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Tém tat: Ching toi khéo sat he s6 hap thu séng dién tit trong borophene don
16p khi dat trong tit truong tinh vudng géc va mot séng dien tit. He s6 hap thu
phi tuyén dugc tinh bang 1y thuyét nhiéu loan khi xét dén tuong tac dien ti —
phonon quang. Phd hap thu cho thay su xuat hién céc dinh cong hudéng ti-phonon
dd tim bang quang hoc tuyén tinh (hidp thu mot photon) va phi tuyén (hap thu
hai photon). Do rong phd clia cac dinh cong hudng ting theo cin bac hai clia tit
truong va hau nhu khong thay déi theo nhiét do. Qué trinh hap thu hai photon
déng gép vao phd hap thu nhoé hon nhiéu so véi qué trinh hap thu mot photon
nhung c6 thé thay ré va khong thé bé qua khi nghién ctu céc qua trinh quang
phi tuyén. Cac két qua trén 1a co sé cho cac nghién cttu tng dung ctia vat lieu
méi borophene trong viéc ché tao cac thiét bi quang-dién tit nano.

Tu khéa: Borophene, hé s6 hap thy, cong hudng tit-phonon, tuong tac dién ti
— phonon.

1 MO DAU

Borophene 14 mot mang tinh thé hai chidu clia cdc nguyén tit boron (B) véi nhiéu dang
cau tric tinh thé khac nhau [1, 2, 3]. Trong bang tuan hoan cic nguyén td héa hoc, B 1a
nguyén to6 & vi tri thit ndm, nidm gitta cacbon phi kim v& beri kim loai. B ¢6 ba dién tit
héa tri (2522p!), dien ti 2p va ban kinh quy dao clia n6 gan trang thai 2s lam cho B c6
ca tinh kim loai v tinh phi kim. Borophene sé hitu nhiéu tinh chat vat 1y dic biet tha
vi. Dai tan quang hoc ctia boron 1a 2,25 e¢V. Do linh dong hat tai trong borophene lén t6i
280000 cm?V~1s™!, cao hon so véi graphene va cao nhat trong s6 vat lieu 2D. C4 dien ti
o va dién tt 7 trong borophene chiém cac trang thai dién tit ciia bé mat Fermi lam cho né
trd nén dan dién rat tot. Cac tinh chat co hoc clia borophene ciing diic biét thi vi, v6i do
bén Iy tudng va do ciing trong miit phing cao, borophene c6 thé duge st dung lam nguyeén
t6 hd tro dé thiét ké vat lieu téng hop va thich hop dé ché tao thiét bi nano linh hoat vi
tieu chuan cao vé tinh linh hoat chéng lai bién dang ngoai mit phang [4, 5].

Vé phuong dién quang hoc, do c6 cau triic nang lugng dién tit rat khac biét so véi cac vat
licu thap chiéu truyén théng (hé lugng tit, situ mang, day lugng tt) nén borophene tuong
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tac mot cach khac la véi séng dien tu [6]. Khi c6 them mot song dien tit lan truyén trong
vat lieu cting véi tit truong khong déi, ta c6 thé quan sat dude mot sé6 hieu ng nhu cong
huéng ti-phonon do tim bang quang hoc, cong hudng cyclotron [7]. Do d6, cac nghién citu
lien quan dén hap thu séng dién tir va cic hiéu ting cong hudng trong borophene hién nay
rat dude quan tam.

Trong cong trinh nay ching toi tinh toan va khio sat hé s6 hap thu séng dién ti trong
borophene don 16p dit trong tit trudng tinh vuong géc véi tam borophene, c¢6 xét dén anh
hudng ciia tuong tac dién tit — phonon. Chiing toi sit dung 1y thuyét nhiéu loan dé tinh
toan biéu thitc tuong minh ctia hé s6 hap thu cho ca qua trinh hap thu mot va hai photon.
Cac két qua giai tich dugc tinh s6 v6i cac tham s6 cu thé dé thay sy phu thudc clia he
s6 hap thu vao cac tham s6 nhu ning lugng photon, tit trudng ngoai va nhiét do. Bai bao
duge cau tric nhu sau: Trong muc 2, ching t6i gidi thieu moé hinh ly thuyét va tom tit
qué trinh tinh toan biéu thic ctia hé s6 hap thu séng dieén tit trong borophene don 16p.
Cac két qua tinh s va thdo luan duge trinh bay ¢ muc 3. Cudi cuing, mot s6 két luan quan
trong dugc dua ra ¢ muc 4.

9 BIEU THUC GIAI TICH CUA HE SO HAP THU SONG DIEN TU TRONG BOROPHENE
DON LOP DUOT ANH HUONG CUA TUONG TAC DIEN TU - PHONON

Xét mot tam borophene don 16p duge dit trong mat phéng (z,y). Dat mot tit trudng tinh,
déu B = (0,0, B) vao tam borophene, khi d6 phd nang lugng va ham séng ctia hat tai
(dien tit va 16 trong) ddi véi chuan Landau cho thé vec-to A = (0,2B,0) duge cho bdi [8]

Eo = AhweV2n, (1)

e'hvy { §A¢n_1(X) ] 7
Vi, L i6.(X)

trong d6, £ = +1(—1) d6i véi thung ling K(K'), A = +1 (—1) tuong ting v6i ving dan
(viing héa tri), n (= 0,1,2,...) Ia chi 86 cAc mitc Landau, w. (= v./l.) la tan s6 cyclotron
V6i ve = /V0zV0y, (Vox; Voy) = (0.86v0,0.69v9) (vo = 10% m.s~1) 14 cac thanh phan van tdc
tuong ung theo cac phuong = va y, I, = \/h/eB véi e 1a do 16n dién tich dién t&, 7= (z,y)
1 véc-to vi tri ctia hat tai trong mit phing ctia tAm borophene, ¢,(X) la ham séng cta
dao dong tit didu hoa don gidn, X = (z + x¢)/le, To = kyl?, ky va L, tuong ting 1 s6 séng
va do dai chuan héa theo phuong y.

P (r) = la) = (2)

Khi ¢6 mot séng dién tit (truong quang hoc) véi tan s6 w va bien do Fy lan truyén trong
tam borophene, cac dién ti trong tam borophene dugce kich thich va qua trinh tuong tac
ctia chiing véi photon séng dién tir ciing nhu cac hat khéac trong vat lieu (tap chat, phonon,
sai héng mang) gay nén sut chuyén doi trang thai ciia chiing. Xac suat chuyén dsi trang
thai clia dién tit gitta cac trang théi |a) va |o’) do tuong tac dién tit — photon — phonon
dugc cho béi cong thic [9]
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X {Ng0 (Eo — Eq — hwg — lhw) + (14 N3) 6 (Ew — Eq + hwg — lhw) }, (3)

trong do6, gs va g, tuong ting 1a do suy bién spin va suy bién thung liing (valley), aq la
tham s6 méc 4o (c6 thi nguyén chiéu dai), J; (z) ham Bessel ddi s6 x, C () la thé nang
tuong tac dién ti — phonon, Nz la ham phan bd can bang ciia phonon ¢6 ning lugng fwg
va véc-td song ¢, g (6) = cos?(0/2) la tich phan bao phi clia ham séng spinor véi 6 1 goc
gitta cic véc-to song & trang thai dau va trang thai cudi ctia dien tit va thita s6 dang Jua/ (q)
dugce cho bdi

2
| . . |
aa (@) = i(mmﬂ),u [LG (w) +exexy /" <u>] 7 (4)

v6i L, (u) la da thic Laguerre lien két, u = 12¢2/2, m = min (|n|,|n']),j = ||n| — |n||.
Hé s6 hap thu (HSHT) séng dién tit lien he véi xéac suit chuyén doi trang thai va duge cho
béi cong thic [10]

r_ Ve

= MZf(Ea) (1= £ (Eat)) Wk, (5)

a,a’

trong d6, f (E,) 1a ham phan bd Fermi-Dirac cho dién ti, € 1a hing s6 dién moi clia vat
licu, Ny 1a s6 photon tung véi nang lugng fw va ¢ 1a tde do anh sang trong chan khong.
Sau day, chiing toi gidi han tinh todn véi cdc qua trinh hap thu 1 va 2 photon, titc 1a xét
I =1val=2trong (3). Dong thsi, chiing t6i chi lay cac s6 hang dau tién trong khai trién
ciia cac ham Bessel, tic 1a

2 (OZOQ)Q 2 1 raog\4
J? (aoq) ~ 20 7 (c00) = 7 (1) (6)
Xét tuong tac dién tit — phonon quang & nhiét do cao, khi dé
hD?
CPP = 5= 7
C@I = g (7)

v6i Dop 12 thé bién dang quang, p 14 mat do khéi lugng hai chiéu, Sy 1a dign tich chuan hoa.
Gia thiét phonon quang it tan sdc, tic 1 wy = wy = hang s6 va Ny = {exp[hwo/(ksT)] —
1}~! = Ny v6i T 1a nhigt do ctia hé. Dé thu duge biéu thiic tusng minh ctia HSHT ta thay
(3) vao (5) va thuc hién cic phép chuyén téng thanh tich phan nhu sau

o0

S
> =52 | ada, (8)
p s

Ly, S
; - 52 / dk, = o2 (9)
Y

_L.Z
212

Sau khi thuyc hién cac phép tinh gidi thich co ban, ta c¢é biéu thitc cia HSHT nhu sau

=T 410, (10)
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64pw0lc
+ (5)\5’)\’)2 2m+j—1) } (14 No) 0 (Ey — Eo + hwo — hw) , (12)
D2 had
(+) — Zop!% (i
I 512pw0l‘2{ 24+6m(m+1)+7(+6m+3)]
— 4ENEN /' m (m+ j) (2m+j) + (5A§’A’)2 [24+6m(m—1)47(j+6m — 3)] }
X Nob (Eq — Eq + hug — 2hw) , (13)
(=) Dgpha% . I/ .
L7 = 79 CmA4 g+ 1) = 26AEN /m (m + j)
64 pwol?
+ (f)\f’)\’)Q (2m+j—1) }N05 (Eo — Eq — hwo — hw), (14)
D2 hat
(-) = Hop"% 1)+ i (4
I 512pwol§{[2+6m(m+ )+7(j+6m+3)]
— 4NN \/m (m + §) (2m + 7) + ({)\5’)\')2 2+6m(m—1)+j(j+6m—23)] }
X (1+N0)(S(Ea/ —Ea—th—Qhw). (15)

O day dau (+)/(—) tuong ting véi qua trinh phat xa/hép thu phonon. Dé tranh sy phan
ky ciia cic ham delta Dirac khi d6i s6 ctia chiing bang khong trong tinh s6, chiing t6i thay
thé cac ham nay béi cac ham Lorentz nhu sau

1 Yaao!
0(x) = -5~ (16)
™ (22 +97)
VOi Yoo 12 tham s mé rong hay hé s6 tat dan do tuong tac dién tit — phonon thu dugc tit
tinh toan giadi tich tuong tu nhu trong tai ligu [11].

3 KET QUA TINH SO VA THAO LUAN

Trong muc nay ching toi sé thuc hién tinh s cac két qua giai tich vita thu dude & tren dé
lam r6 mot sd dac trung vat 1y ctia hé sd hap thu séng dién tit trong borophene don 16p
khi dat trong tit trudng tinh vuong géc véi tam borophene. Céc tham sb sit dung dé tinh
toan dugc lay ti tai lieu [4].
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Hinh 1: Syt phu thudc hée s6 hap thu vao nang luong photon titng véi cac gia tri khac
nhau ctia nang lugng phonon quang. 0 day, B=3T vaT = 200 K.

Hinh 1 mo ta sy phu thuodc ctia hé s6 hap thu vao nang luong photon tai hai gia tri khac
nhau ctia ning lugng phonon quang: hwy = 42 meV (duong nét dit d6) va hwy = 53 meV
(dudng nét lién xanh). Ta c6 thé thay ré sy xuat hién ctia cac dinh ciyc dai trong phd hap
thu. T viec xac dinh gia tri nang lugng photon tai céc dinh cuc dai nay, ta cé thé rat
ra dugc ¥ nghia vat ly ciia chiing. Chéng han, déi v6i dudng dit nét trén do thi (ing véi
hwy = 42 meV) cac dinh hap thy theo thi ty tir trai qua phai lan lugt dinh vi tai cac gia
tri nang luong photon bang 21,00 meV, 31,03 meV, 42,00 meV va 62,06 meV. Ching toi
tim dugce cac diéu kién tuong ting véi cdc dinh hap thu nay nhu sau. Dinh thit nhat thoa
mén diéu kién hwp = 2hw mo ta dich chuyén noi mic Landau clia dién tit bang cach hap
thu/phat xa mot phonon quang dong thoi phat xa/hap thu hai photon ¢6 nang lugng fiw.
Dinh thit hai tng véi dicu kién Fy — F1 = —hwg + 2hw. Day chinh 13 diéu kién cong hudng
tit-phonon do tim bing quang hoc phi tuyén (hap thu hai photon) mé ta dich chuyén ciia
dién t tt mic Landau n = 1 lén mitc Landau n’ = 2 bang cach phat xa mot phonon
quang keém theo hap thu hai photon. Dinh thi ba théa méan diéu kien Awg = hw, tuong
tu nhu dinh thd nhat, dinh nay mo ta dich chuyén noi mitc Landau ciia dién tit khi hap
thu/phat xa mot phonon quang dong thoi phat xa/hap thu mot photon. Dinh thit tu thoa
méan diéu kien Es — F1 = —hwg + hw, day chinh 14 diéu kién cong hudng tit-phonon do tim
bang quang hoc tuyén tinh (hap thu mot photon).

Bay gio chiing to6i s& khao sat syt phu thuoc hé sd hap thu vao tit truong tinh. Trén Hinh 2
chiing t6i vé hé s6 hap thu theo ning luong photon tai cac gia tri khac nhau clia tit trudng.
Ta thay khi tit truong tang thi nhin chung gia tri ciia hé s6 hap thu tang lén. Dic biét, mot
s6 dinh cong hudng xuat hién tai cing mot gia tri clia ning lugng photon va mot sé dinh
lai dich vé phia nang lugng photon 16n hon (dich chuyén lam) khi tit trudng ting lén. Céc
dinh xuét hién § cing mot nang lugng photon (dinh thit nhat va thi ba) 1a cac dinh ting
v6i cac dich chuyén noi mitc Landau va cac dinh thé hién dich chuyén lam (dinh tht hai
va thit tu) 1a cic dinh ting v6i dich chuyén lien mitc Landau ctia dién tit. Céc dich chuyén
nay da dugce phan tich trén Hinh 1. Dich chuyén lam va sy gia tang ciia hé s6 hap thu khi
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Hinh 2: Syt phu thude hé s6 hap thu vao nang luong photon ting véi cac gia tri khac
nhau cta tir truong tinh. 0 day, hwg = 53 meV va T = 200 K.

tang cuong do tir truong cling da duge quan sat trude dé & mot sd vat lieu don 16p nhu
graphene [7, 9, 12], silicene [13, 14, 15], MoSs [16, 17]. Dé chi tiét hon, chiing toi da khao
sat pho hap thu tai nhiéu gia tri khac nhau clia tit truong tinh va dua ra méi lién he giita
nang lugng photon cong hudng (vi tri dinh cong hudng) véi tir truong B. Két qua khao
sat duge dua ra trén Hinh 3 d6i v6i dich chuyén (n,n’) = (1,2).

80 . = " -
> . .
o | |
Eeo0
> = = phonon T, photon {
g A phonon {, photon 1t
5 40 A R
A
o A, R
% 20 Ao,
0 I L L I L L L L I L L L L I L L L L I L
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B1/2 (-,-1/2)

Hinh 3: Sy phu thuoc cia ning lugng photon cong hudng vao tir truong tinh déi véi
dich chuyén (n,n’) = (1,2). Cac miii tén huéng lén (1) va huéng xudng () 1an lugt
biéu thi su phat xa va hap thu.

Bén canh vi tri dinh cong hudng, do rong vach phé (full width at half maximum - FWHM)
ciia cac dinh cong hudng ciing 13 mot thong s6 quan trong khi khao sat phd hap thu.
FWHM cho ta biét mitc do md rong clia cic mitc nang lugng hat tai do tuong tac véi cac
hat khéc trong mang tinh thé. FWHM cang 16n thi mitc do tuong tac gitta cac hat cang
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manh. Do vay, ching toi cting da khao sat sy phu thudéc cia FWHM vao tir trusng tinh.
Stt dung phuong phap xac dinh FWHM béng 1ap trinh tinh toan trén mAy tinh, ching toi
thu dugec FWHM ctia cidc dinh hap thu cong hudng tai cac gia tri khac nhau clia tit trudong
va biéu thi tréen Hinh 4.Ta thiy ring, FWHM ting khi cuong do tit trudng ting theo quy
luat FWHM[meV]| = 84/ B[T|. FWHM dugc quyét dinh bdi tham s6 mé rong Vg, trong
d6 Voo dude xac dinh béi cac tham s6 dic trung nhut hing s6 dién mai, co ché tuong téac
dién t — phonon,... Su phu thudéc cia FWHM vao tt truong trong borophene & day co
quy luat tuong ty nhu trong graphene don 16p [7, 9, 12] v silicene don 16p [13, 14, 15], chi
khac biet vé gia tri ctia hé s6 8. Ngoai ra, tit hinh vé ta ciing thay rang FWHM déi véi
qué trinh phat xa phonon ludn 16n hon déi v6i qua trinh hap thy phonon. Diéu nay chiing
té x4c suat dich chuyén trang thai ciia dién tit do phat xa phonon 1a 16n hon

7B T —19.0
2ol -= phonon T, photon { 145

< | = phonon {, photon 1 1
g 6.5f 14.0

E 19.
I 5.5¢ _53 0

Z 50| e
45| 12.5
2.0

10 11 12 13 14 15 16 1.7

VB (T%)

Hinh 4: Sy phu thudoc cia FWHM vao can bac hai ctia cuong do tir trudng tai nhiét
do T =200 K. O day, (n,n') = (1,2).

8
—~~ 7 [
S
)
E 6 -=- phonon 7, photon 4
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I
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4 L B
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Hinh 5: Sy phy thuoc ciia FWHM vao nhict do tai B = 3 T. O day, (n,n') = (1,2).
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Anh huéng ciia nhiet do len phd hap thu ciing da dugc ching t6i khao sat chi tiét. Tir didu
kién cong hudng ti-phonon ta thiy rang nang lugng photon cong hudng (vi tri dinh cong
huéng) khong phu thudce vao nhiét do 7', béi vi § day ching t6i da bo qua sy phu thude
nhiét do ctia pho ning lugng dién ti va nang lugng phonon do cac sy phu thudc nay da
dugce chitng minh trong nhiéu vat liéu 1a rat yéu. Do vay, ching t6i chi quan tam dén anh
huéng ctia nhiet do len FWHM. Qua tinh toan ching t6i thay FWHM hau nhu khong thay
ddi khi nhigt do thay ddi trong mot khoang rat rong (tit 150 K dén 450 K). Sy phu thuoc
yéu ciia FWHM vao nhiét do cling da duge quan sat trude dé doéi véi graphene, silicene
va MoSs don 16p. Diéu d6 cho thay sy khac biét 1o rét gitta cac vat lieu 2D don 16p so véi
cac vat lieu chuan thap chiéu truyén théng trude day nhu giéng lugng ti, day luong ti va
siéu mang ban dan.

4 KET LUAN

Trong cong trinh nay, ching toi da nghién citu sy hap thu séng dién tit trong borophene
don 16p khi dat trong tir trudng vuong goéc xét anh hudng cia tuwong tac dién tir — phonon
quang. Két qua khao sat sy phu thuoc ctia hé s6 hap thu vio nang luong photon cho thay
sy xuat hién clia cdc dinh cong hudng tit-phonon do tim bang quang hoc tuyén tinh va phi
tuyén. FWHM ctia cdc dinh cong hudng phu thuoc tuyén tinh vio cin bac hai clia cudng
do tit truong va phu thudc rat yéu vao nhiét do. Qua trinh hap thu hai photon c6 déng
goép dang ké vao pho hap thu cho thiy tam quan trong ctia qua trinh nay, dic biet khi
nghién citu cdc qua trinh quang phi tuyén. Cac két qua trén 1a co s6 cho cac nghién ciu
tng dung ciia vat lieu mdi borophene trong viéc ché tao cac thiét bi quang-dién tit nano.
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Title: MAGNETO-OPTICAL ABSORPTION IN MONOLAYER BOROPHENE UNDER
THE INFLUENCE OF ELECTRON - PHONON INTERACTION

Abstract: We investigate the electromagnetic wave absorption coefficient in monolayer
borophene placed in a perpendicular static magnetic field and an electromagnetic wave.
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The nonlinear absorption coefficient is calculated using perturbation theory considering
the electron — optical phonon interaction. The absorption spectrum shows the appearance
of the linear (one-photon absorption) and nonlinear (two-photon absorption) optically de-
tected magneto-phonon resonance peaks. The full width at half maximum of resonant peaks
increases linearly with the square root of the magnetic field and remains almost unchanged
with temperature. The two-photon absorption processes contribute to the absorption spec-
trum much less than the one-photon absorption ones but being clearly observed and cannot
be ignored when studying nonlinear optical processes. The obtained results are the basis
for further studies on the applications of borophene to nano-optoelectronic devices.

Keywords: Borophene, absorption coefficient, magneto-phonon resonance, electron — phonon
interaction.



