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HAP THU QUANG-TU VA CONG HUONG
CYCLOTRON-TAP CHAT TRONG GRAPHENE DON LOP

Nguyén Ngoc Hiéu!, Tran Thi Ngoc Anh?, Bui Dinh Hgi?*

1Vién Nghién cttu va Phat trién Céng nghé cao, Truong Pai hoc Duy Téan, Da Ngmg
2Khoa Vat ly, Truong Dai hoc Su pham, Dai hoc Hué, 34 Lé Loi, Hué, Viét Nam

Tom tit. Chung t6i nghién cttu s hdp thu quang-tir trong graphene don 16p dét trong tie
truong vudng goc khi c6 mét séng dién tir (SPT) lan truyén trong hé. Hé s6 hap thu duoc
tinh toan khi xét anh huwong ctia twong tac dién ti-tap chat. Sw phu thudc ctia hé s6 hdp thu
vao néng luong photon SPT dugc tinh s6 va vé d6 thi. Cac dinh hap thu cdng hudng thoa
man diéu kién cong huwong cyclotron da duoc quan sat cho qua trinh hap thu mét va hai
photon. Dinh hap thu d6i véi qua trinh hai photon ludén nho hon nhiéu so véi qua trinh mot
photon. Tuy nhién, déng gop ctia qua trinh hai photon 1a dang k& va khong thé bé qua khi
xét cac hiéu tng quang phi tuyén. Ngoai ra, su phu thudc cua vi tri cac dinh hép thu cong
hwéng vao tir treong ngoai va nhiét do6 da duoc phan tich va so sanh véi cac nghién cttu
trude d6 cling nhu cac ban dan thap chidu truyén théng.

Tt khoa: Hap thu quang-tir; cong hudng cyclotron-tap chat; graphene; tuong tac dién tu-
tap chat

1 Gidi thiéu

Khi mot ciu trac vat liéu duoc dat dong thoi trong mot tir truong khong d6i va mot song
dién tir (SDT), ta c6 th€ quan sat thay hiéu ting cong huong cyclotron [1, 2]. Cong huong cyclo-
tron xay ra khi tan s§ (nang luong) SDT bang mot s8 nguyén Ian tan s§ (ndng luong) cyclotron.
Xac sudt dich chuyén trang thai cta cac hat tai (dién tw, 15 tréng) khi d6 con duoc quyét dinh
truc tiép boi tuong tac ctia chung vdi cac hat khac trong vét liéu nhuw phonon, ion pha tap, cac
sai hong mang,... bén canh tuong tac voi photon song dién tir. Khi hat tai dich chuyén gitta cac
muic Landau do hap thu photon kem theo phat xa/hdp thu phonon quang, ta c6 cong huong
cyclotron-phonon [1 - 6]. Néu dich chuyén do hap thu photon va twong tac voi ion tap chat, ta
c6 cong hudng cyclotron-tap chat [7, 8]. Cho dén nay, cong hwong cyclotron da duoc nghién
ctu va tng dung rong rai trong nhiéu linh vuc khoa hoc ky thuat. Trong linh vuc vat ly cac chat
c6 ddc, hiéu tng cdng huong cyclotron duoc xem la mot cong cu phd manh dé thu dwoc cac
thong tin vé cdu trac vat liéu nhu khéi luong hiéu dung hat tai, khoang cach gitra cdc mitc nang

leong, nang lwgng phonon [6]. Do vay cac hiéu ting cong huedng nhu cong huwong tir phonon,
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cong hudng cyclotron trong cac vat liéu ndi chung va vat liéu nano néi riéng ludén dugc quan

tam nghién cttu manh mé bdi cac nha nghién ctru.

Graphene - mot cau tric don 16p ctia cac nguyén tir cacbon duwoc sap x&p thanh mang
tinh thé hai chiéu dang t6 ong (honeycomb) duoc ché tao thanh cong nam 2004 [9]. Vi cau tric
tinh thé hoan toan khac thuwong so vdi cac vat liéu da biét dén trudc do, graphene so hitu hang
loat céc tinh chat vat ly mdi la [10, 11]. Cac hat tai (dién te va 15 trong) trong graphene c6 thé
duoc mo ta bang phuong trinh Dirac cho cac fermion khdng khdi lugng (gidng nhu photon). Do
vay do linh dong hat tai trong graphene rat 16n (cd 200.000 cm?/V.s ¢ nhiét d6 phong) lam cho
graphene tro thanh vat liéu c6 dd dan dién 6t nhat hién nay. Céc tinh chat quang hoc, co hoc,
nhiét hoc ctia graphene cling thé hién rat nhiéu dac diém thu vi va dua dén hang loat tng dung
trong khoa hoc va cong nghé [10 - 12]. Do vay, cac nghién cttu lién quan dén graphene va cac

vat liéu dua trén graphene bung nd véi s6 luong rat 16n [12].

Céc nghién ctu ly thuyét vé cong hudng cyclotron kem theo hdp thu/phat xa phonon
trong graphene gan day da dwoc tién hanh [13 - 15]. Trong cac cdng trinh nay, cac tac gia da
nghién cttu su hap thu SDT trong graphene don 16p tu do (dét trong chan khong) va graphene
don 16p ddt trén cac d€ phan cuc khac nhau. Qua trinh hap thu hai photon (phi tuyén) ciing da
dugc xét dén. Dac biét, dd rong vach phd cdng huong da dugce thu nhan bf?mg tinh s6 va khao
sat chi tiét sy phu thudc vao tir treong cling nhuw nhiét d6. Tuy nhién, theo ching t6i dwgc biét
cong huong cyclotron dudi anh hudng ctia twong tac dién tu-tap chat van chua duoc nghién
ctu ly thuyét. Trong cong trinh nay, chung t6i nghién cttu cong huong cyclotron-tap chét thong
qua viéc tinh toan va khao sat hé s6 hap thu quang-tir trong graphene don 16p khi duoc dat
trong mot tir truong khong doi vudng goc véi tam graphene va song dién tir. Trong muc tiép
theo (muc 2) chiing t6i s& gidi thiéu tém tat vé md hinh tinh toan ly thuyét va két qua giai tich
cua hé s6 hap thu. Muc 3 trinh bay cac két qua tinh s6 va thao luan. Cudi cung, mot s6 két luan

quan trong duoc dwa ra 6 muc 4.

2 Mo hinh tinh toan va két qua giai tich

Xét mot tdm graphene don 16p gia thiét duwgc dat trong mat phéng (x,y) . Dat mot tie
treong khong doi, déu theo phuwong vudng gdc véi tdm graphene (phuong z ), khi d6 pho néng
lwgng va ham séng cta cac fermion Dirac (dién tt, 15 trong) déi véi thé vecto A =(Bx,0) duoc
cho béi [16, 17]:

Es=E,, = sn,“n|ha)(., (1)

C 2 Sl1ﬁn‘—l(x _xo)
=y — —n_o~iy%olap i )
|§> S © fLy ¢ [ ﬂn‘(x—xo) @)
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trong d6 n=0,+1%2... 1a chi s0 mitc Landau; ¢,(x - x;) miéu ta ham riéng dao dong tir diéu hoa,

1/2

c tam tai xo =k,ab, ag =(h/eB)y'? ban kinh quy dao cyclotron, L, la chiéu dai chun héa ctia hé

theo phuwong y, C, = W , 7 =(x,y) la vecto toa do hat tai trong mit phing ctia tdim gra-
phene, 7, =2yaz* 1a ndng luong cyclotron, véi y =yga+/3/2 1a thong s§ vung, « 1a hang s
mang cua graphene, y, la tich phan dich chuyén gitra obitan 7 ctia cdc nguyén tix cacbon gan
nhau nhét; ¢n(x)=i"(2"n!\/;a3)1/2exp[—x2/(2a§)}Hn(x/aB), H,(x) la da thitc Hermite. Khi n>0

thi 5s,=1,khi n<0 thi s,=-1, khi n=0 thi 5,=0.

Ti€p tuc cho mot SPT ¢b tan sd » va bién d0 E; lan truyén trong tdm graphene ndi trén,
dong thoi xét diéu kién nhiét do thap ma & d6 tuong tac ctia hat tai véi cac tap chét ion la ndi
troi, bo qua tat ca cac twong tac khac (dién tir - dién ti, dién ti - phonon). Xac sudt dich chuyén
cuia hat tai gitta cac trang thai do twong tac voi photon SDT va tap chat trong gan dung Born d6i
v6i hé hai chiéu duwoc cho boi cong thire [8]:

ié‘ 27n; z

2
n‘ 172 y
(q)‘ TP, 4 g, OEz: ~ Ez — (ho), 3)

trong d6 »; la ndng do tap chat, ¢ = | va J,(apg) 1a ham Bessel, S, 1a dién tich chuan héa

eEO

I véi m* la khoi lwgng hiéu dung ctia hat tai. U(g) 1a hé s6 Fourier ctia
2m (0" - @)

cta hé, o=

thé tan xa duoc cho béi cong thirc Ug)=Uy /(¢ +k2)?, Uy=e? | (2¢,55) v6i &, 1a hang s6 dién
moi trong graphene, &, l1a hing s§ dién (46 thAm chan khong), k, 1a moédun ctia vecto song

chén va 12";5"’ (¢) la thtra s6 dang dwoc cho boi [15]:

2
5 202 MY /m tigi j
" . (q)‘ =C;Cr (erJ)' u {snsnv — L )+ L, (u) 4)

d ==l

Su tan xa dién ti-tap chat c6 thé lam cho cac electron thay doi trang thai ban dau cua

voi m= mm(|

L},(u) 1a da thiec Laguerre lién két, u=a3q? /2.

ching va cho dong gop vao hé s6 hap thu. Hé s6 hap thu d6i voi qud trinh ¢ -photon lién hé
v6i xac sudt dich chuyén boi cong thire [8]:

/ 167zhn, heo . d !
= el S som ®

cye(w)a“w

trong d6 f(E;) la phan bd Fermi-Dirac can bang cho fermion, 7, la mat do dién t (16 tréng), ¢
la van tSc 4nh sang trong chan khong, ¢() la hing s6 dién moi cao tan trong graphene,

a=Ey/w. Sau day chung t6i sé gidi han cac tinh toan cho truong hop hdp thu mot va hai
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photon, dong thoi stv dung céc khai trién gan dung sau day d6i voi cdc ham Bessel trong cong
thie (3):

2
E,
112(0‘051) ={m} , (6)
1 E )
Jzz(aoq) :Z|:—2m*(€a)§(i a)z)jl . (7)

Dé thu duoc biéu thirc twong minh cho hé s6 hap thu ta thye hién chuyén tong thanh tich

phan nhw sau:

Yo ssay ®

e 2rap s
©w 2r
So
>~ —Zjduj.d(p, 9)
4 (271'(13) o o

VOl g, =2 va g, =2 twong ung la do suy bién vung (valley) va d6 suy bién spin [16]. Sau khi

thuc hién cac tinh toan ta thu dwoc biéu thuic giai tich cho hé s6 hap thu nhu sau:

r=r= ;i(/)Zi((is)ziionO)ze c2c? l:l—exp[:—a;ﬂ z f(EM” )[1—f(En',s,, )}

a wap B n,n',s, s,

(10)

2
SHS By, ~Eyy, ~ho)+ [:—Z] SHyS By, ~Ey, ~2h0) |,

.. 1
voi Uy, = Ekfﬁ% ,

SHy = 2m+ j =D =2, [(m+ j)m sy, +(2m+j+1),  (11)

SH, = 4+12m? +2j(j +6m) — 4 Jm(m + j) (j + 2m)s,, s, (12)

3 K&t qua tinh s6 va bién luan

D¢ lam r6 hon ddc diém cua pho hdp thu va rat ra dugce cac két luan vat ly, trong muc
nay chung t6i sé thuc hién khao sat sd sw phu thudc cua hé s6 hip thu vao cac thong s6 nhu
nang luong photon, tit treong ngoai, nhiét d¢. Cac tham s6 caa vat liéu dugc st dung trong

tinh toan sd dwoc cho nhu sau [10, 16, 17]: n =5x10% m™2, n0:5><1015m_2, 7 =303 eV, £=4,

£, =8,86x1072 C2/N.m?, vz =10° m/s, Ey=10° V/m, a=0,246 nm.
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Hinh 1 mo6 ta sw phu thudc cua hé sd hdp thu vao ning lugng photon ¢ nhiét d¢ T =4K

déi voi dich chuyén n=1s,=1->n'=2s, =1 cho hai truong hgp: B=7T (duong duat nét) va
B=8T (duong lién nét). Hinh vé cho thay xuat hién cac dinh cuc dai hdp thu trong ca hai
truong hop ctia tir treong B. Bang phan tich s6, ching t6i ¢ thé rit ra dugc y nghia cta cac cuc
dai nay nhu sau. Treong hop B=7T (twong ung voi E,; =13,5838 meV va Ej; =9,6052 meV),
dinh cuc dai cao hon (bén phai) dinh vi tai nang lwong photon 7o =3,9786 meV. Gia tri nay thdéa
man diéu kién E,; - E;; = ho . DAy chinh la diéu kién cong huong cyclotron mo ta dich chuyén
ctia dién tix gitta hai mttc ndng lwong Landau n=1 va n'=2 bang cach hap thu mot photon
SDT. Do vay, dinh cuc dai nay cé thé goi la dinh cong hudng cyclotron hay cyclotron-tap chat
do ¢6 su dong gop cua twong tac dién ti-tap chdt vao xac sudt dich chuyén dién tir. Dinh cuc
dai thdp hon (dinh bén trdi) dinh vi tai nang lwgng photon 7o =1,9893 meV, thdéa man diéu kién
Eyy—E; =2ho . Nhw vay, dinh nay mo ta dich chuyén ctia dién ti gitta hai mtc Landau n=1 va
n=2 bang cach hdp thu hai photon c6 niang liong 1,9893 meV. Qua trinh nay goi la cong huong
cyclotron do hdp thu nhiéu photon hay cdng huwong cyclotron phi tuyén. Ddi véi duong cong
hdp thu trong truong hop B=8 T (duong lién nét), ta c6 thé giai thich hoan toan twong tu.

Ngoai ra, dinh cong huong d6i véi qua trinh hap thu hai photon luén ludn thdp hon
nhiéu so véi qua trinh mdt photon. Piéu do6 cho thdy dong gop cua qud trinh hdp thyu nhiéu
photon vao phé hap thu la thit yéu so véi qua trinh mot photon. Déc diém nay hoan toan twong
tw vOi cac quan sat thuc nghiém da c6 trong cac hé vat liéu va tinh toan ly thuyét gan day trong

graphene don 16p khi xét twong tac dién tiz-phonon [13 - 15, 18].
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Hinh 1. Sy phu thudc ctia hé s6 hdp thu I' vao ning luong photon 7@ ¢ nhiét d6T = 4K ddi véi dich
chuyén n=1s,=1-n'=2,s, =1 véihai gid tri khac nhau ctia tt truong B=7T (duong dut nét) va
B=8T (duong lién nét).
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14- T T T T T é
12} a: n=1;n"'=2
':3-;"105  n=1;n"=3
E-B' .-I'!
‘:4? --..“iinll‘l““‘g
2' 1“"‘ E
Ufllllllllllllllllll:

2 4 B 8 10

B(T)

Hinh 2. Sy phu thudc ctia ndng lwong photon cdng huong (e, ) vao tit truong B véi hai bo dich chuyén

n=1n'=2 va n=1n'=3 vahdp thu mot photon.

Hinh 1 cting cho thay gia tri ctia hé s6 hap thu va vi tri cac dinh cong hudng thay do6i khi
tie truong B thay doi. Biéu d6 chiing to tir truong c6 anh huwong manh l1én pho hdp thu. Khi gia
trj tir truong B tang thi nang luwong photon tai cac dinh cdng hudng cling tang. D€ thdy rd hon
s phu thudc nay, chung toi xét dinh cdng huong cyclotron d6i voi truong hop hap thu mot
photon nhu mét vi du. Thay ddi tir truong B ching t6i thu duwoc su phu thudc caa nang luong
photon tai cac dinh cong hudng vao B, duoc chi ra trén Hinh 2 d6i véi hai b dich chuyén cua
dién t&r gitra cac mirc Landau n=1->n'=2 va n=1-n'=3. Phan tich cho thdy nang luong pho-
ton cong huong tang khi tir truong tang theo quy luat ey, ~ B . Quy luat nay hoan toan phit
hop v6i cac diéu kién cong hudng cyclotron vira néu ¢ trén do cac mirc ndng luong Landau d6i
véi graphene ti 18 véi B, tic la Eyy —Ey, ~B . C6 thé thdy quy luat nay la khéc so véi

trong hd luong tr ban dan 2 chiéu, & d6 cac mitc Landau ti 1é véi B [19].

Tl céc phan tich trén c6 thé két luan rang cac dinh cong hudng cyclotron théa man diéu

kién tong quat
Ee—E;—tho=0, (=12, (12)

Ta thdy rang diéu kién nay khong chita tham s& nhiét do, c6 nghia rang vi tri cac dinh
cong hwong khong phu thudc vao nhiét d¢. Ta ¢ thé kiém nghiém diéu nay qua Hinh 3 khi
ching t6i vé sy phu thudc cua hé s6 hdp thu vao nang lugng photon tai cac gia tri nhiét d6 khac
nhau. Hinh vé cho thdy, khi nhiét d6 tang thi cac dinh cong hudéng cao hon va mé rdng ra
nhung vi tri cua cac dinh khong thay d6i. DBiéu nay cé thé duoc giai thich la do khi nhiét do
tang, tinh linh dong ctia cac dién ti tang 1én dan dén xac sudt dich chuyén trang thai do hap thu

photon va tuong tac véi tap chét tang, 1am cho gia tri ctia hé s6 hdp thu quang-ttr téng lén.
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Hinh 3. Sy phu thudc ctia hé s6 hdp thu I’ vao ndng luong photon 7o tai tie truong B=8 T ddi véi dich
chuyén n=1s,=1->n'=2,s, =1 tai hai gia tri khac nhau cia nhiét d6 7 =3 K (duong dit nét) va T =4
K (duong lién nét).

4  Kétluan

Chuang t6i da nghién cttu sy hdp thu SPT trong graphene don 16p ddt trong tir treong
ngoai khong d6i vudng géc véi tdm graphene. St dung ly thuyét nhiéu loan chiing tdi da thu
duoc biéu thite cho hé s hap thu quang-tir ¢6 tinh dén anh huong cua tuong tac dién ta-tap
chét. Qua khao sat si phu thudc ctia hé s6 hdp thu vao ning luong photon, ching t6i da quan
sat duoc cac dinh cong huong cyclotron cho ca qud trinh hap thu mét va hai photon. Khi tang
gia tri cua tir truong khong d6i, vi tri cac dinh cong hwong dich chuyén vé phia nang luong
photon 16n (blue shift) theo quy luat 7@ o ~+B, trong khi quy luat nay d6i véi cac ban dan
thap chiéu truyén thong la 7o 4~ B. Ngoai ra, khi thay d6i nhiét d6 thi vi tri cac dinh cdng
huéng khong thay déi. Két qua ciing cho thiy dinh hdp thu ddi v6i qua trinh hai photon ludén
nho hon so véi qua trinh mét photon. Tuy nhién, déng gdép cua qua trinh hai photon vao phd
hdp thu la dang ké va khong thé bo qua, dac biét la trong nghién cttu cac hiéu tng quang phi
tuyén. Két qua nghién cttu gop phan cung cd ly thuyét va la co sé cho cac nghién cttu ting dung

cua vat liéu graphene trong cac thiét bi quang-dién t&r nano.

Loi cam on

Téac gia tran trong cam on sy hd tro ctia Pai hoc Hué cho cong trinh nghién ctru nay
thong qua dé tai nghién cttu khoa hoc ma s6 DHH2018-03-114.
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MAGNETO-OPTICAL ABSORPTION AND CYCLOTRON-
IMPURITY RESONANCE IN MONOLAYER GRAPHENE

Abstract. We theoretically investigate the magneto-optical absorption in monolayer gra-
phene, subjected to a perpendicular static magnetic field and an electromagnetic wave. The
absorption coefficient (AC) is calculated taking account of the influence of the electron — im-
purity interaction. The dependence of the AP on the photon energy is numerically evaluated
and graphed. The absorption maxima satisfying the cyclotron resonant conditions are ob-
served for both one- and two-photon absorption processes. The resonant peaks for the two-
photon absorption are always much lower than that for the one-photon absorption. Howev-
er, the contribution of the two-photon absorption is considerable and can not be neglected in
nonlinear optical phenomena. Moreover, the dependence of the position of resonant peaks
on the static magnetic field and temperature is analyzed and compared with those in previ-
ous works as well as in conventional low-dimensional semiconductors.
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