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TOM TAT

Trong bai bdo nay chung t6i da xac dinh duwoc diéu kién hinh thanh bessel
plasmon-polariton trong 16p siéu vat liéu hyperbolic c6 tinh di hudng cuc 16n duwoc
hinh thanh béi cdu trac da 16p kim loai-dién moéi. Chang toi da tinh toan sd anh
huodng cta sy thay doi do day cua 16p siéu vat liéu, cting nhuw vi tri va d6 day cua
cac 1op dién mdi bao xung quanh 1én cac ddc tinh ctia bessel plasmon-polariton
hinh thanh.

Tw khéa: bessel plasmon-polariton, siéu vat liéu hyperbolic, cdu trac da 16p kim

loai-dién moi.

1. MO PAU

Gan day, su cha y cta cac nha nghién cttu da bi thu hut boi mot loai vat liéu
tong hop mdi ¢ tén la siéu vat liéu. Day la loai vat liéu nhan tao c6 cac dac tinh doc
dao khong tim thay trong cac vat liéu thong thuwong [1-3]. Chung c¢6 nhiéu tiém nang
tng dung dé kiém soat biic xa, chup anh c6 d¢ phan giai cuc cao va in thach ban. [4].
Mot trong nhiing loai siéu vat liéu c6 nhiéu dac tinh n6i trdi la siéu vat liéu hyperbolic.
Trong khong gian vecto séng, mit dang tan ctia né c6 hai dang twong tng véi hai loai
siéu vat liéu hyperolic. Siéu vat liéu hyperbolic loai T duoc dac trung béi mat dang tan
dang hyperboloid hai nhdnh; loai II tetong ttng vdi mat hyperboloid mot nhanh [5]. Sw
mé rong khong giéi han ctia mat hyperboloid cho phép cac siéu vat liéu hyperbolic hd
tro truyén song voi sd song 16n (trong khi cac séng nay bi hdp thu manh trong cac vat
liéu thong thuong), d6 d6 dugc ing dung nhiéu trong tao anh va truyén dan thong tin
quang.
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Nam 1987, J. Durnin phat hién ra mot loai song anh sang mdi goi la chum anh
sang Bessel. Diém dédc biét ctia ching la khong bi nhiéu xa (su phan ky do nhiéu xa ctia
chum Bessel thap hon dang k& so véi cac chum anh sang truyén thdng, vi dy, chum
Gauss) va kha nang tu phuc hoi cua mét séng sau khi gap chudng ngai vat [6; 7]. Cdu
triic bién d6 ngang cua cdc chum nay dwoc md ta bang ham Bessel loai mot. Chum
Bessel c6 thé duwoc coi 1a sw chong chat ctia cac séng phang véi cac vecto séng nam trén
mot mdt non. Diém déc biét vé sy twong tac ciia chum anh sang Bessel vdi tinh thé va
cau truc dién moi duoc xem xét trong cac cong trinh [8-12]. Tuy nhién, chtim Bessel ¢6
mot nhugce diém la cwong d6 doc truc khong 16n. Do d6, mot trong nhitng cach dé sw
dung hiéu qua cac vu diém cta chum Bessel 1a tao ra cac Bessel plasmon-polariton.
Day la tredng 4nh sang gan nhu khong c6 nhiéu xa dwoc hinh thanh tai mit phan cach
cac moi treong 6 d6 tham dién moi trai dau. Trong cac cong trinh [13-15], diéu kién
ton tai va cac tinh chat ctia Bessel plasmon-polariton tao ra trén mang kim loai dang
hudéng da dugc nghién ctru. Hién nay van chua ¢ nhiéu nghién ctru vé sy hinh thanh
Bessel plasmon-polariton trong cac siéu vat liéu. Trong bai bao nay chung t6i sé nghién
ctu diéu kién hinh thanh va sy anh hwong ctia cdu trac lén cac Bessel plasmon-
polariton hinh thanh trong 16p siéu vat liéu hyperbolic. Nghién cttu nay sé déng gop
co so ly thuyét cho nhitng nghién ctru vé tao cac thiét bi kiém tra bé mat nano.

2. DIEU KIEN HINH THANH BESSEL PLASMON-POLARITON TREN BE MAT
LOP SIEU VAT LIEU HYPERBOLIC
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Chung ta xét cau truc gom nam 16p: 16p siéu vat liéu hyperbolic c6 d¢ day L.
duoc ngan cach véi 16p d€ dién modi va mdi truong dién mdi bén ngoai (dd tham dién
moi bang o va ) bang hai 16p dién mdi (16p trung gian va 16p bao vé) c6 d6 tham
dién moi va d6 day lan lwgt 1a €1, L1 va e, Lz (hinh 1). Lp siéu vat liéu hypebol dwoc
hinh thanh trén co sé cau tric nano da 16p hinh thanh ttr cac 16p kim loai va dién moi
xen ké nhau c6 d thdm dién moi va d6 day lan luot la em, dm va €4, da. Gia st dm, da <<
A, theo ly thuyét moi truong hiéu qua cdu trac da cho 6 thé xem nhu tinh thé mot
quang truc, tinh chat dién moi duoc mo ta bf?mg tenxo d6 tham dién moi:

€ = diag{e,,c,, €,}, (1a)

e, ==, +fese =0=f) /e, + /e, (1b)

véi e, va ¢, la 46 thAm dién moi ngang (ndm trong mat phang cta 16p siéu vat liéu) va
doc (vudng goc voi 16p cau trac);, f=4d /(d 6 +d,) la hé so 1dp day (ti 1é kim loai
trong cau truc vat liéu) [2]. D9 tham dién mdi ctia kim loai dugc xac dinh bf?mg cong
thierc Drude:

g w=¢e, —w/ W+l = —w/ W +TI? +iwif/[w w? 4+ I? ], (2)

véi w = 27c / Ala tan s6 séng anh sang, wp 1a tan s§ plasma, ¢ 1a hang s& phu thudc
ban chat kim loai, I' =V, /1 lahé sd suy bién, Vrla van t6c Fermi, I 1a d6 dai quang
duong dich chuyén tu do cta electron trong khdi kim loai. Tinh toan duoc thuc hién
véi 16p siéu vat liéu hyperbolic ¢6 cau tric da 16p gom cac 16p kim loai bac sdp xép xen
ké véi cac 16p indium tin oxit. B9 tham dién moi cta oxit ITO dwoc xac dinh trong
cong trinh [16]. Céac 16p kim loai bac ¢6 =5, wp=14.10" s, T' = 32.10" 5!, Vr=1,4.10¢
ms [16]. Tinh toan s6 su phu thudc pho d¢ tham dién mdi ngang va doc ctia cau truc
siéu vat liéu chi ra réng tai budc song A =414 nm siéu vat liéu hyperbolic da cho c6 tinh
di hudng cuc 16n véi 6 tham dién moi ngang gan bf“mg 0 (Re(e, )=0) va do tham dién

moi doc ¢6 gia tri vo cung 16n (Re(e, ' )=~0).

Xét bai toan bién hinh thanh Bessel plasmon-polariton trong cau trac da 16p cd
chtra 16p siéu vat liéu hyperbolic c6 tinh di hudéng cuc 16n. Chang ta chiéu chuum Bessel
bac m phan cuc TM vao cdu trac da 16p da cho. Hé toa do tru duoc st dung d€ giai bai
toan lan truyén chum Bessel trong cdu tric véi goc toa do (z=0) tai bé médt phan chia 16p
dé va 16p dién moi trung gian. Tt hé phuong trinh Maxwell suy ra biéu thirc cac thanh
phan doc (z), xuyén tam (o) va phuong vi (¢) cta vecto cuong do dién truong E(R) va
cuong do tir truong H(R) ctia chm sang Bessel lan truyén doc theo truc z trong moi

treong mot quang truc:
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- k e kze m e
B =i=J'qp); B, = ———J (qp); B = L7 (ap), (3a)
Eo Eo qp El
m ) .
H) = k()%Jm(qp);H; =ik,J '(qp); H = 0, (3b)

O day, nhan ti chung expli(k,z 4+ my)] duoc bo qua; k, =27/ A\; q va k, la cac
thanh phan ngang va doc «cta vecto soéng cua chum  Bessel;
J (qp),J" (qp) = 0J, (qp) / d(gp) la ham Bessel bac m va dao ham ctia né, m la chi sé.

Stt dung cac diéu kién bién cho cac vecto ceong do dién treong va tie truong, nguoi ta
c6 thé thu duwoc mot phuong trinh xdc dinh hé sd phan xa r cua cdu truc da cho.
Phuong trinh tan sic xac dinh diéu kién ton tai ctia cac Bessel plasmon-polariton trong
cdu truc da 16p c6 thé nhan duoc bf?mg cach cho hé s6 phan xa r — oo:

2ik L, ., TM , ., TM 2i(k L k. L .k Ly,) . TM TM 2i(k,oLy +k, L), ., TM ,, TM
F:1+e[z11r(]1 T, +€L(~ler4rz22)7ﬁ01 Tyy +€L(222+n()1c Ty +

2i(k,\L, +k, L), . TM, e 2ik,, L, . TM e 2ik,yLy . TM e 2i(k, Ly +k,yLy), . TM . TM e ). TM __
+e Ty T T€ e T T€ Tyy Ty T € Tt Tie Tl = 0

tTM _ 2\/:0\/;1kz0 .te _ 2\/;1\/:0kz1 .tTM _ 2\/;0 Ekae . tT]W _ 2\/:3\/;2kz2

, (4

Vél 01 T 7 Ple T Y2 T 723 T
6‘Ok)zl + glkzo €0kz1 + Elkzc €2kzc + EokZQ €2kz3 + €3kz2
T(EM — 51kzo _ eoku; 17.“M — 5okz1 _ €1kze’. e = €2kze _ 5okz2 ; 7§€M — €3kz2 _ €2kz3 ,
EOkzl + ElkzO ‘ glkze + Enkzl Eokﬂ + Ekae €2k13 + ESkZZ
. 5 711/2
kz071,273 = [kégm,z,:% - qz] ’ ()
bé tim nghiém cua phuong trinh (4), chiung t6i st dung ly thuyét Bode. Xét sy
phu thudc F(n*), véi n™* = 4 la s6 mode hiéu dung ddi vdi bessel plasmon-polariton.

0
biéu kién hinh thanh bessel plasmon-polariton twong tGng véi sy thay doi nhanh
choéng trong ddi s6 ctia ham F. Trong truong hop nay, cuc dai dao ham d6i sd cua ham
F twong ting véi phan thuc ctia s6 mode hiéu dung ctia Bessel plasmon-polariton hinh
thanh, va d¢ rong cua cuc dai nay ¢ gitta muc twong tng voi phan ao ctia n*.

3. ANH HUONG CUA CAU TRUC LEN BESSEL PLASMON-POLARITON TAO
THANH

Chiing ta xét cdu tric da 16p cu thé sap xép theo thtt tu: 16p d& bang thuy tinh
SF10 (£0=2,965), 16p dién moi trung gian bang thach anh (e1=2,181); 16p siéu vat liéu
hyperbolic, ¢6 ciu trac da 16p gom cac 16p kim loai bac xen ké véi cac 16p indium tin
oxit, vdi tinh di hudng cuc 16n 6 budc song 414 nm; tiép theo la 16p dién moi bao vé
bang thach anh va ngoai cling 12 16p dién moi bén ngoai bang thay tinh SF10.
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Hinh 2. — Sy phu thudc dao ham d6i s6 ham F vao phan thyc s6 mode hiéu qua doi voi ciu tric
da 16p d6i xting “L6p d€ (thuy tinh SF10) — 16p trung gian (thach anh) — siéu vat liéu hyperbolic
6 cdu truc da 16p ITO/Ag (=0,5) — 16p bao vé (thach anh) — méi truong ngoai (thuy tinh SF10).
L1=L2=25 nm. L=70 nm. A=414 nm (a), A=420 nm (b)

Thuc hién cac tinh toan sd ttr cac bi€u thitc thu dugc ¢ trén, ching ta khao sat
st phu thudc dao ham d6i s6 ham F vao do 16n ctia Re(n*). Tt hinh 2 ching ta nhan
thay gan budc song 414 nm ¢d su giam s6 lugng bessel plasmon-polariton duoc tao ra
trong cau truc. Néu tai A=420 nm ching ta quan sat duwoc hai dinh cue dai cua duong
dao ham d6i s6 cua ham F, tuong Gng vdi cac s6 mode hiéu dung n2*=4.596+1.811i va
n1*=1.992+0.024i ctia bessel plasom-polariton dwgc tao thanh, thi & budc song A=414 nm
chung ta quan sat thady mot cue dai twong tng véi n*=2,01+0,034i. Nhu vay gan diém di
hudng cuc dai cua cdu trac siéu vat liéu co su thay doi so luong bessel plasmon-
polariton duoc kich thich trong cau truc.
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Hinh 3. — S¢ phu thudc dao ham d6i s ham F vao phan thiee s6 mode hiéu qua d6i voi cau trac

da 16p d6i xting “Lop d€ (thuy tinh SF10) — 16p trung gian (thach anh) — siéu vat liéu hyperbolic
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o cau truc da 16p ITO/Ag (f=0,5) — 16p bao vé (thach anh) — mdi treong ngoai (thuy tinh SF10)
khi Li=L2=25 nm, L=50 nm (dwong lién nét); L=70 nm (duong chdm chadm); L=100 nm (dwong
gach cham);

Ngoai ra vi tri cia cac cyc dai trong d6 thi duwong nhu phu thudc vao do day
cua 16p siéu vat liéu (Hinh 3). Khi Le=50 nm ta ¢6 n*=1,858+0,008i; d6i voi Le=70 nm,
n*=2,01+0,034i, vdi Lc=100 nm gia tri cuc dai quan sat duwoc tai n*=2,352+0,092i. Do do,
khi d6 day Lc tang 1én, ca phan thuc Re(n*) va phan ao Im(n*) ctia bessel plasmon-
polariton déu tang. Diéu nay cho thdy ban kinh cua cye dai trung tam va d6 dai quang
duong dich chuyén tw do cua cua bessel plasmon-polariton bac 0 giam, do cac dai
lwong nay duoc xac dinh boi biéu thie: R =2,4/(k,Ren*) va L =1/ (2|Imn*|).

Nhu vdy mdc du quang duong dich chuyén tw do giam nhung tinh hoi tu cua Bessel
plasmon-polariton tang khi ting &6 day 16p siéu vat lieu, do &6 giam tinh nhiéu va cé
tiém nang tng dung trong tao anh c6 do phan giai cao.
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Hinh 4. - Sy phu thudc dao ham d6i s6 ham F vao phén thyc s6 mode hiéu qua ddi véi ciu triac
da 16p d6i xtiing “Lop d€ (thuy tinh SF10) — 16p trung gian (thach anh) — siéu vat liéu hyperbolic
o cau truc da 16p ITO/Ag (f=0,5) — 16p bao vé (thach anh) — méi treong ngoai (thuy tinh SF10)
Li=L2=0 (duong 1), Li=L2=15 nm (duong 2), Li=L2=35 nm (dudng 3), Li=L2=55 nm (duong 4),
L=70 nm

Tt hinh 4 ching ta thay, su hién dién cta cac 16p dién mdi trung gian (16p bao
vé) ¢ thé lam tang do 1on cua Re(n*), do d6 giam ban kinh cuc dai trung tam cta
Bessel plasmon-polariton tao thanh. Chung ta cé n*=1,931+0,028i khi Li=L:=0;
n*=2,01+0,034i khi Li=L>=15 nm; n*=2,102+0,04i khi Li=L=25 nm; n*=2,326+0,066i khi
Li=L>=55 nm. Nhu vay, viéc bd sung cac 16p dién moi trung gian dan dén sy giam kich
thudc cta cuc dai trung tam caa treong anh sang tao thanh.
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Hinh 5. - Sy phu thudc dao ham d6i s6 ham F vao phén thyc s6 mode hiéu qua ddi véi ciu triac
da 16p d6i xtiing “Lop d€ (thay tinh SF10) — 16p trung gian (thach anh) — siéu vat liéu hyperbolic
6 cau truc da 16p ITO/Ag (f=0,5) — 16p bao vé (thach anh) — méi treong ngoai (thuy tinh SF10)
L:=25 nm, L>=0 (duong 1), Li=55 nm, L=0 (dwong 2), L1=0, L>=25 nm (dwong 3), L1=0, L>=55 nm

(duong 4), L=70 nm. A=414 mn.

Tt hinh 5, néu cau truc "lép d€ - 16p siéu vat liéu - 16p dién mdi bén ngoai"
duoc bd sung mot 16p dién moi (trung gian hodc bao vé), thi cong hudng Bessel
plasmon khong phu thudc vao vi tri 16p dién mo6i dwa vao, nhung phu thudc dang ké
vao d¢ day caa l6p nay. Khi tang do day cua 16p dién mdi bd sung, ca phan thuc
Re(n*) va phéan ao Im(n*) cua s6 mode hiéu qua cua Bessel plasmon-polariton tao thanh

déu tang.

4. KET LUAN

Trong nghién cttu nay, ching toi phat trién ly thuyét cuec hé sd phan xa dé tao
ra cac bessel plasmon-polariton trong cdu tric da 16p c6 chira 16p siéu vat liéu
hyperbolic don truc véi tinh di hudng cuc 16n. Cac truong hop cau triuc d6i xing va
khong d6i xtiing duoc phan tich. Chung t6i da nhan duwgc phuwong trinh phan tan xac
dinh diéu kién hinh thanh bessel plasmon-polariton. Sy phu thudc diéu kién kich thich
cac phan cuc plasmon bessel vao d day L. ctia siéu vat liéu hyperbol da duoc thiét 1ap.
Tinh toan s& chi ra rang khi Lc ting, ban kinh ctia cuc dai trung tdm cta bessel
plasmon-polariton bac 0 giam. Viéc dua vao mot 16p dién modi bd sung (trung gian
hodc bao v¢) vao cau truc c6 thé lam giam kich kich thudc cuc dai trung tdm ctia bessel
plasmon-polariton, va sy giam nay cang tang khi do day cua 16p bd sung cang 16n. Cac
két qua thu duoc c6 thé duoc st dung trong viéc phat trién cac dung cu va thiét bi maéi
dé kiém tra cac bé mat dua trén viéc sit dung cac bessel plasmon-polariton.
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ABSTRACT

In this paper, we have determined the conditions for the formation of Bessel
plasmon-polariton in the hyperbolic metamaterial layer with extremely large
anisotropy formed by the metal-dielectric multilayer structure. We calculated the
influence of the thickness of the metamaterial layer, as well as the position and
thickness of the surrounding dielectric layers, on the properties of the formed

Bessel plasmon-polariton.

Keywords: Bessel plasmon-polariton, hyperbolic metamaterial, metal-dielectric

multilayer structure.
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