATIC ELECTRIC FIELD
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Abstract. We investigate the cyclotron-impurity resonance through the absorption spectrum
in monolayer silicene in the presence of an electromagnetic wave and a perpendicular mag-
netic field. The influence of an external static electric field is also taken into account. The
nonlinear absorption coefficient (NAC) is calculated using the perturbation theory in the
case of electron-impurity scattering. The dependence of NAC on the photon energy is con-
sidered. The results show that the external static electric and magnetic field strongly affect
the resonance spectrum in monolayer silicene. When the electric field increases, the value of
NAC at the resonant peaks increases. Whereas, it decreases with the increase in the magnet-
ic field. On the base of the Profile method, the full width at half maximum (FWHM) of the
resonant peaks is obtained, and it is nearly unchanged with temperature in the low-
temperature region. In addition, FWHM depends on the external electric field for both the
one- and two-photon absorption process.

Keywords: cyclotron-impurity resonance, silicene, absorption spectrum, full width, reso-
nant peak
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