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Tém tat: Trong cong trinh nay, ching toi khao sat sit hdp thu séng dién tit trong
graphene don 16p c¢6 do rong viing cAm hitu han khi ¢6 mat mot tir trusng tinh
vuong goéc v6i tam graphene. He s6 hap thu phi tuyén duge tinh toan bang ly
thuyét nhiéu loan khi xét dén sy tan xa dién tit - tap chat. Tu do, khao sat sy
phu thudc ctia hé sé hap thu séng dién tit vio nang lugng photon khi thay déi
tit truong va nhiét do. Két qué cho thay tit trudng dnh hudng manh lén cac dinh
cong hudng cyclotron (CHC) trong khi dé nhiét do khong lam thay ddi vi tri céc
dinh CHC trong graphene don 16p. Sy phy thudc ctia nang lugng photon cong
hudng vao tu truong cting da duge thu nhan.

T khéa: Graphene, hé sb hap thy, cong hudng cyclotron, tan xa dién ti -
tap chat.

1. MO DAU

Graphene 1a tinh thé hai chiéu ctia cac nguyeén ti cacbon cé cau tric luc gidc
(cAu tric t6 ong) do sy lai héa sp?, mdi nguyen tit cacbon (C) hinh thanh ba lien
két o vai mdi nguyen tit C lan can gan nhat tit ba dién t hoa tri [1, 2]. Chuyén
dong clia cac dién ti trong graphene c6 thé dugec mo ta biang phuong trinh Dirac
cho cac fermion khong khoi lugng [1, 2]. Graphene s3 nhidu tinh chét vat ly ndi bat,
chang han do bén co hoc cao, din dieén va nhiét t&t ngay ca & nhiet do thuong [3].
Tuy nhién, graphene don 16p (monolayer) c¢6 do rong ving cam bang khong, day
chinh 1& trd ngai khi ting dung graphene vao thuyec tién: khong thé 4p dung trong cac
thiét bi dong - md (transitor hiéu tng truong), cac thiét bi quang dien ti. Do vay,
nhu cau cap thiét dat ra la phai tao viing cam khéc khong cho graphene. Mot trong
cac phuong phap dé tao ra ving cam hitu han trong graphene don 16p do 1a dit
graphene trén mot dé phan cuc, chang han dé boron nitride (h-BN) ¢6 cau tric tinh
thé dang luc gidc. Do tuong tac v6i dé h-BN, sy déi xiing clia cdc mang con trong
tam graphene bi pha vd, lam xuat hién mot ving cam hitu han ¢d 106 meV trong
graphene [4, 5]. Bén canh d6, dé h-BN c6 wu diém vugt troi hon so véi dé SiO, vi
né c¢6 bé mat tron & kich thudc nguyen tit va hing sé mang gan gidng véi graphene.
Ngoai ra, dé h-BN hau nhu khong c6 céc lien két kém bén va cac by hat mang dien.
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Cac thiét bi graphene trén cac dé nay thé hién do linh dong cao, giam thiéu duge sy
chuyén tai khong dong nhat trong vat ly luong ti. Sy xudt hién ctia viing cAm hitu
han trong graphene dudc ky vong lam thay déi manh cac tinh chit quang hoc ctia
né, trong dé co sy dich chuyén ciia céc fermion gifta ving héa tri v ving dan cho
tuong tac v6i photon song dién tii.

Trong cong trinh nay ching toi tién hanh khao sat hé sé hap thu séng dién tir
trong graphene don 16p c6 do rong viing cam hitu han dude dit trong mot i truong
vuong goéc dudi anh hudng clia tuong tac dien ti — tap chat. St dung ly thuyét nhidu
loan dé tinh todn biéu thic tudng minh ctia hé sé hap thu tinh dén qua trinh hap
thu mot va hai photon. Céc két qua giai tich dugdc tinh sb véi cac tham s6 cu thé dé
thay dugc syt phu thude ctia hé s6 hap thu vao nang luong photon khi tit truong va
nhiét do thay doi. Bai bao duge cAu tric nhu sau: Trong muc 2, ching toi gisi thieu
biéu thic ctia he s6 hap thu séng dién tit trong graphene c6 do rong ving cam hitu
han khi dat trong tit truong vuong géc. Cac két qua tinh s6 va thdo luan dugce trinh
bay ¢ muc 3. Cudi cting, mot s6 két luan quan trong duge dua ra & muc 4.

2. BIEU THUC GIAI TICH CUA HE SO HAP THU SONG DIEN TU TRONG
GRAPHENE CO DO RONG VUNG CAM HUU HAN
Xét tam graphene dugc dat trén mot dé h-BN. Tuong tac ciia dé len tam
graphene lam hinh thanh mot ving cam nang lugng gitta ving dan va ving hoéa
tri. Khi d6 Hamiltonian ctia graphene c6 viing cam nang lugng trong mot tr truong
vuong géc B tai viing lan can diém K duge cho bdi [5]
A UFP—)
H— , 1
(o 5 1)
4 day, vp chi van téc Fermi, pp 14 magneton Bohr va py = p, + ip,. Hamilton trong
phuong trinh (1) duge viét trong (2+41) chiéu. S6 hang Zeeman trong phuong trinh
(1) dugc bdé qua vi n6 chi dong gop khi tit truong B rat 1on. Tt d6, phd nang lugng
duge bidu dién bdi cdc s6 hang ning lugng cyclotron fiw, = hv/2vp/lp, trong d6
(g = \/h/eB la do dai tit. Ngoai ra, bang cach chon chuan Landau A = (—B,,0) va
st dung phép thay thé 74 = p, + ip, — eB,, ta co

A VpT_
H = . 2
<UF7T+ —A ) ( )
Vectd rieng chuan héa ctia phuong trinh tri rieng H¥ = EV 1a [5]
1 aan)nfl ik
m — 1Rz
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trong do, ®,,(€) 1aham dao dong véi € = (y—(%k,) /s, I = \/h/eB 1a do dai tit, phd
nang lugng duge bidu didn bdi céc sé hang ning lugng cyclotron hw, = hyv/2vp/{p.
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Chi s6 n (n = 0,1,2,...) biéu thi cAc mitc Landau riéng ré trong khi do, s biéu thi
ving dan (s = +1) va ving héa tri (s = —1). E,, 1a tri rieng v6i cac he s6 ag, va
bs, duoce cho bdi

E A E,, — A
5n+ ’bsn: sn ) (4)

Truong hgp n = 0 duge xem xét riéng so vd6i trudng hgp thong thudsng. Trong
graphene khong c¢6 viing cAm (A = 0) thi mic nang lugng khong tuong tng tai diém
Dirac va cach déu viing dan va viing hoéa tri. Didu nay c6 nghia la do suy bién nhd
hon hai 1an so véi cac muc khac. Vecto rieng chuan hoa c6 dang

Ty = \/% ( £0> ettt (5)

Khi n > 0 thi phuong trinh (2) trd thanh [5]
By, = s[A% + nh%w0? Y2 (1 = 0,0), Eso = FAGpo. (6)

Ky hiéu ctia mic nang lugng khong E 1a am déi v6i diem K va duong dbi véi diém
K'.

Trong bidu difn Landau, Hamiltonian ctia electron - tap chat (bao gdm ca
thung ling K va K') c6 dang

Hei =Y > > Ulg)Feee ™ cleg, (7)

g.a &€

& day, ta lay tong dbi vai tat ca cac sb lugng tit [€) = |s,n, k,) vaq, a; U(q) 14 bién doi
Fourier ciia thé tan xa cho bdi bidu thitc: U(q) = Uy /(¢* + k)2 v6i Uy = €%/ (2¢,50),
trong d6 e, 1a hang s6 dién moi, 9 1& hang s6 dién moi trong chan khong va kg
1a vecto séng chin, Fge(q) 1a he s6 dang véi: Fee(q) = (£l |€'), r, 1a vi trf tap
chat, cg va ¢¢ 1an lugt 1a toan t sinh va toan ti hiy electron & trang thai |s). Trong
graphene, sy phan chia (tdch) spin Zeeman tuong déi yéu nén ta c6 thé bé qua higu
ting Zeeman |[6].

Gia sit cac tap chat 1a dong nhat va duge sdp xép mot cach ngau nhién trong
mau va sy phan chia trung binh gitta tap chat 16n hon nhiéu so véi electron nhiét
thi xéc suat dich chuyén electron déi véi qua trinh ¢ photon dugc cho bdi
sulil D U@ [Fee(w)[* €77 (0@) 8, ;14,0 (= Bon + Barnr — thw), - (8)

q

We ;= T
33 hSo

trong do6, m; 1a nong do tap chat, ap la thong s6 mac 4o, Jy(z) 1a ham Bessel va
u = (%q*/2, he s6 dang |Fge(u)|? ¢6 dang
2

m! i Im—+7 ,
|Fss’nn’(Q)|2 - me u’ [asnas’n’ TLZn—l(u) + bsnbs’n’Lfn(U) ’ (9)
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v6i m = min(|n|,|n']), 7 = ||7/| — |n|| v& L7, (u) la da thic Laguerre két hop.

He s6 hap thu phi tuyén séng dién tit clia electron trong vimg dan cé thé quy
ra sy tan xa bdi cac tap chat bi ion héa c6 dang [7]

0 (1o (<)) Y B0 - 1B (0
c/e(w)atw kT ; &

& day, f(FE¢) la phan bd can bang Fermi Dirac d6i véi electron, ng 1a mat do electron,

c la van toc anh sang trong chan khong, € 1a hiang s6 dién moi tan s6 cao trong

graphene, a = Fy/w véi Ey va w 1an lugt 1a bien do va tan s6 cia EMW. Tong bao

gom cac s6 lugng ti [€) = [s,n, k) va [&) = |¢',n/ kL) v6i [€) # |£).

Bién ddi cac tdng thanh tich phan > — £%25° vei g, = 4 [5], > —
B
q

g/¢ sn

00 2

(25# [ du [ dp, va x6t qué trinh hap thu mot photon va hai photon (¢ = 1,2),
0o 0

ching toi tinh dugce tich phan theo w, ki hi¢u Iy, /, nhu sau
o
S U2Oé2 wlF s (u 2
= 0_020 /duw(;(]gs,n, — B — hw)
2wl U+ Ugp
0
o

27l U+ Ugp
0

By, — Eg — 2hw)du,

trong do, ug, = %kﬁé%.

Tinh toan va thay vao biéu thic cia IO ta duge

167hn hw gSSO 2
o — 0 (1—eX — )( ) BN — f(E.
CA /5(00)(12(,0 p ( kBT) 271'623 Sgn/ f( )( f( s ,n ))
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hSo | 2mugls” (B <)

SoUOQO!é
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X Qg0 Dsnbyy + U200 (2m + j + 1),

m! m -+ J .
SHy = m{agnai/n/ - J 24+ 6m(m+1)+75(7+32m—1))]

o ML by T 20 2m)(m )]
(m —1)! e T e m (m —1)!
(m+j)!}

m)

+ 2,05 /(2 4+ 6m(m + 1) +j(j + 3(2m + 1))

= (2+46m(m—1))+5( +32m —1))al,a’ ,
- 4 m(m + ]) X (] + 2m)a5nasln/b5nbs/n/
+ (24 6m(m + 1) +j(j + 3(2m + 1)))b2,b% ..

Céc ham delta Dirac (§) & biéu thiic (11) dién ta dinh luat bo toan nang lugng
hay quy téc loc lya, tic 1a mo ta qua trinh dich chuyén ctia céc fermion Dirac qua
sy hap thu cdc photon dudi 4nh hudng ctia tuong tac dién ti - tap chat. Mot van dé
ndy sinh d6 1a cac ham § c¢6 thé bi phan ki khi déi s6 ciia chiing bang 0. Do do, dé
thu dugde cac gia tri mang y nghia vat 1y ctia hé sé hap thy, cac ham § s& duge thay
bang cac ham Lorentzian nhu trong [8] vdi tham s6 md rong (broadening paramater)
v do tan xa bdi tap chat dugce cho bdi: v = /2/Ahw, v6i A la thong s6 khong c6
thit nguyen phu thudc vao nong do tap chat va thé tuong tac tap chat. Khi tan xa
yéu, vi du mau sach thi A ~ 100 [9].

3. KET QUA TiNH SO VA THAO LUAN

O phan nay, ching toi s& thyc hien tinh s6 cac két qua gidi tich vita thu duge &
tren dé lam rd mot s6 dac trung vat 1y ctia he s6 hap thu séng dién tit trong graphene
don 16p ¢6 do rong viing cAm hitu han. Céac tham s6 st dung dé tinh toan sé duge cho
nhu sau [5]: n; = 5x10° m™2, ng = 102 m™2,2A =53 meV, g, = 4, = 8.86x 10712
C?/N.m?, vp = 5x10° m/s, k, = 10" m™!, By = 10° V/m, a = 0.246 nm va xét dich
chuyén clia dién ti tit trang thai |1,1) sang trang thai |1,2).

Hinh 1 mo ta syt phu thudc ctia hé s6 hap thu vao nang luong photon tai nhigt
do T = 4 K dbi v6i truong hgp graphene khong ¢6 ving cAm nang lugng (dudng dit
nét) va graphene c6 do rong viing cam hitu han (dudng lién nét). Hinh vé cho thay
xuat hién cac cye dai hap thu trong ca hai truong hop. Bang phan tich s6, chung toi
rat ra duge y nghia ctia cac cyc dai nay. Tai nhiet do T = 4 K, trudng hgp graphene
c6 do rong vung cam hitu han (duong lién nét), dinh cyc dai cao hon (bén phai)
dinh vi tai ning luong photon hw = 2.95189 meV. Gia tri nay thda méan diéu kién
Ei9 — Ey; = hw. Day chinh 1a diéu kién cong hudng cyclotron mo ta dich chuyén
clia dién tif gitta hai mitc nang lugng Landau n = 1 va n’ = 2 bang cach hap thu
mot photon séng dién tit. Do vay, dinh cuc dai nay c6 thé goi 1a dinh cong hudng
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cyclotron hay cyclotron - tap chat do c6 déng gop clia tuong tac dién ti - tap chat
vao xac suat dich chuyén dien ti. Dinh cyc dai thap hon (dinh bén trai) dinh vi tai
nang lugng photon hw = 1.47594 meV, thoéa man dicéu kien Fi9— FEi1 = 2hw. Nhu
vay, dinh nay mo ta dich chuyén ctia dién t gitta hai mic Landau n = 1 va n/ = 2
bang cach hap thu hai photon. Qua trinh nay goi la cong hudng cyclotron - tap chat
do hap thu nhiéu photon hay cong hudng cyclotron phi tuyén. Giai thich tuong tu
véi truong hop graphene khong c6 ving cAm nang lugng (dudng dit nét).

hw (meV)

Hinh 1. Sy phu thudc ctia hée s6 hap thu I' vio nang lugng photon hw tai tit trudng
B = 14 T, nhiét do T = 4 K clia graphene khong c6 viing cdm nang lugng (duong
dit nét) va graphene c6 do rong viing cam hitu han (duong lién nét).

Tt cac phan tich 3 Hinh 1 ta c6 thé két luan rang cac dinh cong hudng cyclotron
thoa man diéu kién tong quat

B¢ — Eg — lhw = 0. (12)

Diéu kien nay khong phu thuoc vao thong s6 nhigt do 7', c6 nghia rang vi tri
cac dinh cong hudng khong phu thudc vao nhiét do. Ta c6 thé kiém nghiem diéu
nay qua Hinh 2, & d6 chung toi vé sy phu thudc ctia hé s6 hap thu vao nang luong
photon tai cac nhiét do khac nhau.

Ta thay rang, khi gia tri nhiét do tang thi chi c6 do cao clia cdc dinh cong
hudng tang lén va md rong hon trong khi dé vi tri clia cac dinh khong thay déi. Didu
nay c6 thé gidi thich 14 do khi nhigt do tang, tinh linh dong clia cdc dién ti tang
len d&n dén xéc suat dich chuyén trang théi do hap thu photon va tuong tac véi tap
chat tang, lam cho gia tri clia hé s6 hap thu quang - tit ting lén.

Hinh 3 mo ta sy phu thudce ctia nang lugng photon tai cac dinh cong hudng vao
tit trudng clia bo dich chuyén dién ti gitta cac mic Landau |1, 1) sang mtec |1,2) khi
t truong B c6 gia tri tang dan tit 1 T dén 20 T. Ta thiy ring nang lugng photon &
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Hinh 2. Sy phu thudce ctia hé s6 hap thu I' vao nang lugng photon hw ctia graphene
khong c6 viing cam (duong dit nét) va graphene c¢6 do rong ving cam hitu han
(dudng lién nét) tai tu truong B = 14 T tng vdi hai gia tri khac nhau ctia nhigt do
T = 4 K (duong mau den) va 7' = 4.2 K (dudng mau xanh).

cac dinh cong hudng téng khi tit truong ting theo quy luat fiwe, o< BY2. Quy luat
nay hoan toan phlt hgp véi diéu kien (12) do cdc mitc Landau trong graphene ti 1&
v6i BY/2. Ngoai ra, quy luat nay khéc so véi truong hop hé lugng t&, & dé cac mic
Landau tI 1& v6i B.

7 ' ' ' i
&
6 A A:O ‘111 E
A ]
<5 == 2A =53 meV “1‘ ;
D . A ]
\§J4 L‘ ] wf
= 4 s " - ]

3L’3 ‘A L. s "
= 2- & - " 4

'y [ .
1t =" :
D-u 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
5 10 15 20
B(T)

Hinh 3. Sy phu thudc cta vi tri dinh cong hudng vao tir truong B tai nhigt do T = 4
K ciia graphene khong c6 viing cAm nang lugng (chdm hinh tam giac) va graphene
c6 do rong vung cam httu han (chdm hinh vuong).

4. KET LUAN

Trong cong trinh nay, ching t6i dd khao sat he sb hap thu séng dién tit trong
graphene don 16p ¢6 do rong ving cam hitu han khi dit trong truong séng dien tu
va tit trudng tinh vuong géc dudi anh hudng clia tuong tac dién ti - tap chat. Két
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qua khao sat su phu thuoc ciia hé s6 hap thu vao nang lugng photon khi thay doi tit
truong B va nhiét do T cho thay sy xuat hién ctia cac dinh cong hudng cyclotron,
dong thoi khdo sat vi tri clia cdc dinh cong hudng vao tit truong B. Qua trinh hap
thu hai photon déng gép dang ké vao pho hap thu cho thay tam quan trong clia céc
qué trinh hap thu nhiéu photon va viéc nghién citu cac qua trinh nay la can thiét
trong linh vitc quang phi tuyén. Cac két qua trén la co sé cho cac nghién cttu tng
dung ctia vat lieu mdéi - graphene c6 do rong ving cam hitu han trong viéc ché tao
cac thiét bi quang — dién tit nano.

L&i cam on
Nghién citu nay duge tai tro béi Quy Phét trien Khoa hoc va Cong nghé Qubc
gia (NAFOSTED) trong dé tai ma s6 103.01-2017.361.
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Title: NONLINEAR ABSORPTION COEFFICIENT OF AN ELECTROMAG-
NETIC WAVE IN GRAPHENE WITH A FINITE BAND GAP

Abstract: In this work, we investigate the electromagnetic wave absorption in mono-
layer graphene with a finite band gap in the presence of a static magnetic field which is
perpendicular to the graphene sheet. The absorption coefficient is calculated by the per-
turbation theory taking account of the electron - impurity interaction. The dependence of
the absorption coefficient on the photon energy is considered with changing the magnetic
field and temperature. The results show that the magnetic field affects strongly on the
cyclotron resonance peaks, whereas the temperature cause no effect on the peaks posi-
tion. The relation between the resonant photon energy and magnetic field strength is also
obtained numerically and shown.

Keyword: Graphene, absorption coefficient, cyclotron resonance, electron-impurity
scattering.
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