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Abstract

The electromagnetic properties of nanoparticles with radial anisotropy are
investigated in this thesis. We find that radial anisotropy can significantly affect the
electromagnetic properties of spherical and cylindrical nanoparticles. For instance, the
local field near the surface of the particle and the field amplitude between two particles can
be enhanced or decreased by adjusting the components of radially anisotropic permeability
and permittivity. As a consequence, it is believed that radial anisotropy can be used as an
alternative freedom to control the electromagnetic properties of the particles. Our results
and conclusions may become a theoretical guide of related experiments and device
designing. The thesis is organized as follows:

L. Light scattering and surface plasmon resonance of cylindrical particles with
radial anisotropy

We generalize the full-wave electromagnetic scattering theory to study scattering of
cylinders with radial anisotropy for normally incident light with transverse magnetic (TM)
polarization. By taking into account the radial anisotropies in both the permittivity and

permeability tensors, the scattering coefficients are exactly derived. It is shown that the

surface and volume plasmon resonances can be identified by the sign of de, /dg , in which

g, is the permittivity element in a directiond, and q is the size parameter. The near field

distribution differences between the two modes are illustrated by finite element method
(FEM) simulation. Moreover, in the scattering efficiency spectrum with small ¢, the
quadrupole and octupole resonant peaks may be much higher and sharper than that of
dipole resonance. To one’s interest, a tiny perturbation in radial anisotropy results in a
strong switching of scattering diagrams in the vicinity of surface plasmon resonances.

II. Study on near-field amplitude for plasmonic coated nanorods pair with
radially anisotropic cores

Electromagnetic scattering field amplitude in a pair of coated nanorods is investigated

by finite element method. The coated nanorod is composed of a radially anisotropic
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dielectric core and a metallic shell. Numerical simulations show that for a given radial
permittivity component¢,, with increasing the tangential permittivity componentg,, the
surface plasmon resonant near-field amplitude is decreased, accompanied with slight

red-shift of the resonant wavelength. On the other hand, with increasing¢, , the resonant

wavelength exhibits significant red-shift, while keeping the maximal magnitude for

isotropic case. Moreover, the effect of &, is significant on the near-field magnitude when

tuning the shell thickness. Furthermore, a compensating effect for the decay of the intensity
with the increase of the gap width can be realized by manipulating the anisotropy of the
dielectric core.

III. Strong hybridizations between localized surface plasmons and anisotropic
molecular shells in different orientation in a coated metallic sphere

The optical properties of a spherical plasmonic particle coated by anisotropic
molecular layer are investigated by full-wave electromagnetic scattering theory. We discuss
two cases that molecule resonance axes are oriented parallel or perpendicular to the coating
normal. For small particle, we can observe the hybridization between the dipole resonance
and molecular resonance, and there are two frequencies: low-energy frequency and
high-energy frequency. The separation between the two frequencies is enlarged with
increasing shell thickness. For large particle, multipolar hybridization between the
localized plasmonic resonances and molecular resonances can be observed. The molecular
shell thickness significantly affects the separation between low-energy frequency and
high-energy frequency, as well as the peak values respectively.

Key words: Radial anisotropy; Surface plasmon resonance; Full-wave

electromagnetic scattering theory; Finite element method
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FOUHL ¥ FEL B RO e LR BN D F F BA R A M 2 — B E R TR EEEH
K&, ZEBERZEIREL 2). FriBRot, RETZRZRHRIETEK Maxwell
FRANKANZNE, TUREBHEENRFRIERBREATR SRR, £T
Maxwell J7EEAKBITTEBNA T2 AERBEHERNERUR#HRE S B
WHEAEAEHRDB, 4. —At, IERBIESFEHINRAEBRENE, B
BRGERER, TRHHSELE, NTBEIERENERE5-7]. Bkaks
Gist ER R ER NS ARARERANZ P, 55—, SAKRESED
FORLAE SR () R S B MOUCI IR b 2 AT 0 — N EE N A S0 RIR S B BT 3R
FHLHBENNA, LnERELE, PRBARRIEXRTE. X TFREBRTNS, W
REK/MEZDNT NG BB, IBARNTATLAK A Rayleigh 7 4% A
A, BENBIER Mie Zig, KRR BT i B4 7 E5[8-10]. —f,
T &RREMEER MR, ENEEE e, EHERRENs=-¢, (5, AW

FABM R BERD B, AN RREE BRI R . BaER, DA
PERETHRAEEKFEN, BESRREXEEEHT, WRERSRTSEET
HhR. BE—LET Mie BRIFFRRR, 3T HEFEBBEHIBRI/MER, MEA
SHESR A R E B BOT L IRIE I, RAEM AR LS8 54 S BARGEE L
Big5 R (BP Rayleigh #3f) BRKKIZER, Rayleigh BISH ¥ 7% BUNBUR[12-16].
MNTEENE BB, FEEERERSEHEY, EhTESEHEENITEET
PLZRE. RN RFERUP R R, MRHE R MRS ES, BB TR
KR T B, RSB MBI RSMES, MRERERS. BN
AT AR BSRF M LRI S DL R B BT P R ML IR, RE B SE IR B H Ay
K, SR fE R K. FHRATTURI, TR T IL BB % 5
MR RELHAEENER. BIE, QuF AR T HIRFERS [N
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M. FEE, XHEERNREERRETEYEERTEH20)RERETEN R
[R1RLT; R, ABERNRLA22, 23)UREH B BRI FESR4, 25]
R T XML 7T AR [ R AR R B AL TS Bk B L 3R Bt R B 2 4
EEARI R RIOVEHE 2B BRI ERRH AR —RE.

2.1 B ot
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H" = i ()" A J, (kr)e™ r<a 9

ma-oo

B = 3 (P V) + BH ()™ r>a (10)

m=~

Ko k=oyam, k= o\e B HETEMBEE. #5b, J, Bmb Bessel BE, HO
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REKB, CIEBED RN T %@, BEEr=a B, M H,MELHREN, R
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eI o0, @ - 1 @ (op0) b
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BAREE 0 R AR BOR 5 7 ) L B R F=E QEERENE MR B EEAR
BIRGKAE R B IR A

F=F HEREZEMFR RN REM NN K
HER R R SAR IR 52

EMRMNEIEHRIEN, SBRPEHBTFHEARYS BT RETERTH’
%, EREHESRSEMFEMENRADEE - RERAIRET SR ¥ F—
BhE&REBMREKEN, WGk, 40k, SEPKRTTR, EHREHE
KISEBIRRKNEE, XRETRERDOEHITHIER . SRITEFFTNFE
FE _EFRESEEOTAR, FIRREE BT R MR RS SRS T
FEHERIER. EER, REFEHOCRE T ZAKE, HREHT T RZNER
AMERHA, ZREVCERSTHAERENNANE, HOREKAKETE
1], Afute@aR02], BOCEIEFMEDB], URFETRIKME, F%.

T LR BIME LSRRG P, ATERIMICHE & B SRR KE
B Xl AT Y R B TR SR A AT B AR LA K A [5]. B
® R, MFRMIRAKREN S, AN BHERAESTRESEHTRAE
B, R 4RI T S SRR RO TIEES, RO B M IE AR K 8 ) =
54[6].Rechberger % AZE LR 2 & T HEBIH HRTEEM 150—450nm KL,
BIXPESM AR R BN GUOR BURL A B BRLRT, AR ATTAR I T A R R R AR\ G LR
B P A T RBHM S FRHE[7]. BT, Chau ZAMR T BB BN FEEH
BRI AREE RS, NEARELATENM RGN EEHURREEE, %
EMP SRR RBEEBOURAY, UEKERMNFRERBES. REGMHEXERR
R TSR, Tt RRENGHERTESZMHL, BEAUAREERD
UK PR (7] I X SR 42 AN 07 BUE AR GOR AL 9] |EAIFTA, ERIIBTR
B, fRE—BHRELNEBRBREE HEBRS & RN EN TR 28
RAIE, AMTEREHRTEA#E [ R BRI 35 S ST R .

EAED, ROMABEER T EFRNGRETRG R TS E BB R,
FURL R B & B e B AR ) % (o) ek AR A B R BB AT R T B R T 7 ¥ (FEMD
f¥) COMSOL Multiphysics {E A SUERBM TR . W5 SR, ABERRBE &R
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F=F hMeRABRNE AR BN REHR BAHRAE TR T0R 5 7 1) ARt
FIRARAE A TR FE 5 SRR A

AR AN AUKKEER, Kb e, RERR (F R LRGSR, £ ZYIH (0

A RS E. Flk, RNEFHREIKE Gao FABLTRNIAE: BIIHR
T EMENR, SRBRRESVHI=MIELMERILEN0], DURHTBALRE
BRFOZRMZRERA=E]. BEHARR, REAERFEXEREEMENE
BUARIRAENBHEER T +2 BEREMN0, 11].

3.1 HEHRBRER

BAMBE RS ARSI — X FH & R B RS, e R
FRH SRR, TREER (G-a), WE 1R, ATHEERL, RIOBEAG
MBSO FEE, HEEANS, BRRELEET 8. RIURT™ fWfR, BIER

WA RFET 8. BARRAAR B H IO — MR ERR, Bhe XErs
BE, FERX ALK

(D

g
Il

o M o

o oMb

0
0
gz

Hpe, Zonr TARKNBERIE, e RFOTANNBRERSER, ¢, Xorz HFHAK

NHEERSE[12]. TEREWARTER AN B E ST LB IER Drude #REH
R[13-15],

g =l-———2—+y, (2)
o’ +ivy

Ko, REETHRE, yREERE, My, RERRLE, ERHEKREBTFHIK

R RIS EMI[15]. AFAKRDMDTF BHBFH Y EHEN, BTREMR

BMa% EREmE. ERIEBTFHRRTHN, BENRERETURSRY

y=y,+d4vpld, X8y RBMEIRERE, v, & Fermi ¥, Md=b-aRZEMH
EE. AA—NEE, ENERRTRANERUREMIFHE, Big LRIT
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RARAE AREGR BRI R K R R F=F hESRRENE AR LN ALK
B RAE A R B IR IEHT 5L

—RERNRE A=1. ERENRELEA, RMEREXSER: 0,=137x10"",

7, =1.07x10%s7", v, =1.4x10°m/s, x,=103[13].

B 1 BRI R R, S SR 005 I 5308

BRI, BHRTNRARTSERTLZINN R, BAERS
WHSA R EKE, SRAON NS, BERENERETEEENLW. T
BT R R WL R B EER R, GRS, RATE AT
SRR RIS R e, Mo MGREOEN. R, ROV — Wi A%
o FIMEBAEL B (b=50mm) W7, b RAR RN LS B RIE
.,

78 2 o, FEMALAM|E| RS KM ES, RIERe, =3, HEMTs, . %

TEARAERER, Ble =g =38, ROTTUREIIRESEHTHRE, BEX
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B=F HERRRNEARERN TEAR FAHR ML AR R A B

BRI GIKAE 1 R TIE 3 SR VB B

YR 2.6x10'V/m, FE790mm WiE. 5—HE, 3T e BAMEHRENER, tin
£,=6, EHRBHIBKER RN (RAEL6x10'V/m), FHAEZHRARERA
b, tRBKEKEKT MBS (41806nm). KK, XTF e HLB/MYE E IR
oL, teie =15, ROTTLUMEER], HRGHEZEWMIIER (46.0x10'V/m),

FEHBERREKESE 783m 4. BHRYE, FEHRREZLRE FERNE
FH R TR 8] BBAVERFAE F 75 BRI, FTLURI ¢, BR/MER

|
W&k MB 2 FRATATCLE & HIXHFRIME: ENMEFE RTINS & N, 58
FIIRIERT N I8 SRR S/, TR ISR B KR I /AL . ik
RUNEBEEAD R ¢, SEHRBHXRREDK. 55, B2 hREERRH R K
FRAMIRBE R EORGRAER L RRAEZ IR RITTLURIABEE ¢, B,

HE R EIR R Z B2, H BB T M AR BIgR. xR
HI—/MEENR RG] R miaREmY =N EHS (SERS).

10°F

10°}

7;0 - 7"/5 . 8(;0 . 8&5 ' 850
Wavelength (nm)
B 2: EHIRIE (|E|) EAHBKRRR. BKEEMN 750nm 2] 850mm. HENTRBK

MNMREH B RGHHER. B Eha=40mm, d=10mm, FHPREANZREE R

30mnm .
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RARRAEAREGRTR R BN R BoE HERRENE MR EN LR
OGRS R BB A

ETR, RIMRFENBEL NS Ee AT (g,=3), INEERER I B N
W FRERBR (e, =3) BERNRKMER, e =6F¢ =9, WE 3R, BEE
g, B0, FLIRFTA N AEG G RBIEECER HBA%, MEERZMARDAT. A
R, e B, R RES RS ER R A E (B3 REKAE) &

HER®, FAGREBEEERZIKEANT (Gl 4 Fir). BERIIFEWTER: X
TEZONMBERNAIE, &RFAEERTRERN D7 RE R ARE%E, JFE
NEEHRE S BE RS BEREKNLE. B 3 A 4 PREERESMLREK
YR HE ST A M EE T RS R, RATTLAEE], »TE&mRENER, H5E

KIS AU e AL 2B R, O BAE A P AeHkE]. B ¢, MM,
TR A0 A R P R IRIE BRI, BB BAE R & [ A N

o, MEREFZRPREABXEH. F—R5EE 2 PURIMRZHERAE
ﬁe

10}

[E| (V/m)

10°p

IWE RN EY SN RWE W Aok,
700 800 900 1000 1100 1200

Wavelength (hm)
B3 5 (E)) SASBKIXR. BKBEEN 700m B 1200mm. £, 356 RIE

3] 9. |E| IHREABIIRS, TURREARLERSE MR W, EXBHEE
BX. HENSRR KM RS 1R 5 AR,
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BB A R B3G5 I WE BT 5L
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ey gy
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B 4: 5E3MEL & M3 E L5 BER/NEN0S5,

FAER AT R R & RN B (W, X T BT, RAIVERER
FIRIZI030m, 3 LBAER MRHENKIRETRRER. B 5 BR0R
SRR HIENE 55 ARG ERaMXR, RIHE:, =3, FBEFRLR
B TM BB . FRBAT & MFMERE MRHNER, BTFREBRUNR
3 40nm BRTSRE K, EERITTLEE, ROFBENARE, £a=40m L%
ZH|E| BKAM. HahF3smmbf (BEREd>15m), MF—AHENs,, EHE

BILFS e REXK. NERLEE, MTARTH#%, SRENREEHREKNME
B TEROEM, HEi&RRENERTUR M. EXHERLT, HREN
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H R BRI % T R B LRSS, X RS R BT HRAKENERNBE
PG TERANEEL, BAN 1. ARMNBIFETOR, DREHLBEIE SOnm
(& RBRRIFFIE, FHBhL PR BLONE RRERT R, &
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NEERRE SR e, ZRARKKXEK. XN TRERa>40mm, & BIRZHED

g, KR T & AREZEE MR AT S EEEIBRABRK, MERTRER SR
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HEARZRAPIARN B EH A5 BEW T RESHSH RS AER WE 7 ]
LEH, NTEARERER:, =5 =3, AZBREERN10mm B, W SHESHRIE

KL R0V Im, BEBFX R ISR LN A =800mm . UEBREHEEKRN, &
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BEIESRERDBIBEE 110V /m . T4, @R ENFENE RS
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B AK A R I35 R IEHE
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F & RS HOR R AR S0nm Rt
3.2 &ig

AR, BOIMAERTGERR T HRARERZRTHESRE, LPH
RERAFRASHFENENBES REERENTREMR. BRITEATETRRA
& 0 R IEHRIBARIEE RIRBKNER. JELERKH, BHE RN
MIEFREAEEMCETERROEE. N TEENNTEEHRAL R, ®ANBRE
B B B E ARIEHRIERD, FEREKHABHOABIS AR,
HRENAEENRLR, HANMBREHRRL R, RINSRIE @R RN N
EHREARK, IREKEAAENABIAR. TEERENG ¢ HilL, & XiEH
WREEEE K. 5t BRHRLE 02 BRI KT S BE S RIERAD, XA AE
Akl e, MERTIME, WTIERKZREER TRERKIIESRIE. ERIIFTITE
RIXABRAREH T, LB RN & @R HERE, N T aeR bR
BEN M (SERS), FHAEMKNZREEHTHEERENNANE.
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RAREERFHERBRL AR K LB FNE FH RSB REART ST
SR RREs THENEEGHR

FWE Bk '“*ﬁﬁﬁﬁqﬂﬁﬁﬁﬁﬁ%ﬁiﬁin'ﬂéh
BERFES FEEMNBEESME

RFTAS, HREBHRNAKBRTNEERASHHTRETNAHETE
RS REN. REXESHEOTRBYWN/ MR NIERELE, REBERNTEH
5 (SERS), DAREESFHMEENA, WEENRETMLRERE115%, B
REEXRE. XTFRERASEHCNERNLRARECEHTTLTHE. B,
RGP EAS NN FR BT IREZ B MAURERA THARRZ—
[2]. ZELNRTRBIR S, B-REMERMAERFEREEN—MHHE, BHREETK
SEARE, AUMNZEHHITIE. KPH—FHRERZEENFRNAE, X4
4EABE T RAMHFHBFENAN T REHEB-8). REEMNINMERAZE, B
WRENRENEE, TUAIARMEEROTRREK, HiEEEMNPLI—EEIX
4h9-11). Tsai FABFAT i 45 Hav 5 H XUBRL ¢4 2R DA R B4R R (12, 13] Sa5b—
Frlg-REMSNIA RIPRITFHR, ERHEBRAMATSSRBEMRM[14-16]. &
BRASRSRFBRODETERMTHLESY, BEER-EROK-REMBZETH
LRE. ERRNLR LELET T SREREAXNROFEBTHHR. Zn F
AHRTEE-BEREHNAXRES, NERFATNRBRAEFEBOCER, R
TR E T ETHESRTI A5IENRE B FHARGINFRERSERTHERNY
AT A7 B, HIREFRAH—FE-BETARTRINGE T REYM RO S
[18].

EHFEHAP, LEgk (LnEEST) ELERAKBRIKSIT. A4 %H#N
GKBIETZHMMIEAR, RS FRAUBADZLEHFRE T EHOTREME. T
EXEHRMSNFBEAFTENRABEIHAREERFEES TENSRIKBR
KRB B AR B EY R AR, 7300 19 PR T BEEXHNSTEE
RIREERTRL. & BRI E TIREIE 54 TR 0B R R ME &L B RA
HWRBEMR, WEZROHLER, MRSIERRSERBRIN9. R, Hixbt

b HER T ERR, XRERGK TR A K NDRTE DT A B, BBR
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B5 5% B 5 F B SR E A B A AR T o BATAE R 25 B S R R &
1 S5 R BRI B 5 S AR A ER . AR, ETHERFHERERY
PR 2B R W ABTAA RS TR I iR 4 T AT se

4.1 HHERSBR S

BRERFZFE-NHE S ARMRENSBRREIN, ROREERYq, B
RLBERHb, BHREEBHNEPN L, REHS, W8 1R RENEEHRER
SRS ESARIELE, BIHENTEERA, =V, [V, RE, HPV,, MV,55

A TR R BA BRI AR RAVER R &8 B AIAEXT A 60 % BT UK Drude #28!
AT HIR -

0)2

g, =1- £ 1
o(@+il")

Ho o, REBTHEE, T, RERRN, XERNBRT, /0, =005. BER

148 WA TR M A BB 3, BRERES TR, 2 TR R B
&, BB EAREETREERT NS ERRRN. KRERE SRS
BHR—KE, ARUFETUER: & =5,/ +£,,(00+46) . RIVHHIELTTH
EEFREBTANRMES BRI 7 My, HTRAREREAXAEE RS RN
K FEH[20):

4y, )

Yo

g, =1+
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Vo
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sl

2

Hrb v, RATAMB AR, HTRUEY, =7, + (o, ~ Vou)

2 2 .
@y — 0" —ial,
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AH R R EGOR BN R Bt BNE RN TERBR TS REREEHRT
S5RREARESTHENEBETR

HEBu=BL, y, ABSRLE, 7, ARTRNLE, o RSTHERR, [ RE

BAY. XERMT,/0,=0.03,

molecule layer /

B 1 HEERR: WRARHELSTRENSRRTAL.

EAEPRIEZRAMELR. B0 1 2T BHRILRM 5B REIE R F
To BEAVBER 1y /=025 7 /v% =002, 75, /v =7, /v, =001, XEEFHHIA

EREESER N e, =1.1257. B 2: HFHEFRRMEMNNROERER.
BATE o, /v =01, FFE y,, /vy =7y /Vo=Ve /v =001 . AERHISEH B TPATHE
¥h e =1.1437[19]. ESNZHEBFREOFART, RIBRRSFERIEBER,
Bl g, =1,
BAVBHE 2B BB RS E R R EH BRI AR ARSI ER N T &P
B, RIBEREREF ™ . Bt Maxwell FREATALA:
Vx H =-iwe i E (4)
VxE =iop,H (5)
BATAT AR R4 (4) A (5) WAERFERNER. FRAMNBEHAME
B3 (g, Hyg ) M1 (Epy, Hyp, ) BN, FIA Debye @, G T™M )

Mo, HFTEH) [7], M EHEHER
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g"la(’qjm)+ L —(snBaq) )+ _12 ad’;‘u“’z g0, =0 (6)
gr or r’sind 96 09 * r’sin’@ o¢ c
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rds, = kg; 0 1), (k") P® (cos B)cos ¢
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rd;, = ——l—- i -LH-[D,"w y, (k,)+Ey, (k,r)]B"(cosB)cos g (12)
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FIRIAS 4, BMRIEASR R s MEh ) B SE, RATATAERIBN R AL

A" =

Ii+1)

KT RUAL S FOIHE S T N

45

vikb) v, kb))  x, kD) 0
k' (kb) k', (kD) kx', (kD) 0
0 v,k  x, k8 -y, ka)
0 ky', (k,a) kx', (k) —ky', (ka) ’ 16
Gkp) oy, (k) oz, (k,lb) 0
kG (kb)) k', (kb)) kox', (&,.b) 0
0 (k 10) (k ) v, (k.a)
0 ky', (k,a) k', (k8 —ky',(ka)
evi(kb) v, (kb)) 7, (k,.b) 0
k' (k) ky', (k.b0) k', (k,b) 0
0 ey, (k.a) ezx, k.0 -¢,y,(ka)
0 ky', k@) kx', (k,a) ~ky',(ka) o an
&.6:/(kb) v, (k,b) 7, (k) 0
k.S i(kib) Ry, (kD) kox', (kD) 0
0 £V, (k,a) &1 s (k,.a) -&,v ) (k.a)
0 ky', (k@) k2, (ka) -ky',(ka)



ENE R HRESRBN T RERDFEHT RARAE MRIERBL R B
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FEBAITRP, RE AN HFFHAL, KRBT A7 EET 0. FILTTH 4™
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