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Abstract

Traditional two dimensional electron gas materials have played a significant role in
promoting the development of science and technology over the past few decades. Since
the discovery of graphene, the researches of new type of atomic thin two dimensional ma-
terials have received a great attention. The investigation of new type of two dimensional
electron gas material’s optical property can enrich the understanding of it and explore the
potential applications. In this thesis, we conduct a theoretical study on the optoelectron-
ic of multilayer graphene and monolayer MoSy (ML-MoSs) systems. The layers number
and stacking order can affect the electronic structure and optical property of graphene
system. ML-MoS, was successful fabricated in a few years ago. The presence of a strong
intrinsic spin-orbit coupling (SOC) and the curious valley contrasting selective rules have
led to the proposal that ML-MoS,; can be an interesting material for valleytronics and
spintronics. The artificial manipulation of SOC in ML-MoS, can be realized through the
Rashba effect and the optical property is also affected. At present, plasmonics is one of
the most promising areas of scientific research. In this thesis, we use the balance equa-
tion approach and Kubo-Greenwood formula to calculate the optical conductivity. The
dynamical dielectric function and plasmon property are calculated under Random Phase

Approximation (RPA). The main contents and results of this thesis are as follows.

(1) The optical conductivity and transmission coefficient of monolayer and multilayer
graphene systems are examined and compared. The universal optical conductivity o)’ =
Nme?/(2h) for N layer graphene systems in the visible region are verified. For N > 3
layer graphene, the mini-gap induced absorption edges can be observed in odd layers AB-
stacked multilayer graphene, where the number and position of the absorption edges are
decided by the layers number. Meanwhile, we can observe optical absorption windows
for those graphene systems in the infrared to terahertz (THz) bandwidth (0.2 — 150
THz). The depth and width of the absorption window can be tuned not only via varying
temperature and electron density but also by changing the number of graphene layers and
the stacking order. This study has laid a theoretical foundation for the application of
multilayer graphene with different layers and stacking orders in optical and optoelectronic

devices working in infrared and THz bandwidths.

(2) We investigate the effect of Rashba SOC on the optoelectronic property of n-
and p-type ML-MoS,. The optical conductivity is calculated within the Kubo-Greenwood
formalism. We find that the spin-flip transitions enabled by the Rashba effect result in

a wide absorption window in low frequency optical spectrum. We find that the position,

I1I
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width, and shape of the absorption peak or absorption window can be tuned by varying
temperature, carrier density and the strength of Rashba SOC parameter. This study
provides a theoretical basis for the application of ML-MoS, in frequency tunable devices

working in infrared and THz range.

(3) The interband optical conductivity of ML-MoS, with and without Rashba effect
are calculated with the four band and two band hamiltonian modes, respectively. When
the Rashba parameter approaches to zero, the results of four band model are identical to
the two band model. The Rashba effect will increase the number of optical absorption
channels and affects the optical conductivity curve near the band gap, which indicates
that Rashba effect can be used to adjust the light absorption near the band gap spectrum

range.

(4) We investigate the dynamical dielectric function and plasmons of ML-MoS, un-
der RPA with and without the circularly polarized optical pumping. The plasmons of the
multi-component ML-MoS, system has been calculated with the massive Dirac fermion
(MDF) and two dimensional parabolic band (2DPB) models. The charge plasmon mode
in ML.-MoS, is similar to a traditional 2D electron gas. More interesting, novel weakly
damped linear acoustic plasmons could be observed in a multi-component ML-MoS, sys-
tem. This study further elucidates the physical mechanism of different plasmon modes
in ML-MoS, system.

(5) Considering a ML-MoS, layer placed on a SiO, wafer, we calculate the intrinsic
optical phonon and substrate surface optical phonon coupled plasmon-phonon modes
in ML-MoS,. The dispersion relation of the coupled plasmon-phonon modes can be
effectively tuned by carrier density. This study shows that surface optical phonon in the

substrate would have an impact on plasmon property of ML-MoS,.

The study in this thesis shows that multilayer graphene and ML-MoS, systems have
excellent optoelectronic properties and can be applied as frequency tunable optical and

optoelectronic devices working in infrared to terahertz bandwidth.

Keywords: Multilayer graphene; Monolayer MoS,; Rashba spin-orbit coupling; Optical

conductivity; Plasmon
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Abstract

Materialen met een traditioneel tweedimensionaal elektronengas hebben een belan-
grijke rol gespeeld in de ontwikkeling van wetenschap en technologie in de laatste decen-
nia. Sinds de ontdekking van grafeen is het onderzoek naar nieuwe types atomair dunne
tweedimensionale materialen ook enorm toegenomen. Deze nieuwe tweedimensionale ma-
terialen onderzoeken op hun optische eigenschappen kan het begrip ervan vergroten en
kan nieuwe potentiéle toepassingen voortbrengen. In deze thesis voeren we een studie
uit naar de opto-elektronische eigenschappen van grafeen multilagen en monolaag MoS,
(ML-MoS;). Het aantal lagen en de wijze van stapeling kan de elektronische en optische
eigenschappen van grafeen beinvloeden. ML-MoS, is enkele jaren geleden voor de eerste
keer gefabriceerd. Zijn sterke spin-baan koppeling (SBK) en de speciale vallei afhanke-
lijke selectiecriteria hebben ertoe geleid dat ML-MoS; meer en meer beschouwd wordt
als mogelijke kandidaat voor valleitronica en spintronica. SBK in ML-MoS, kan door
middel van Rashba SBK artificieel worden aangepast en zo de optische eigenschappen
van het materiaal aanpassen. Vandaag de dag is plasmonica één van de meest belovende
wetenschapsvelden. In deze thesis maken we gebruik van de evenwichtsvergelijking en
de Kubo-Greenwood formule om de optische conductiviteit te berekenen. De dynamis-
che dielektrische functie en plasmon eigenschappen zijn binnen de willekeurige fase be-
nadering (WFB) berekend. We kunnen de belangrijkste punten in deze thesis als volgt

samenvatten:

(1) De optische conductiviteit en transmissie coéfficiént van monolaag en multi-
laag grafeen zijn berekend en met elkaar vergeleken. De universele conductiviteit oY =
Nme?/(2h) voor een N-laag grafeen systeem in het visuele deel van het spectrum is gever-
ifieerd. Voor N > 3 wordt een mini bandkloof geinduceerd wat leidt tot absorptie randen
die geobserveerd kunnen worden in AB gestapeld multilaag grafeen met een oneven aan-
tal lagen. De positie van de randen wordt bepaald door het aantal lagen. Tegelijk zien
we ook dat er absorptie vensters zijn voor deze systemen in het IR tot het THz regime
(0.2 — 150 THz). De diepte en breedte van deze vensters kan worden aangepast, niet
enkel via het variéren van de temperatuur en elektronen dichtheid, maar ook door het
aantal grafeen lagen en diens stapel orde te wijzigen. Deze studie heeft een theoretisch
fundament gelegd voor de toepassing van grafeen multilagen met verschillende lagen en
stapel orde in optische en opto-elektronische toepassingen die werken in het IR en THz

gebied.

(2) We onderzoeken het effect van Rashba SBK op de opto-elektronische eigenschap-

v
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pen van n- en p-type ML-MoSs. De optische conductiviteit is berekend binnen het Kubo-
Greenwood formalisme. We vinden dat de spin-flip transities die mogelijk gemaakt wor-
den door het Rashba effect resulteren in een breed absorptie venster bij lange golflengten.
We vinden dat de positie, de breedte en de vorm van dit venster kan worden aangepast
door de temperatuur, landingsdragerdichtheid en sterkte van de Rashba SBK parameter
te variéren. Deze studie zorgt voor een theoretische basis voor de toepassing van ML-
MoS; in toepassingen waarbij de frequentie gevarieerd moet kunnen worden en die actief
zijn in het IR tot THz gebied.

(3) De interband optische conductiviteit van ML-MoS, is berekend binnen een vier-
en twee-band Hamiltoniaan met en zonder Rashba effect. Wanneer de Rashba parameter
nul nadert zijn de resultaten van een vierbandsmodel benaderend gelijk aan die van het
tweebandsmodel. Het Rashba effect zal het aantal absorptiekanalen doen stijgen en heeft
een invloed op de kromming van de optische conductiviteit in de buurt van de bandkloof.
Dit wijst erop dat het Rashba effect gebruikt kan worden om absorptie van licht met

fotonenergie in de buurt van de grootte van de bandkloof kan beinvloeden.

(4) We onderzoeken de dynamische dielektrische functie en plasmonen in ML-MoS,
binnen de WFB met en zonder circulair gepolariseerd licht. De plasmonen van het multi-
component ML-MoS, systeem zijn berekend met een model van massieve Dirac Fermionen
en een twee-dimensionaal parabolisch band model. De geladen plasmon tak in ML-
MoS; is gelijkaardig aan die van een traditioneel 2D elektronen gas. Meer interessant is
echter nieuwe licht gedempte akoestische modi die ook geobserveerd kunnen worden in
multicomponent ML.-MoS, systemen. Deze studie legt verder ook het fysische karakter

bloot van verschillende plasmon modi in ML-MoS, systemen.

(5) We beschouwen een ML-MoS, laag geplaatst op een SiOy wafer. We berekenen
de intrinsieke optische fononen en de substraatafhankelijke oppervlakte optische fonen die
gekoppeld zijn aan plasmon-fonon modi in ML-MoS,. De dispesierelatie van gekoppelde
plasmon-fonon modi kan effectief aangepast worden door de ladingsdichtheid. Deze studie
toont aan dat oppervlakte optische fononen in het substraat een grote invloed kunnen

hebben op de plasmon eigenschappen van ML-MoS;.

Het onderzoek in deze thesis toont aan dat grafeen multilagen en ML-MoS, syste-
men uitzonderlijke opto-elektronische eigenschappen hebben en toegepast kunnen worden
in frequentie aanpasbare optische en opto-elektronische toepassingen die werken in het

infrarood tot terahertz gebied van het elektromagnetische spectrum.

Trefwoorden: multilaag grafeen; monolaag MoSs; Rashba Spin-lane coupling; optische

conductiviteit; plasmonen
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PRAAS [F) 287 0 S A R 2H s A8 30T 22 ) 25 48] 1 S Jo 435 9 T R W% R v 1 R i ZE AR TR O &
T AR RAORA G S 1 R P RLE B Z4E i R TR E.
DTS e e AR B (R K RN RN TR R MW RARE R TR RS MR 1 S
TF-BAE B KIME .
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(a) (b)

a E(k,)

<>
GaAlAs GaAs GaAlAs \/

=3
y

X

=2
/ j=I

SF -----------------------------

k

~Y

& 1.4: GaAs-GaAlAs ETHHEHTEES, (a) EETIE z FENETFTHEERFURE .
(b) B FRERMBERBREFEE RN TUXR. RGP NERKNFHHETF LB

H Al C & BEW B %6 25 T Si M GaAs HIm B & 70, Hh #0R 7E— 1=
077 Esh R B T, ELASH T8 TFHNa R R, ERFE BT,
BT A ELP R 7B RAERE T (xy) Pl EWiEs), RmRIE A hE T
K7 BRI, REFHWRERH (xy) Pl ERBR k) £, FE 2 g7 F
HERE G = 1,2 For. WEL IR, 7P BANREEE - RIFER
[l j fa B — 4k 7 RE A N IRIEEAN E T 2R, AR IR AT A AR R OC
& E; =152/ (2ma®) Hrf o ZETHEE. 2 o LU/ NRIRE, W EUER PRI
TRE (A (A BE R A P LT I N2 sl BB RS 2. EIXAMEOL &, A &AM 77
BT SR e R E R T 4R k. BT RSP IR TRA LN
RE RO BT w7 b, DRI T 38 I B AT DU R S 4 L TR

TR T RFEAE T MBI AR R AR R A MR AR R E B8, R
A= DKL 1 eV L2 IEBETFIRE NS B AXMEILT, ATLE R X kg
fif B BEAE 10° em 2 BRI 4L TR RS,

1982 5, HAME A5 T. Ando W% G¢ — 4k it 5 SIWF SR BRSSP di 1
RGN 2B,

1.2 B _HBETSHR

B 2004 4F A sRIm A R R, BT R T AR RORE T B A AR ) B S
T ADR AR YR R R EHR R TR SRS YR SRR R RR
WO IRANRE R A AEARAE 2 J7 1007 A — AN ORI IR A 38R E S 4 1 E 4P N i2
ZANIE, B YR SRR S R R BOE D SR 5 BUR T R
YERRL. TP AR R IR S5 M, HAE T b 5 2 R B A G AR AR 1 A
FEAAREAS B BT 4l i S RO P B R R O L L B8 7 45 1 S WD RS 1 52 2T RL2H
JETER SR T HPI G RIS ARH K, AR XS RLEAT TR B R 2 [

4
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BoE 4

B 1.5: AEKRFNETFEHREE

HA SR G, HEeH M RR 72 4 7SR (silicene)®,
ik (germanene)®, 47 (stanene)™, TV & BHE LY (transitional metal dichalco-
genides; TMDCs)M,  FUf 801k I 4 S8 B AL 52 A 45 K 2 S50 ) 11 AH 4k B0 B8 Sy
B Y P AR — R T 2RO, FEE R E AT BT A RIS 6 TR 6
SRR A GRS AT I 5T

1.2.1 AFEKNEARESEMYR

A7 SRR R R T R A K HE UL AR G S R R B R R TR (B L]
JIToR)e A o M 2 M S L e g BB A BN R 4B S 0. dERR AR DL =40
SRR A5 . B EX A SRR A A BT T 4 70 ERSTEL RLAE 80 £ 4E T,
Landau Al Peierls A /™ #% 19 — 4k & 7R 34 8L th T 34 77 5 00 AN R g 1 A i A2 A A7 4
RGO, AN UG 2K OB Mermin B eI, Jf g KBS0 R LA SCRF. AEAH K
B [y, BJE 7 R B 4EM RIOA N R AFAER. H2 2004 5 K. S. Novoselov
AL K. Geim 2D 4 82 S0 0, R DRI t A STk 3845 2010 4R A1 DL

1.2.1.1 EREBZETAZHHEFEH

P L6 R, A7 SR P BRI T HEAITE N 7 Wl R A5 R L SRR R R LA AR A
TOHA B AR IR T = IR, HLR R R E T LS K

ap = <32_a7@)7a2: (3_2(17_@>> (11)
Hog-w R 72 M EIEEEN o ~ 1.42 Ao A& R A
b1 = (2_71-72\/3’”)71)2 = (2_7T7_2\/§7T) (12)
3a 3a 3a 3a

>



LR A AR

1.6: ARKNEREMRRURHBRNXI. ZE: ARKENRIEEN, Hd a M a, R
#X, B (1=1,2,3) BREWVKE. AE: SRBEWHENTNNGFENX, EF K MK =
AR R TER L B

A SR ) B R i KR P S E AT LK X A K R K il EATIE B R A ] A AL

Bl

2r 2w y_ (27  2m
K= (?E)K - (3a’ —ma)' (13)
T 5273 (] o = AN A0k IR I % 20 N
V3 3
51 = <g,Ta),52 = (g,—Ta),égz (—Q,O). (14)
S A 2 A SR P R T BRI Bl AR I kR, B ) R OR ARG R S N
H=—t> (af bjs+0fa:), (1.5)
©,7,8

Holt a4 (0l ) FORTET S A A 10 v, AR (F22E) — A EIEN s BT, b (b;,) %
ET M B 1 vy A7 E (EK) — AN BN s BT, ¢ = 3.16 eV 2 EIE AR B At
o i B R G N R R A O R

pt =21 gt (V340) o (30 )eon (20). 10

HA P IE A5 3 mAREE T oK Be K M I 1 57y A 77 o
FEE[L7(a) B, AT AR W TS A SR IG e (O R I A SBIE TR
A B AL 1 HOC & T BLE kx4 5K PR RE R 45 MIE K B K/ S AN HEAT R TT15 31,
YRR K 5 K ST E IR, w] DS A SR R R 2 e g oy )
B.(k) = hoplk|, (1.7)

HAp K vp = 3at/2 ~ 1 x 109 m/s, &G 1/300. BE[L7(b) w5k Fr o kB
AR BT i I 2 oK BB P I (P R L RE 1S

6



e EEEE T L b — b Energy Energy

" \\
Conductit;n band Conduction band

K|/

Vanlence band

Valence band

1.7: (a) ARHPEKERMHIAEETLEMF (b) £ K 2F K SXXHSHMNTHLMEIR
RS G AR R EY

BRI Rk sk, 2R A SRIE T R AR 2 OGE. ZRAsEE
BRSO 2 R U AR b FEEDGTERIA, 2R ST N — 2
A BRI, MRS E 21N 2.3% (W1 (L8 FiR).  BEEHORMIR IR, Sem bl & i
. KEARMZ Z0 806 CABONT . £2 20801, & LIHELXF 8 ABC
FIAB Hid. HEVRUUT SRS A1 8200 1K) L TS5 R v B2, R il 2 R 22 )2
ARG L E BN 2 2 A0 S0 OB FOR 2 i — b et A SR A 1 T T 0 R

100
GCJ hite light
— ) white lig ideal P
32 100 "= —~ Dirac fermions et
: : p / / e
@ S =~
Q ©
= S 9% 2000006:006122a2 000
k=4 © 0~ 0000~
£ £ oo
S c number of layers
2 100————————
© 2 theory: 1 2 3 4 5
® c
= g graphene
= = 96 — 9 96 -
2 £ = -t
2 92
B
94 [ | |
0 25 50 400 500 600 700

distance (um)

wavelength 4 (nm)

1.8: ETEREASZEHRBENAFZRMERR, (A) BEEREHFMVEAEHNNAFRIERRF.
B) IRNELEAEHFNBEFILERYE (ZLE), BEZHRNR-BRKTFHEFE (Ll
%) T = (1+0.571a)2 (o = €?/he =~ 1/137) MBI HEARHEESR (L EHL). NIERSAE
TZEAEREFNAYEEAZHEERNTL, SEAEHRIKY 2.3% B9



LR A AR

FLJRBOT I R ACIE LT A P Ak

1.2.1.2 A=BNERIIRFAEAI=R

A 2R 2004 AEIE R BIIEA T A 13 SR, 2RI, £ 880 RT3k
BT RER R ARG DS R B YR SR R B AR T BOREE
SR B A R 7 T TR . AE T SRSk R R S, R SR — B SR s D
WP B2 —. fEsesE, dE. LR, BRI BAS 52 SR H X % A 5
RN T KRB E SR, HE T 2USCRFECEM ARt &l 75/ \EHT,
HH PACEAESEE LK /AN A A (40 Angstron Materials, Vorbeck Materials il XG
Sciences %) A A = KREM/NIBA EBIGZE. AWIBLLUE, T+ A S H1E il 7
GG B N EAE, AERAR /N HAR A 2R 0 2 T HL R IE B T R ) KA, S E
AR, FRE A SR BRI L, (HR B ERD, AETERM
. AR, PEA S T AP E R E T MR . BAE 2014 £
P, S 2 A S0 R AR = 20 AIA 3 T 400 WEAT 110,000 m2R3,

TEHT, J T 8805 DL B S8 I 4RoK S5 04 () N BT % 2 AR HRAE LU LA A THL

(1) A S0 J6 T80 56 T 580 08 W RS2 3 r v I, R TR it R 25
5 PR RN WA I R AT A0 A 55 0 B FH T R TR F 7 23R o Pl g Chhowalla 55
NBH ST — M 8 J7 v, RS Bl sy cf, @k id R Ak A S 0m 15 B A
SEI VI, LR R T DA E BRI 2 2. R H e v i v DUPE JLAN S E
GVE I N AT, A S B AR B 7 1 R AE SR MRS BE 1) AR B &R
Fo HM 2007 SEFFUGR, A SRS SR E KRR ER, 54 N BT GIRZII RS
T A EM MOSFETs 2 100 GHz M#UIESIR, A SmEg0Kks MOSFETs A 51
Troethfe, PARAETRESTTHE T A 8% MOSFETSs H ik 20,000 cm? V-ls~! BIEIEIT
e, R H DK A S50 S0 bR B 722 48 1] A R B AR AR — SRR, IX — Sk 3 3 K
AT s FE A NATTA W AT R R AT

(2) ASIFEE T JeRIES. LRGSR R AR S, A SR Wk re
Bl R 2 2.3% [0, BTV R B ZE 08, A 58 0 1 s T) RO 6 W IS /g 52 21 2 K g
A R T T A S0 1) 2 Al B AR A 15 BRI ISR 8 A 3R YE Bl N O, IR
AP GBI 251X LR MRS 15 A SR M SR DU 256 35 1R 58 1t ma B X 3. A 380 ()
R T RS F 0] LS AR B TE 5 O SR, AT DL 1 78 AR e 1) s B i Rl P
HATHAE. R0, A SRR TR 2SR £ 8- 5800 T 4 R 3084 1 AR AR 18 B AR 3]
TR0, S B AR O T B, B K B AN ORI AS TO AR — AN B
6 i) 2 PO S e T DI 3 ) S0 e 0% 0 T8 ATLER S L Y R AL/ & R N O
HAE B R R IE R, N TSPl A B, o] DOE AN DK sl H R R A
S8 I o ) BROE () 6 AR B o AT CASEB/E L AL /M N A & i 1 GHz ig47 18
FEaT 520, KR 25 AR 1 B R R AE 1S R 28 IR RO — KB e # . A AR A 2

8



B2 JZ A SR IG TERAE R AP BOE U T, LA A6 AR BRI T BE NS N I A R 2K
W,

(3) LT BN T R S FEIE 25 AT LA IR) T B AL i e il 3 PR A L A L7
FL S AR SR e D R T R B i PR R R B3 1 LI B [ S A RS K2 AT 7 N SR TE
B ) — DU CAE R IE 1 ¥ i e, SRR, AR TR R B (1 A SR o SR 4T
B AE 7T 28 SR T 2 1 e & 1P

(4) HeTF A7 AR B GBI AT UK FLI A S 0GR R DN 70 B R AR IR O
FE AT ) A BEAR AEAU T S Hh 45 . Krdl S5 B0 @il oy 1 3l ) AR B8 4ok
FLIA SRR A B X K G B T B R R s %, Jiang B @I 4 T3] ) 5 A s
A& 4 ALK Z LA SBIGRER R COy N, B R, JF S &AL Msels
RILFEFFEA,

(5) frshm e AR 28 BN A SR I B A (1 — RSB PR A LA AR N A
Hi 1. A Sl BABORM LR IR, AC2 90 Al LA 5 T ThRe Ak 1 vl Be s 45 HLmT BL
AWM T 25iik. MR 22t al AN TR TR E AR . 8=
IR SR 5 F R PR T B 5 P i P Y 45 4 (8 L SO 2B AR S LR AR
AR SRR R, (RIS 2 T B A A SR T BN P T PRk AT 8 AR I B A
FEREMS IR — RAM LY 7 T &R, HIERE, 208 A AT NDABY,

(6) =Btk e deth: A SR H B T A SRR SR A AR S RDRE A SR N
T 7 A AT T X T ARG DAL T e, LA 2
595 AR P, AR AR EC T AT SRR R S BES Se X — 1. B
FiroRIE 25 190 280 ANURT DU D9 St 1) S i B0k i HL e AR T8 - e 4 i sl SR )=
TARIGUR A MR RS, X BT S BOR SRR N, I Re 08 55 B v IRt 2g
HBAR DD 2 % FE LU BR ). 2% F A A8 R 2k TP RE E I AL 2 XU LR XMt
it (BB TR L) PR R e R B B A T A Ak A RS, R H S
YRR e LR AR 5 F b - PR 5 T ) 40K AT 0 B T IR E . A SR X M S P
M tEik e, EHERSPAEES. WSRBIEE XS0, BRI E LA &R
FarEE. ETE T SR 0 R U LA S SRS 5] LA s T A R LU R
ANy 235 5 5 Th] AT 7

(7) ARl U o SR M ARkl T A B 1 L SR i BNV 1) H R, sy
IR AR AL 7R, DRI AE P AR AR TP R A 8 A0 S0 (0 A% IR BE S R K &
YW, B0 TR AR EGEIRED, A SRR AR K R ORI 2 e 2 AR )
REALRFIE. B EFn] DL AR 2 4ERE ROERI (B, R0 ARSI ).
MEXASARE EoRUL, A SR04 2 DAL R Es U it 7 sl & BEE AT 52
B AT P T BT AR, R A AR R A 0 R 3R B A T SN IR VF 2 7 2
Hs
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1.9: BEZHRAENEREFERRERBS, (£E) MEARN (GE) ThaMEdfm

1.2.2 BEIZEEERHEY

FEASEBIE CIIBTTC R, B 2 U 4 R B AL 2 — 1 B2 — B (LR o o
VERRHEAT T B L HIBT. —BLE (MoSy) 12 MBI R ML s &, TTILTEIR
5 12 2 ) RS 5 9 B S L T AR 200 e P ARE R R RS M, — B LA i
eV ORI T N BB bR A B S,
T L S22 5590 e R TP 0 257 N 7 5 28 P e ok U 48 50 7 2 9 A 5 T 2o )
fy s 958 (P [L9] ).

1.2.2.1 BEZESERUCYNEFES

AP FR, T2 SR SO R, AL A 2B 0 1 32 1) 37 RN AR A g
BREAT I SRR T A B ARMRHI T R . BARAE AT S804 vh T U IS R FH 9K 45k, 1k
FINREA AN L TUZ A s M I — A R B I R SEIL AT B (E R IR TR K R G 2 2%
PEAI AR B T . M0 R R EH 5 R I U < IR A ) R B (A R R R
(BB R (P [L10] BT, T RARCA 14315 B 38 1 it A R LR AL [RTI B
J5 BB AT A RS 1 1R 70 R X (B A4 O FR) A8 e 36 P R A e A B

V2 W & R AR AL I REAT 45 A A A AR DL R, B R DAL 5 — 1 SR E R X
AT AT BB T BLE A F D6 2 Hr TRAA R, % RE, MoX, Ml WX, L&
Yok, T NbXy Al TaX, (LA MINGE G EM. 72 T4, AEMRHA 5 1] 3 I
FERR R AT B 282 0 B K A R I B . A i se i a5 H A=
it A2 A 2 A D B BR ) RSN B SR 1 1Y) p. PUTE S AH R T (10 d BB 2 1R AR A A 2 AL
T TR, Bz R (DFT) 1HERUIE K i3l TS R 2R mHE T
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1.10: B[R ERLEARRETLEHO

ERE d BUE Rtk AR R T I AL B AR S-Mo-S = HIA R A5 Ry ], R T
LT S AR BN 2 R AR S B RE M. (B, 7E T- i BT i i 2502 Bt B 1 B Y
St p, FUBAHIE 7 £ d PUBRIA G moTEk. Bk, = i i 2 B0k B A iy s
fe, A K s BEL i BB A L2 AN A i g B U R - s AR £ a2 Al BE K )
B BRI, Fra B MoX, A1 WX, A& PN HCLRY H 1R 82275
50 31 B8 K B R AR, [ BN A5 B ) i VS R 7E 1.1-1.9 eV IR Y. A [L10]
WA R R, #R R AT E RO B - PUERE S AE A, AR A
GRS ONIIEY SRR E LS

1.2.2.2 HEZESEHREYHN AR

B AR AH DR LR (R SO0 45 R R, A S5 AT L AR 22 SSUAR AT 1 P
At BRAESRIT, FHEFWIFAH 73T 82 ZMAGHN 1 nm S808 s A g . it —
B SR AE NATIX eV RE 32 0N e (A PRI TE 70 5 DR B R e R IK JE B4R (1 17 I S b o 3
fitle B0 HOATEE TR SR A T AR AF RO G S B AR R, 1 BR AL
T LA (R0 3 A BN AT ST R 1T s AR SR B RS - 3R

B AL AR D R B S b AERT R 51 25 T BN H AT B A G
AT, S R I N AT AR AR LR J LA T T

(1) LRI T Kis MEEEIRIE 7B AHT 5E 6 8 T
AR ot A 2 T R AR B R R DG BE (~ 10%) FIE R T iy T 200 em? V-is™! [T
B A3 A BT MR R R = WiSe, W MEIETE V) p- 47 BB e AR A B 106
[RIJF R EERIR L) 250 em? Vst 128 GER F 8, — 2 e i < Js A0 0 341 e S
f— S 7 )2 e PR R L T2 R A B 0 AR B B A A 30 15 T4

11
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(1 5 P [ BN FE R 2L I RE S K2 11% IS T S PR 1) 1k BB A6 43 — A BH O o i
e 9 L 1R A AR L — IR REY 100 5 M B SR AEAT

(2) JEH T2 BUHECHR T N RS, HR A AT R 212
MEL BN EIRIES. ROCTARE. IR, SR RAARE. (RS AU,
i BLAEAHUR G “ARE A S U AT SO BB, e T e s AR R A SR
56 HAH R B HDG I B 7 A F. SRR RANE B D6 B 7 S A AL R B BE fits, 7] 5
R T B S W R g B A ORI B, L AR LT RE A 45 I & BRI AT
WRSCAN A S DG F I RE T X T5 B R 5 R B AL I S B B A, 2T
MIfEE e T BRI, 6T R+ (EEE B slE bt TR R SR mAY) 2
BB SR RINAT S R R R R, SR EALE G T B R
TN FHOME. I R ALY ER EAT R F R (AR, RN AR ) e Y
BT SR A ARATT B TR S B i F it R B R RGBSR R, DR T I U < R BRAL D E D
PREL T 22 MOGIRIN 5 b Al LA 2UVF 2 (08 . R BUROERIDE SO 2 RO LT 24 N H
oAk B E L. R I I R R AL A 1 oA B SR A R AN RO R M T
Fotas .

(3) ELEREZE WA, BRI EMALYIARL T AR B e R, SO fE
JSEFH T 1 P 2 R R T2 G B AR A A B8 89

FERKIVET, HE “HALH AT 7 A HERE 7 20— D3 A KRR AN T 2 1
R L2, BEE R A KR BRI A BT F, BORM 2 I AR EA I — 4 A%
&t [ 7T A

1.3 Xzt

K2z 5m5F (Terahertz, THz, 1 THz=10'2 Hz~1 ps~300 um~ 4.1 meV) 20
Rl ZE A RN 20 Ah 2 TR A 0.1 THz 3] 10 THz X 38 s REAR SR . R bR, K
Ref (A ¢ RN

w c 2mhce
“aw AT E

KR ZZBABPERRN T 4, (MBS h A& T BB HAL. K ZEMBOGRE
MR E ARG ARM R A [ A AR, DRt AR R T e Ak I 7 T N . KR 2%
PR T HOG T AR DX AT B A WORRR 2208, (A2 FRATTAT LA
52 HoA% 336 1) AR R O B RO £ AN S A AE AR I AR D3 XA SR 7 A ) DR 2% 5 S
FRG AT H AR BT T T AH AR, AR KR ZE B A S AT A2 A T > T R
Thipe o X PR Dy H R AEAT R AT (S A ) R 24 4 S AT 800 2 _EATS SR A7 AE AR M R
K — AT B AR A RGBT FTARAE (G RRR G AR (B [ P R BT )
HAl, AFF2EHE AR IEAT CE kR B, 2004 438 [E Technology Review 4% ¥
R ZEFEARFN AL AR T KRR Z —. HAT 2005 F4 KAF22 518 “H KL
FEA R E O AR B L.

v
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Terahertz Band
1THz
Wavenumber | .. i nlln o nnanl PR,
cm.1 I T T llllIII T T !!lllll T llIIIIJ
(enr) 1 10 33.3em™ 100 1000
Energv ' 1 1 IIIIIII L 1 JIJIJFI 1 1 |||rrlr
(ev) I T T T Fllllr T T r|||||| T T IIIIIII
10 103 4.14meV 102 10t
1 meV
Wavelength
{m 102 103 0.3imm 104 105
1 mm 10 pm

Millimeter wave Submillimeter wave

10° 10 107 108 10° 10 10'! 102 10" 10 10%5 10 10Y7 10'8 10 10%° 1021 1022
1 MHz 1 GHz 1THz
Frequency (Hz)

1.11: EEERIER Kz =R

DN 5B AR 1 Je 2 BEAE A 7 R 245 SR DA B OR A 24 BRI A8 BT . Kk 24 4 SR
FEAQFELUUT LR (1) BEHBTFHEOGEE (free-electron lasers; FELs), FELs 1814 Ii#E
LR SEIOR R ZE IO AR S0 NI f AW 3 T 8 AV E 328 3)), ST B R
DGR, AR ZZ O IEH Tl B R RS AR 2GRS (2) AR ER, R
AHOG# 1 R 3y I R O A8 AT OGS IR AE 7 TR BN B B RE 4 2 1A)TE B
W50 2 DRI 2 A S R S R 260, (3) A L5 KRR 2608, Mg g & T+
FETE 3y 0 [0 i@ 145 9% 52 08 S A Jit B T A A 22 0K R RO 24 U B ) B B B 4 o 1 o A A
(4) K2z S E T HIBOER (quantum cascade laser; QCL), QCL &R A2
5B RO S, HoR B N e R A BRIT B B S A Bl AR R ST KR 2% O T
(5) JEHLFRM AR, = CAD IO BURFE B AR 2 18] IO B AR, DA BRI T
PR BR ) N B NI R = ALK R 22 ke (6) RAHIEHR G 4% (backward wave oscillator;
BWO), tHFRIREE, AR L RE R 29 0T il i < e D18 U 45 I
FL 408 Bl 7= AR KR 28 e T FR I B 7 ) R AR B OR R 2% R S A G DAL
WERR IR (7) BRIRIR 25, R A0 FEBH AN (negative differential resistance;
NDR) K™ K25

KRG RN 7 v BTG W R JUF. (1) (f E Aok, HREEERTE
SLARINTIEAX, AT DA B 21 40 3 R 24 Y AR 56 AR Ya L. (2) KRR 22 8o, 2
— MR R KR 2GRN T e AE KRR ZEEE SR o, A KRB0 UM AR, — AR
KB ZEERIIR, S35b—RAE NS IR 22 B RS AERE i nF, PRk a7 A=
T2 IO I B IR BT R 24 ik v L 37 () D' LI 0 T SR R ' A ) T ) S 3 {5 T
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LR A AR

DAAS B R 22 4 5 F A BE I 18] A8k (3) AR 22 s RERIVE, A1 22 sUERINE v DAERIN FE 37
PIPRME. AHA AR EE S, BAAEEMEG. SRR Ry ZM L0/ N R P 5 75 K 1
. BRI b 22 AR 28 A T R R 22 TR A A AR T 8% (4) K& k&
THHREN 2§ (quantum-well photodetector, QWP), FIH GaAs/AlGaAs &= T M4 )&
B SR E RS SR A T2 A REN B P & A, BRI R E S
TIRM REE. BEEMEHE KB RAZE M T 2088 m R 2% QWP 281K @it —
AT EHES).

H 7R 2% I AN B o 7E R 2 IR AR F2 AR, R AT 2 805 Rk 24 4%
RETHFLEE R AE mBUEAS . e TS KR aE R R 24 22 R = 2712 W 5 403k
Ho o AR ZZ I FE 1R 2 DK AN W0 2 AT TRE A 2% A0 TN R0 FEdE — 25 5 A0 0 A 24 U
IF

1.4 Hie-HERSHEIER

Higm et g mr H SRR F R E HE. € KBRS
T+ 1988 4F Fert Al Gruenberg % H 43 1l & 3l 1 B 4 BH % B (giant magneto-resistive,
GMR)BS B, g7 e 41 5K 1 JiE ML T 24 1 KO R &, (643 1 E-0 18 R A 0000 Bk o ik >k
ZRNNATH OGE. He-SUERS A 7 M m e el e BEN T, gl
T AN E A S IR, a0 e E R AN H S RN fin iR 5. Datta # Das
7E 20 2 K3 2R T 37 TR 5 E - BB R A 1 E e 08 SR E B f§143 Rashba
H Ie-PIE R85 ROV AE s B e E 1 a5 A+ o EE R A

H Jie- P18 B 22 FR M RA 2 A s B il & A H I R R PR, 38 B AR 4
XFFK (structure inversion asymmetry, SIA) ] Rashba 2% W FUAE IR & 44 S 38 X A% (bulk
inversion asymmetry, BIA) f] Dresselhaus 25 fT S 8Bl

H ie-SiE R A 2 — PR RN, RGNS R, EMRT R RRRE SN
Hie-#UEM A PER =AM IE. BrEeaihdigd, HARSEZ2EshBEigHr=
A BN S, IR T 2 7= AR — T A T E - FUIE /R G % i 2 0. 38 Dirac 77 #27] PA
153152

Hyo = o [VV(r) x bl 5, (18)

Hrbm RHTHBRE, p=—ihV BENEHT, 6= (0,,0,,06.) ZEA BRI,

1.4.1 Rashba BIE-3EES

E. I. Rashba H 55 N T Rashba H jie-FUsE#% & HH EAEFHALHIE. 75 5 Be3s 308
R, FEETVEER 4B, EiZRGH 1 Rashba H E-FLIE RS 05 % 6
=] LR

Hr(k) = ar(6.k, — k), (1.9)

14



1.12: Rashba BiE-fUBHEE THERERAETHEMRERPY. HhEiskRrTREBERSHE
TEBR =]

Hrf ap /& Rashba HiE-HUEMEZSE, H5HIA R MEEL /N EET 47 m
HOT TR R AT . £ B B 4kl 73, BSMIN_E Rashba B ie-HUERSEH S,

A LA 2B A
h2k2

Eq(k) - + sagk, (1.10)

LB 3ot L R A5 o5 £

o 1 1 ik-r
vl =75 ( s ) e, (111)
Horbr 0 2 k M x Flz [\ kA, RN RS0 3 BeE R Y

(6 = (Ys(k)|o|ths(k)) = (—ssinb, scos b, 0). (1.12)

e 7, £ Rashba 20N HL 5 [F) E BE TR I LT I RS B RedE 8 s T LAE X
H e _EANE R RIS RE R R T iRPE A S A LA ZIFE Rashba H lig-$LiE
MR B e s> REaEH 1) B R A 4R A O R E TR, HARE
JieBE 28117 A 6 A ) B e o

1.4.2 Dressalhaus BIE-#EBS

G. Dresselhaus R A7 T Dresselhaus H JE-$LE & HLHIEE . KEEo 2 Sk

HB B A A F R ST BRI TN BF A B b 5 M B BT EE SRA SE A. IX PR S AN X

PR SECT R R R E A IEES R, EXMIEOLT, 1RG5 T & o H B — A Ak

['] Dresselhaus H ig-PUERE G . £ —4EA R, Dresselhaus H Jie-$E #E 0 % 0l &
B E A

Hi(k) = ap(6,k, — 6.ks), (1.13)
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LR A AR

»
Ll

0 ke

1.13: #£3 8 Dressalhaus BiE-HERBESIERA T ZHE FRAEL EHEFER LARBRSLE
B9 B e ) 52

FEH B 4E i, BSMIN B Dressalhaus He-HUERGIER G, 7T LIS SR EA
{NR=N

E k)= h;kQ + sapk, (1.14)
DY INADE S IRIEE At
— i 1 ik-r
(k) = 7 ( it ) e (1.15)
I ERERIISY TS
(0)x = (Ws(k)|o|vs(k)) = (—scos b, ssinb, 0). (1.16)

SEEBUI/ASEY ATEUEIL, £ R AT Dresselhaus B ie-HUERSIEH T E H 4 d 7
TH%E 5 R Rashba Bie-HUERMEIEH THFEMRERE G R, EEET A (L16)
ATLLER], ARG P A A1 A A H R KR (A0 113 R

1.5 FEMRTATE
EBUT (plasmon) 255 B TR R T RS T2 didg 1 # R & 0™
Y, FEEEOTH AR RS TIRG KRR T Bt B BT USRS
Wi TEICHUXIR, 5 BT T LD 3~ A A & T = A2 oy — M b 7 S5 3 kAL
¥t (plasmon polariton). 2 [H 5 BT (surface plasmon; SP) I 2 # Jj 385 75 #4 %l 3=
I 9% 3% 55 B B0t € 56 RAEME a2 A RIS R ET (surface plasmon
polariton; SPP).
SEBSWHOTH R IL R BT AR B Wood 7E 1902 4EHRIEPS, Al & BAT S 6k 1
E’J?‘Cﬁﬁxi@ﬁ oA, AER A XX Wood S5 LR 45 & BRAUARRE. 72 K4 40

16



2 5, FanoPf 7E 1941 HHE FHE/R T Wood 53 # & HH7E 4 J8 4 3% TH A 8] Wt (1) 30k
EA KU A3) 5= 1) Sommerfeld i AL BT S 2K, T0IX 2 AN BEHE Rayleigh U118
HARFTHIIA K. RitchiePD 7E 1957 5256 EALI R Rt e T 5 & @M A it =28 T e
SEIRWOBOIF IR T 508 B 125 L In) B BN I 6 B A B TR S, IR E A Powell
A1 Swan 7E 525 FATUESEES, #F 1960 £E, Stern 1 Farrell X528 4 8 2% T R i 4% 5K
(LIRS A AT T A 90 32 Hh R T 55 B WO IR ER B, Ottol8Y AT Kretschmann/®Y
R FH ZE a4 St D7 4k & B SR I AE AT WO DX 3R THT 45 B 0 UK . AT — AN
N TR R T B BOTIL R B LR 1. B T SRR M SR S ke T2
AW A e, B R 22 1 N 55 B TG A OQ I A7 e SR BRI B K 77 AR AR T — N30T ) 50k
MR, XAE RGBT T (plasmonics)s

HEEPOOLT FEAUGE TP EE I, £ g KR AR AT SR
FrAg 2 —62, BT T R BRI AR A B FLRES DL 4 R T BN
& J& 45 1 T B RE IR RN B el R A ELVE F R AR B A SO R, SR MURE I A ELAE
¥ FEOLRBAC R ST BT 8 AN, BLFE G @ . SRS, S EBUT
T HAE % LA AR B UR. E RGO Z). JGHEE. K FH AR LI,
WA R DA B A AT S R S U T A o B B A O8RS A
TLHE T IR T KR I R R 65, i 5 2 A DG T B 4 TSR A B OT R R R
EAFFRATIE— P 20 K.

1.6 ARTMOIFM, HRBXATHRAE

AR SV ST IE T 3 AT R I AR ROFT M R R (R 2 4 T UM R A 2
W AR AL, B 2004 FASEIRILLCK, REETEHM Z4epRsch B 1T
MRHSUS AT S — AT BT T . BRI E SRR R EE A E
P B S ARARL X PR R ST SR T TG K L Be- B K T B TR KL
- POR TR e RPMORLG FURE I (Y BIR F FC RE AR AR T A BHE G %, T
Fanlt LRI AT A SR T A TE A B BRI R Y B 4 8 A FLAE AR R
DA R R A LRV T R ARG EH BT B - FUE RS A 0 S A
IR VG Nt 5 T UL GRS e — 4 L 5~ SRR 4 75 22 1 A5 B o i A A
1717 3 25 8 B TC 3R 97 S04 W] D A B PR A0 ¥ TRl P 32 1 3t IR BE R TR BT e 2R
oA AR P T2 o Y0 < e A 0 D DR IR AT P DA B 5 8 s g 1 E D3 M AR RLAE Dl 22 A
JEHL TR BN AT R B R A

HAET, X2 240800 2500 BRI Qe B e s, JTHARBEX e 1
TR b EARZ TART, 2240 S0 i i 25 ADE A E AT Pt 5t (B2 H
IR BEAT R 2 J2 A0 s b R GEAE ] WG AN A 25 B IR ' B R BEAT — NN R G4
e st xR AL DG s R R AR ROt RO S 17 EON5EE
WAL, (BRI B N R A I8 I o B Jie-$UIE RS & (1077 2ORWEFT Rashba N X #LJR
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LR A AR

WA H R B, % T B AR 8 3 e B b, ) T PO B S e
PRSI AR 45 4k BEOT 56 M A S B e, SRR IR, S0 AT I b 5 - Bt
A5 2 B A R G5 bR AL G KR 107 SRR T 90 R AL R G 1 % L0
WOTHIR. IR, XER T BRALA B T A DR S 7 TR B T S e b,
T, 757 5 b 2 B S50 A5 Tl TR 3 7 4 TR 0 0 A T
T T

Sy 7 B A S T DAL S 7 4T A 2 5 B Y A S B .
i 4 247 S 6 T LA TR R MRS R B M 7 %, R T 46 e XA 0 E 2T
SN KR 2B TR L % T AR, AR B LR AT SRR I IR
EAAT T E ORI, B % 5 A7 S AR G (GBI YW B 10— A R B i
G LR P 2 2 S T — 52 U B9

o2 4 R B TR 1 e R A 2 1L G A R (X 25 2
SEOEAEE, 7R ERIE RO T, Rashba 20 AE05 80 B e S 255
B, [T 0 A TR 7 % B2 0B, H A T2 2 — B A A b e b
OB ¢ B 42 7E B0 Rashba RN ORI F. B AT85% 18 Rashba SH 22 — B
(R B 23 S5 K (R B T LI 1T Rashba. 205 75 B 75 455 0 A

SR WIE G T2 AR PR B PE (G — R 7, R RIBIE ¢ S B
S F % o T4 M USRI TR FE OB L ) B R S Fe LT
B (O 5 Rl — S IO BRI 22 B PE G T W96 A 3L SR BT HT T B30 . 24
T L 0 B2 B e 3 T A RO 9, (L 2 A T 9 3 — 4 e T
A BT R, A8 SR OB T, A% e 2 — A B R e S M
FHEAL T RS, AR T 45 5 4 b T/ P BTt 2 A
7o 2 S Tt

SR AT i 1 EL 2 R R A S o o TR R P B R T 7 T A
B TR R BRI B M E, BhR b S B E 5 1 B 2 75 TR
RPR R 27 T O & P R RE 49 20, R A 2 B 7 T R P
FEREHE 25 BRI T IORTIRHA 5 B WA e T FE 18

R R S TR B T B0 £ 2 A R R B AL B R e
SURHRH AR 2 P AT T BT 9. 75 ELUARAA P B i SR et e He 3 5 1 -
K ST 52 R LR SR M0 4% PR RO By P RO 72 SRR IORE S b, R4
B B SR ) 2R R R, I, R b AR T B 2 2 S P 1 .
PEFLURIR ST BE S bt, 300 T T LIS — AT s IR AT 4. DL, B
HL o (AR TR B 2 B0, 7 S0 e T LT P PR A U S A A
(R RE B BRI TR . T DAZE V8 S0 TSR B b, AR PR X H B B A it
RIS, A5 AR TR BE 4 TF 6 R R A B

IR Rr SR AR A B 2 R
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BoEM, REMNNH T ARZEAME SCEWH R AT H RN E LY SR
P RGWIEIE 7oA T REEEEOCHE S, BT A RIS 6 LR 1 Kubo A3
Al Kubo-Greenwood A3, VAKIETCHNAHIEAL (RPA) T HIBhAS A HL R L.

g, FMAH@ET RN RZ 2 TTEA RN RE T EEER B A
T AB-MESH ABC-HERRGE R I HLE N 2 20 S50 R DG S ADGEN B35 BTt T
G R WERTT L AR IR 2 A S R g ORI . A=
FIRF 5 LA R R AL Optics Communications .

FPEH, FH Kubo-Greenwood AR iTH 1 n-BA1 p-A H 2 —HiALEHTE Rashba
H - #E R A RN R L0 BER AR 22T N e S WHe THRE. YRR . %
T EE A Rashba R EH R FEXOGH SRR, AR5 F0F 7L TAE KR AEIAT Physical
Review B I

FhzH, {fH Kubo-Greenwood 2z 1E AN [F] (1) WG % i & AL 8 R 43 i 5 7
£ & Rashba RN K A4 Rashba RN K A1) WL a5 Fl P 5 18] BR 3T 53 @k 19 06 B 5 DA
J¢ Rashba 8086 7 18] BRI 't W WACIES 38 1) 52

FENES, TRl (RPA) F, & 7 52 8L TS IMIns 3 F 5 s
PRCZIHBR N ZH M RG22 ARSI SN R BN S S EoT e E. iR T8
FRBM, BT IREA A RGEE R Z A S B BUT R R .

Ftm, @l EREA AR R B AR, PR T BRE RN
BHH A N N B8R S A AR A A R SR TG 2 A R A T AR AR S 1 A
B oT- A AR .

HNE, XARPAOR ST TR 754, JFRE T T2tk bl
B FC 77 1Al
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BTE WRABEMELRER

EIFEME RGO SN, —REZFWF IR —FRFH 2K E S B
%H*éﬁﬂﬂﬁ%%%ﬁﬁﬁﬁ—?ﬁ5’]?@?77%%‘72 Iy PR T ek e e 8 B A5 B T A
fRA A (Kubo formula). %ﬂéﬁﬁﬂﬁﬁﬁ%ﬁﬁﬁﬂﬁﬁ R B, fERR AR
ARG BEAR B T LR K FH 2 P ) 5 2V AE 28 R B R AH AL (random phase
approximation; RPA)TEI’] %@i&ﬂ%ﬁﬁ Ot LN RGN RE RIS, HAb
AT DU SRR e i H RS sk i H RS S BT E RO R, XL
WE AT REEAEREMTME RS MAETHEARIE RGNS S BUTR R, @
BATRH KM RPA MR 7. FEIX—EH, FENH T ARRSCOP IR E
It L AN S O A S R A

2.1 FRHMPRZEHFERFELER
2.1.1 FRZEBHE
P I/R %% 2 778 (Boltzmann transport equation) A& HH B S 4E Ay 37 /K 2% 2 T 1872 &
S — MR AR AP ER S I 2 R GG TH T R R I T
TERIVEPETT, BT SRR E(k) FIMBER H 3 K- Ik o0 7 A o $eh 160

1

1) = S 5 1 (2.1)

Heb T RAGHIRE. p RRGTHR TSR kp RIBURKZHE. JOK-KHw
At R BB T LU e B AT I IE S f(E (k).

YA HARAE FHAERE S B R (R, Wi, BGEIREY), HFIa A N
IR A T I 2Rk v pR A AR AS B sl @ b BN R 143 A7 R AL
N f(r,kt), EFTHEEGRTHEFELR k, FIFEHRER T f 7 1 2 A AR AR o AT [R] ¢ 38
R T A ) S, —ANERTE] ¢ &b (v, k) SR FLERT E] ¢ + dt BHZ3)
B (v + vidt, k + Fdt/h) fikb, FEA

10E(k) hk
Vi = 7_1—81( ) E :F7 (22)

Hrp Fi%?%%ﬁﬁﬁfﬂiifﬁ?iﬁ’]ﬁo fEiBzhd R, R R T A id A AR A )
HL T AR AR HIFE R [0 f /Ot cone AR Liouville EER, 7T LA 24T 17347 B £

f(r+vidt, k + (F/h)dt, t + dt) = f(r,k, t) + l%ﬂ dt. (2.3)
coll
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LR A AR

X b A LTI — AR R ERTT, AT LS B 3R 2% 2 i T FE i 6l

of of F of [of
ar ¥ ok h+at_latLH’

HrArof/or F1of ok 53RN Ve f Fl Vi fo
Bz B — AN B T T AR T Y f BICPETOAE £y BIImAS AR /N B,
I T DU EH RS B 3 f RSO R OE T RS T A £

la_f] e
ot coll_ T

) (2.5)

Foop 7 R RO RR M N ] — R - = (k1) B TR B (k) A
Bor, EEWER LRSS, ERRERERIEMT, AN @) TSR

0f L O F 0f [ fy

o Yok n T T

(2.6)

2.1.2 HBAEESTEF

- T RS, SR TFHRERN Hok), BT REREEARIEE
AARAE L R EL 0 0 4 (k) F1Ey(k), H A 2R R W MW YRR
AN B T, RGEWE % E R NN SR E E H B35 ik &
N Rk + eA(t) 73], Ho A(t) ZmMRHE. EECHET, EIMNESH RER
W R T DA Ay

H(k) = Hy(k + eA(t)/h). (2.7)
TESSAMINEB R AE AT, 185 0T LLUZES b xCUp SR Ve 1 i3 = Ik . 25 FE A
PV FL R A ZE R w,  FRIESH I RN

A(t) = AQ@iiUJt + Aoei‘”t, (28)
Hr Ay = Ey/w, Eo &6HI R, IS i i mim LUs oy
H/(t) — Hl(e—z’wt + eiwt>7 (29)

Horb {7 R4 A) B RIUG & NI A& I #2808 POk s e, Ll
BRI TN k) A BT T AR RTBE B [V, ) 250 # TR 9 67 68

27T|

Wi (e I) = ZCN VK H A PS(Ex () = B (I) F o), (2.10)
Hr delta BELH) F 23 AR/ RS —A BN hw FIJEF
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BE WIUNENEARER

2.1.3 AHESMNEEFEHHE

FESM IR IR FE T, BRI 5 o A bR B 22 W) JE 5% BT 32 25N ) 4
CERE T HE. £ RBREIEBIIER N, 2R @24) FRBURE2 TS
N

% - laaﬂ . _/\zk:,[W/\_’A(klvk)fX(k/)(l — fx(k))
= Wi (I K) A (k) (1 = fu(K))), (2.11)

3 ESRFATELL g, 3, Fa(k) T A BN OE 1O A R %

P =g, 3" STIE(K) — Er()[ Wiy (e K) fo (k) (1~ f (K)

AN kK

=gshw Y Y Wik K) falk)(1 = fu(K)), (2.12)

AN kK

ot g, & BRERIFREL  Hy e SR Dl 2 i 7 5k B 115G 2R 166 69 01w A4S 3l v

o(w) = P_(w)/(2E7). (2.13)
XA G B 5 T LS AE
2E02 ZZWAA k, K') fA(Ex(k))[1 — fav(Ex(K))]. (2.14)
N KK

Hodt fA(Ea(k)) = (ePr0mm/keT 1) =L g QA sl iy o i 8 K- S A0 AT B AL
ARG TR

yu

W R RN 25 P& R GRS R S v O T RS, TR H ZIN O 5
HiE 1
0
O S WK K f (K1 F(00) — Wi (e K) Fa(R) (1L~ f (K)
N K
P10 fu(K) (1= £09) — W (e K) A0~ (k)L (2.15)

BRI R W (kK) = WL (K, k), SEREERIThE LIS N

P=P_+ P, =gJw» Y Wi (kK)(f(k) — fr(k)), (2.16)
Ak k!
[ OE - TT LLE R
2E02 ;;{:WM (k, K)[fa(Ex(k)) — fu(BEx(K))]. (2.17)
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LR A AR

T R OB R ARG, AR @I MAR @I B RSN K. X E
TARHZ, EiFRE - DIAERCERR TR TSRS, AT ERMEH A
52y /AN I A BRI 5 70 A1 BB N bR gt — A R G 51
PR IKBL T8 o3 A R a0 RAETH B AR AR v 28 8O AR B T IR, T AR e e RN A
ZeS SR R SIS = T =y 7 s RS SR TR O € AU e T 1 B R R S
AL S A A s 2 SR S 3ok Fi IR . FE 43 € DG AEBUR TIREE T, 8% NMAS
18 B R AR WOFAE A~ 2 BT SR R AKX (2.17), WAETHE
MRS HIDE TR SER FIRER AL, AR OE o T I
.

A0 SR 4 THT B0 2% ' A B T IR S AT S 3 B AR A 5, AT DA AL g aed — A
255 E W st RS [|) 48 g st PO AR B R G AR B T I F - T BT TR
MEAEH RO, R, a0 F BOR 28 2 dais 75 R i) A R LR S8 A

O S W) + Wi (kK () — (1) — 20l 1

T
N k!

U — UG ARG T AR RS WO AE BRI IR EUN . £ RGIA R
R W HEP A, B BRI S A i N I B T B TR, o By et
DA gy S LR B 5 1] LA F

6n6 . 6nh . _ / . AN % _

o ot =Js £ W—+(k,k )[f—(k) f+(k )] . 0. (2'19)
i G, P RAAS B4R S 3 1 g AR 500 A B TIRIE IS R, B RGH T
TR E IR FRN

Ne/h = ng/h + An. (2.20)
SR e B BT 57 1E e B
1
e/h = oy Z / dK>0y 1 + AP0 mmI/RnT 4 ], (2:21)
A DMS B8R TR AR T/ S A A B R R A DIFASEY PR HEAT
B KA, AR AR TIRE. A AT LB — B o G AE B T )
PR A, AT e AR AR O T AR I IR ISR RE R A R R R G DGR T
Tl (BRI B ok Y G F
_ gshw

o(w) W=, (, K)[ (B () — f (B4 (K))]. (2.22)

ERMERE A HAA AL
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BE WIUNENEARER

2.2 et

2t S B R AR B, 2 A DRSEAL (R. Kubo) T 1964 FE & gh i, ™
Z I T 20T R Ge s e A B R T 5

TN T TR ARG BRI, R SR AR SN NP sh R g8, AR JE N AR
25 (¥ B B A A RSl (AR A 2 T A AT AP AT A0 B 2l A4 B e R F) G 2R AT LA
R ARGV PR WS & RS HIM S IE Ny H H A8 AN A AL B 58 800
A Ey R e 2 HMIRUINITLSI BT sTlk K BRI S R 0 H (1)

FESNZIAI T IR 52 ¥ T FE N

m%hqﬂ+mww, (223)
LB = e (1), A o WA 30, TR
890 1 1Ht/h ! —iHt/h
o e - 220

HT R E 01y oo = s WITT1FE] O(t) = d+ % ft th’/hH/(t/> —z‘Ht’/hstt/
HERGHEL B E A RIS B, T A LR TA] ¢ 20 R 3 2 4E

= /@DTA@ZJdT: /ngeth/ﬁAe_th/hgodT (2.25)

i_iiXT (1) HAT B RIERITE, TSRS H/(1) —REETRA o(t) =
b G e g, ar, N BRI E B () 1T LS

A = (m]Ajm) + % /_ ) dt'(m|[A(t), H'(¢)]|m), (2.26)

Hrp A(t) — tHY' /h g p—iHt' [N [ lff’(t’) _ eth'/hH’(t’)e*"Ht'/ho
FEMLI Fryme BN 1% o2 A BTG FE, o (A) = Y, WA, Hdh W, 2
1E o WM. HNiRAT)EE A G- FEN SR A
1 [t - -
A= () = (A = [ (A, ), (2.27)
Hr AA ZANZHEIRL, T (A)e o ETCINHT A ST 2{HS
WRINAHRI RGN w BAE—MR/NFIIEREE n, W 5037 B 0 o) e 35 i &2 m DA
A
H'(t) = Bel7wtmt, (2.28)
Hr B AR, nlUAFRITESNS T B B n] LLS R

o

AA = %_L 0t = () ([A). B, (2.29)
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LR A AR

Hr B(t') = /" Be= UM H 0(t — ') M bR S, M E2UAT BLUEISE 035 1 i B2 A 41
B R 1 K R
R SR HARER B GR(t —t') = %H(t —E)(A(t), B(t)]), LA UELE

i
AA = / N dt' Gr(t —t')el " mt (2.30)
XF Gr(t) fEH AR S5
Gr(w) = / h dtGr(t)el =t (2.31)
Hrtp — 0" 2L /NE. @dE5 AR fRIxtEL, AL 3
AA = Gr(w)elm@tmt, (2.32)

b RUE WIS kG B A AN K B AA RSN 8 HY (t) 5 %6 AR [ R I 8] 4 A2 A0 5%
Fe RGN KRR SRR SIS AR RIS R A2 4L

A7 L) BB G H R ) LR T A DAL AR AT TE AN R OL R ISt
FEMENTE. DI XSy E A W kAR

i{A); = (iw +n){A),. (2.33)

2.3 HBEH Kubo AT

B BAET BT RGBS, R 7 A — AN HR, TS
xS L g B 2 B, SR . 8 R U R AE I (AL AT A [B]_E R AR R, B AE ¢ s
6] ¢ ALHRAE § B TAE o R I

Ja(r,t) = /dr’Zaaﬁ(r,r’;w)Eﬁ(r’)e_wt, (2.34)
B

HA oap(r, v w) RFRIE &, J7 R HJHRITXS eg J7 [FAMINAZ L 3 W LR L 3 oK . T8
FRATRARF R B SRR R 2 50 B RO R, TR 3 — e . I ELRAT
FeBRHIKER N bR, HIE SR AT LS R

Jrot(r) = J(r) + Jaia(T) (2.35)
Hrp
J() = =5 > lpid(e ) + 8 x)pi],
Jaia(r) = —”(26 A(r); n(r) = Za(r — ). (2.36)
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BE WIUNENEARER

EECHVETS, MM EE E MRS A GIHFRR

OA(r,t)
ot

HI A LR 37 BT 51 R R e R (1 RN B D T ABL B S R R R 2 1k T

E(r,t) = — = 1wA(r, t). (2.37)
H'(t) = —/dr}(r)~A(r)e“’t u.]/drj( ) - E(r)e ™" (2.38)

PRI A GE ) B 3 T LAE O

ie’n(r)

§(r — '), 5+—/ dt' @M=t (r,1), 55, 1)) (2.39)

oap(r,rw) = p—

Hri g — 0 2N THRIIE t = —oo WM N E T TS N
AP HRERTHEZESR ¢ — ¢ BB 58 H XA 8] 25 Fe R A (8] FR 43 1) 425
Jat—t —t, A[LI{EF

ie’n(r)

oap(r, T w) = p—

S =)t 5 [ A0, 0) (20)
0

Xt B R A e 2 5, W A4S ]

o) = g L e G @) e

[ SRERH F HS ) Kubo 22T 7,
TES SRS, B A (2.40) /TRAE N

ie’n

1 0 . ) ~ ~
7opl) = g + / At (1) 35 (0)). (2.42)
i%ﬁ%*@%ﬁﬂLﬁTu#ﬁﬁm%ﬁﬁﬁﬁﬁm%*%%%ﬁwﬁ

W RGEE R G IR AT R SR e B N Y Ho(i). HORL T AIEDS
ﬁwa—Ewwﬁﬁ@ﬂmﬁm [] I FL AL ST AT LS A

Ja(t) =Y (nljalm)chcpeFnEmtin, (2.43)

nm

X AHEARH RS AR R AL EE T, FNAE ¢ = 0 MIRHE 580 B AR AR
B, H W AR G () R S AT I INE R S B 48 e 9 1 oK E Kubo A3, 1E
TAREAEHERL N AR, FHEL KR

trp([clc,, e Lcm]) = OmpOng(fr — fm),
trp( Cmc Cq]) 5mp5ann( fm) + 5nm6qunfp7 (244)
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LR A AR

For tr RARBIBHAFHL f, = (ePrm/ksT 4 1)1 R IR R A B B id B,
A LR 3] Kubo-Greenwood Hi 5 2y 27 6]

7,6 n n\ja\mﬂmﬁﬁ\n)
o ih
Tap(w) Oap +1 ZE —E hw+in) + E, — Ep,

ie’n ie? fn . .
= s+ . , 2.4
Y ol i), (245)

HAEBE AT 0 = B OH /0K

2.4 FTAMMIEIEML (RPA)

S A9 U0 AFLIE AO0S 34  F H 5 77 SRTR T, o RS 2 9 08 702 R i,
S — UL S i b O e PRI, Tt T 3 0 R M A SRR T

FESGEI AR AL ™ A HAE H 7S R A RS B i T AR IR

H=> ECfCu+ Z DY V(@O Chf g Cies Cics (2.46)
ks

a(q#0) kk/ ss’

Horp CF 1 Cy 43 MNP AN K ERE, V(q) /&S AH EAE F r48 B 28 6 R 40
5E SRS B -5 O BOR ST

pkq - Cl—(’_Jquk? (247)

¥ kS ER—NETEKE k+ q & BRIP4 A2 MHEAEH BT
ARG AR T2 B BG5BT ol M prq BEREEIZENTFEN

—ipty = (Hoplal: —ia = [H, pra) (2.48)

HILERRFELT pl = 2o\ piky RBBIEIN hq P HLT- 220 ) B
FEEMBEAEREELT Viq) =0, X pf, KA 2N

_Zloiq = [H7 pltq] = hwkqpim (249)
HH hog = Fyrq — Bx AREEAEE. EMTEMNKNBRTRET, WA

[H, pl) = (Biciq — wpkq+— > VA lpa: ploloa + phloa, pigl},  (2.50)
/ /#0
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BE WIUNENEARER

Hh [pg, phg] = Cittqq Ok — Ol qChcrge BEIEK o = q M ¢ # q B EITR, L
AT AS1E

[Ha pltq] :(Ek+q - Ek)pltq
q){z pi(i_’q(cli_ck Ck+q0k+q)

+ (G Cx — O 4 Crraq Z Plrg)

+ 5 Z V {pq k+q q’ C Ok+qu+q/)
'(d'#q)

+ (ClJchrqfq/Ck - Ck+qu+Cl' Z p;r/}a (2'51)
k/

Hoepsg—mAR B thigsh, 5 BUUGEIT RAME q 7208 E 0L 56 =11
WERAAR q FHF 2700 G AR Oy 7R ERGTRORE R (o, o] BE
P2 1P BHEAE AT LS 21

[pq/’pkq] _< | k+q— qu‘()) < | k+qu+q ‘O> ( fk-i-q) qq’- (252)

A bk a5 A A A @51), T LA S B T2 8 75 R AE B MU AT B (Random Phase
Approximation; RPA) N i k2 75l

[H, i) = (Brsq — Bx)pitg + V(@) (fic = fira) Pd- (2.53)
2.5 RPA frE R
TE 2% R oL R G5 A7 N IS5, A3 0 B hn gy 8 i & v DL iR

= DoVl = B Ve e = 3 el

(2.54)
I py, (0 TIE R 5 R
—ipiq = [H, Prq) + [H'(2), preg]- (2.55)
TETRUAREAL (RPA)
): Pial = Z%x [0—qt» Pitg) = Vex(—Q) (fic = frerq)e (2.56)
e A= WAAR [EEE
~ifgq = Mokapig + (fic = fira) [Vex (=@)e " 1+ V(q)pd]- (2.57)
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A FHERAEI BRI S5 (o) = (hw +im) (piig)e BB (o) = 2o {pikg)e X Lk AT SE Tt
a2 EIRYECES)

30 = Dol = 3 i et g Ve e V@ 259)

BT (o5 = (p-q)e» TTEAFFE]

=3 Bt Vel TV (259)

RGUSHRE Ml B I AL 0y S 7 35 AT BRI AE BE i 2 A

‘/all<q7 t) = %x(q)e(_iw+n)t + V(q) <pq>t- (260)
PRI T AT LAAS 2 ; ;
B " : 2.61
rol zk: hw + Ey—q — Ex + z’nWan(q, t) (2.61)
¥ B E IR AT AAR 2
Velaot) _y Si—a — Jx
Vall(q, t) - 1 V(q) Z h(,«} + Ek—q - Ek + va (262)

b Vi, 1) = Vix(@)el 7%
WA Sh I RSB I0 0 R, T LS BT 2 L0 RPA. Sy Hhu 6 e 7

erra(q,w) = 1 = V(q)Ill(q,w), (2.63)
B k+q — Jk
w) = zk: R0+ Bra— Bn g i’ (2:64)

I H T A AT B A R RS R B e, RSB R ST RPA A LR EON

P ﬁk s
erpa(q,w) =1 — v, Z Z Z ho + F = s — XNkt (2.65)

s ANk )\k—‘r Ak + m

oot vy JRAREECHIIME BB REOTFE C5) g = [k +a, Nslk, As)? AR T
BRI IE TE RS A TR T
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B=EF BRENMZEASHRGRAINBIXHEZCIRIE O

H M 2004 FA SBIERBMER R I G0, mTHASIEER T LR, 2
WHER =R TIER R, dEE S e, FEEIRRRTR, Sl ks, e
TR SBIGNH A S B RON T VR R . R, BT A SRR AR A &
FH TR T 2lE B MERIFEE NS R, B 4CE]iE I OK FH 8 f it 1) 5
BN . 2R B AT IR S R C A IR SEAE 5840 B3 21 A0 B B A BB = 101G
R E X AL SR T LR A B B8R E A (ITO) 32 B AR B0 B S il
eI HEEAE B LED, LCD &8s, A 80 RS 32 12 1ot i 22 v LA SR HilE
BRI B 5 A ) S R R D 1 TR ) R B2 R, R A SR R R R AR
PR Sy 5L A A 8 0 T 6 U 9 AR R %) ) S ) (] B5P8T g a7 81 T . A SRR AE
NP TEI Z4EMRL, & AW AE A 25 I 2% 1 BT 1) D' A8 B0 T Re % 51 kS B L R i
(i LA R T IR O 1Y RSB, e A SR R R ) LA ISR A v 3 B R R
kL 534h, T BEA WA EEMSE TR, ASBEA N2 NH T ICEOR
%% (10" Hz B¢ THz) 234028 G R SEIG b O 2 UE S A S0 1E R 22 I BVl
Bl ) 0 L 5 T DR 37 1385 Drude SRS AT HEIA, 18 WA 00 & 25 4 8 M IV RO 25 44
BIBY, e, BZFNUZ A SR R G A 2% B30 41 AN B LA 1 3 i R 2 v i
L = N5y TR DIV 26 B e P2 1 G e e <273 o i s 221 MY 2 o/ S A

I F, R UE A S8 06 BoA o B —4Ed 1454, 1 ABC-HES 1] =2
SR R A AT R R A BRI 2 Sk, W T R E ARG, E T2 2
A S0 JE BN HE DR (R s 25, BRI, FL 7 RE T 45 4 R MR e BB R i AN [F] J2
oA SN RGN ENOG IR HAT, KBS R] S ) 5 5T K AR A 25 05 T 5 )
A KR B E T ST AR (chemical vapor deposition; CVD) SRSZEIPA, i@
A SAHPUR T E S R F E 2 2 2 A R IEAE M. TEER, AFASEGERAEN
HeA R A 2 AT T 7. R E, AFRZEECHBEGHHE TR S 2
2 ANAT P HE 7T B2 00T (IR R E A AB-HERE 2 B A SBIE Ot S e 4iE T AR
AR B8, A R [F) A SR 0 2R G0t = M T BT A 3 B R AR R AR R im 4L A X
Weo LG L, 4T HAME (molecular beam epitaxy; MBE) A K ) 58 M 78 58 A1 2 Ik
25V N G2 O g S0 . RN 2 2 A 5806 R G178 21 AR 2% [X 35 1)
E S E T O DA R U 200, AR IE S SR AE T OB JE A SR M R
SN 0g = me2/(2h)MOBI0A - fa 20 SUZ A = Z A SR AE X B I E B R R
N IT.7%, 95.4% F1 93.1%, HAEEEZRIFHAEERZ A 2.3%P. SHLFER, BEA 5%
W 7E 2 IR T BRI B — ANTE A 2040 B KRR 2% 36 BBl 1) 6 IR WA g 11 OB 021, 3 A pp 20 28
Wi rH G IR PR S FE RN S, R R AE OSBRI i 2%, 32 B iR FE AR T
WL ZIH s2 . IX L IR B A 55 0 R 48 ml AR T4 SRR B o i 20 40 53 K 2%
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LR A AR

RS RI . FRATTZ A A AR08 SR A LR A SR vt W] DASRAS RO 2% ' IR Ui
Ho

T, BEMXUE A S RGO AR 2B K. Hax TR
BN >3 4 B RGBT AR D, KRBUEIRZ R ARG R G00 AR HEE T
A 2 AR v 7 58 A B 21 B B A R Mg e AR T DL S T PAY ) 3 ' v 8, R X TR
FeH, FATIE AR BE A R BE TR RORAT FU 82N 22 J2 A0 SR04 A G A S 3 (1R 6 i L
FTBUETERIRITE, FELLAN BRI GG N, 1 S KR A€ 2060 S0 R 4L
PERR Ao, AL, 45 HY AR AN 22 2 A0 S M AR e DG B T e 32 31047 S8 0 /2 H0Rn
HEVR IR PP AR AL e B 1% S e AR HEIE B0 A 3 B SO AT R IX TR 1R
TR EE H .

3.1 BEMZEASKBARAGHIABRS

FA1 5 R AE A AN 7E S10, MR b oy T b O SRR 7 Y 7 160 (% 1 2%
FHRIEIEI T SR N A(t) = Fosin(2rut)/(2mv), FH Fy Bl v 53896510
SR R 0 O T, R L A7 SRS O o 8 7 ) LG o 2 B AR 2
B 7R B T A R S, SRR, DL S A R . P =
Sy P JEh X = 41 RE RN A = —LRERH, Py = thy Typ )01 -
P ()W (k, k') R B S 7 31 2 H B AL 3, Wi (I, ) 2 ol 3K 2 4
RSt TR 2, h()lN&(HmE%%%%¢Wﬁ¥M%ﬁﬁhﬁ%
ES. MRS s T, ST LI o(v) = 2P/FE = X, , oav (v) 35
B, SRR, 5 B A IR 2R B 6 S R T L A 24 2 45 5

é 4(6160)2
e |[(ee)'? + ale + eoi (v)/c*
Hrf o' (v) & i RSB0 RS IR v FIDOEHES, e =1 M e =, =
SR U BN [F) R g8 P SR R A R R ¢ R A P DG,

T'(v) =

3.1.1 BERSERK

B SBIGHAE 7o K-l B8R 7 (78R BT i & KA ve- Ak R e R
TR LUER k- p W WE R GE

0 Fwok_
e = =) (3.2)
Fwoky 0

Hr kg =k, £ik, = ke®™ FFH vy = 10° m/s 2 PTKEE, k = (ky, k) 2B TH
PR, ¢ o kA o- ARG 2 B e AR 5P AT SR 0 (R AR AT U5 R BORT e A A 4B 49 50 A
PR (1) = 212 e fil EP(k) = Mwok, A = 41 ARB TR N = -1 AK=
I, AEIX BAEY B BCR R AT R B
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* 3.1: FEIERAEHRFNEFTEESY

R AB X )z 106] ABC =2 AB % 297 106] ABC 22
vo=10m/s | a =246 A a =246 A a=246 A | vy =10°m/s
& =3.16 eV Yo = 3.16 eV & =3.16eV | v =0.502 eV
& =0.39 eV v1 = 0.502 eV & =0.39eV
&3 =0315eV | 1o =—0.0171 eV | & =0.315 eV
v3 = —0.377eV | no =—-0.02 eV
v4 = —0.099 eV 15 = 0.04 eV
v5 = —0.0014 eV

X A N I RIS, W AR R

20008 T

o) = v (2mvT)

Hrb r ZAeEMBEIE, E. =nh/r QBEFENRERTE, H oy =nme’/(2h).
XA A 2 8] s TR ERAE, RATTA o (v) ~ 0 FF B

oy [ AR RO - D 69

oy (v) = oo f(=hw/2)[L = fy(hw/2)]. (3.4)

3.1.2 AB-#iAWEAERE

TEHE T AR JZE RS & i SR UG AR AH BAE T, BUZ A 22 4 Hh &0
T (T EEI) M ol KR T A 30 2 e vy LLS /R

0 R k2 /(2m*) — husk
o= =/ (@m") = hugky ) (3.5)
Rk /(2m*) — hugk_ 0

Hoefrm® = &/(2u)s w; = /3a&/2h, p=hk B a=2.46 A, WFBAFR, AT & =
3160V, & = 0.39 eV, & = 0.315 oV {F Jg0UE A7 S0 b iR (g1 4 2% 00 108 i
(B 8 5 7 A2 ] DUE I AT A5 20 0F AR N EY(k) = AA, P A = (B2 + 1) —
2cos(30)hohy)/?s ha = p?/(2m*) H. hy = puse ST IIBUZE A 8806 B A AE 9% R 50T LS
EATRERER 8 (r) = 27V2[(hee %9 — hye?) /A, Nek™, Hr = (2,y)s

XF s MU A A A ERAE,  FRATTRT BAAS )

b 4oy T dkk
o) = m3v(m*)? (2mvT)? +1/ d¢/

Xf)\[E)\( )]{1—fA[EA( )]}GA/\( ,9), (3.6)

Hp G (K, ¢) = [m*us(hg cos 2¢p — hy cos ¢) + hk(hy cos 2¢ — h, cos ¢)]?s
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LR A AR

Xf g Al R EE, FATH of _(v) ~ 0 M

o (V) —$ / o / W~ £ (wry2)]

TGE-&-(k’a })

fﬁ(—hy/2)47'2(7ﬂ/ —A/h)?2+1

(3.7)
H G (K, ¢) = [m*uz(—hg sin2¢ — hysin @) + hk(hysin 2¢ + h, sin ¢)]%

3.1.3 ABC-Hir=EAZEK
ABC-HEVR = A S8 J& rh 80T (T B R) 78 m-1i7 K- mU T IR e B A R0a 2%

i 8y )
HE = ( 5?1 SolPk? + S, ) ’ (3.8)
Soﬁ?’ki + 52 Sh
Hrfr Sy = 332043 /(8R%47), S1 = 75 — 3n01ak?a®/(201) FI Sy = 72/2 = 3y0y3k2a® /(271)-
B Frs, @A BERBE RS 4o = 3.16 VI, 4, = 0.502 eV, 45 = —0.0171 eV,
v3 = —0.377eV, 7= —0.099 eV, ~5 = —0.0014 eV, @i E =7 LIS 3R &
AAEE E (k) = S+ AB HA B = [SZROKS + 52 + 2 cos(36) Sy Soh k3|2, Xt B FRIAAE %
BT LS PEAT R EITE N ¢4 () = 21/2[e, Nekr, e = (SphkPe% + S,) /B

Mr=(z,y)
I PR %% 2 05 R AR B )T 05 R R SOK B e A, Al N A BRI R L R

x {1 — fr[EL(R]}GY (K, 9), (3.9)

H G (k,¢) = [Q1B — 3Soh°k?(Soh®k® cos ¢ + Sa cos 2¢) + (Soh’k® cos 3¢ + S2)Qa]%
XF AT A N RIE

0 . M— /d¢/ O (B (k)

mh2y 2nvT)? + 1
< {1 = fL[EL(K)}GL (K, 9), (3.10)

HA Gt (K, ¢) = [3Soh*k?(Soh3k3 cos ¢ + Sa cos 2¢) — (Soh3k3 cos 3¢ + S2)Q2 + Q1 B)%
X Pl ERIE, WU E] of _(v) ~ 0 Al

ot (v) = 2007 / d¢/ dkk oI (2mv—2B/h)|

T 2Ry

x [-[EL(R){1 = f[EL(K)}GE L (K, ¢), (3.11)
Hr G (k, ¢) = [3Soh* k2 (Soh’k® sin ¢ — Sasin 2¢)) — SpQah*k3 sin 3]
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3.1.4 AB-#ikZEAERR

X1 AB-HEVE N-E0 =06 HJEH N > 3, FH 7S5 Mg i s s it ] DL AU 70
JHT LR AN AB-HEBROUZ A S AL T R G0 ARG B KD 2] LR 2 %41
R G B o0 B 006, - TR R 2 R A SRS DN REASEA (N - 1)/2 D
BEASRGHRKN T RS, mxHEERNZ EARENAH N2 DR A 2T RGAH
T, 2 FRATT I SRVELE A A Y T ARG RN, T B R AR T R N KR =
LI A] DL R R 9T

hk_
= " , (3.12)
vohk qms
F
. . _ 2h2k,2 .
.E%:< parn " ‘“M&>>, (3.13)
—vph k+/(ﬂj§1) Bine

Hrfn, = -002eV, g5 =004 eV, ¢ =(1—N)/(N+1), uj = 2cos(k;)s k; =
7/2— jm (2N +2) B j F AU R A F IS5,

, { 1,3,5,---,N — 1, N = even,
j:

(3.14)
2,4,6,--- ,N—1,N = odd.

AN WM THEEN B a; = 8; = [Ncos(2k;) + 1]/(N + 1)s M THEN WH o; =
[(N —1)cos(2x;) +2]/(N + 1) fil B; = cos(2x;)E9,
T RRA ST RS RN B E AR AT AL B 28 BT A2 E N

2 )2
A
Uah(r) = N Ry e, 1]e™™, (3.16)

Horh RM — wohk/(EM, (K) — qno) FINY = [1+ (RM)?2]7V2. % TXEFARE T &
4t By, XN RE B ANEAE A AIE P i E ] LS AR

_ oo + f3; n2a._ﬁ.2
B = A [ O g (3.17)
1
U(r) = N3 [Ryhe 2, 1)e™, (3.18)

H R = 022K 1361 (i — Ex (k)] MENR) = [1 4+ (Rh)?] Y2 FEA B 5 2k
RN T, R -6 T8 BAE TS B 5 808 B2 FOUZE A 2246 R G —
Bl N E S H TR RN

~ 2w (elFyv 2 ,
Wi 1) =27 (70 ) W (0 Gcad B3 ) — B0 — o, (3.19)
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Hrp ’U%\,\'(kw = (NJ]\\//[AN%)\’)Q[(RAN/IA)2 + (R%,\')z +2 COS(2¢)R%AR%A']’ Al

o ((eFyulik\* . B )
——— ) | U (k)| 0k
(S ) Wi

x S[EA () = B (k) — b, (3.20)

WN/\)\ (k k/)

o UG ()12 = (NN )P [(RAA)? + (Ryh)? + 2 cos(20) Ry Ry o
T EUE AB-HERZ E 0 2, B2 AT RGAE S A Ny N BRE
HHESHN

S8oovl T
U%,\,\(V) = ¢

O oy |, AR = ALEN (0]
< AEM GOV (B3 (3:21)
X [ R IEE, WA o, _(v) ~ 0
oA () =200 (NN, IR )? + (RY, )7L (o)
< {1 £ IEY. (o)), (322

et 22 7 B TR G AR v B e = (022 — (1 — )]/ (200h)s
HT AB-HEEZ B SR B, T-2%, SR i R 5

B 3200v3h? T * B
oxw(v) = I/ujoﬁl (27”/7_)2+1/0 dkk?’f,\[EN)\(k)]
x {1 = AIEA RN (R (3.23)

X AT, WH oy, (v) ~ 0 Al
o, (v) =400 (NY NG )2 ((RY.)? + (RN, )2 f- BN (K)]
< {1 — f[Ex, ()]}, (3.24)

Hh7E B, WU ARG T RS S TRy v (N EE k= {52 — (s —
B2 UBE Y/ (2 2uoh)
AT RAMTIRG LG, N2 AB-HEHZ 24 B0 RGO f S

VP (W) = Onoaa Y o () + DD o (v). (3.25)
AN

7 AN
3.1.5 ABC-HixZEARER

ABCHESE N 17806 RACEE N > 3 T U R B SO FAE 4 7L
AT R VA B 2

N 0 (A )N
gy, =t . 3.26
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Optical conductance o' /o,

Radiation Frequency

3.1: 7B T=300 K, BFRE n, = 1.5 x 102 cm 2 FZ7GKRE n, =5 x 10 em 2 T,
AR EER e S REk. BB, WEM ABC-HR=-EAEHENER SRS E, LafE
BiigRR. XB, o), (RELZ), o' _ (RX%k) f o', (FBRZ%) 73S HAWANKTTE
HXE S, NMHERNTRRIRENABSURMNNTEISHHEKE AR ES. Kii%RR
BHIXEBEFER 0g = me?/(2h)

ABC-HE# N-JZ F 28205 FHAB BN T = N XN A AE R & A E 9% 08 505 )
N E) (k) = Muohk)N /41 Fpd) (v) = 2Y2[\, eNo)ekr, fELMmIRTE AT, iR
T AHEAR A R IR R — G R E S T ERIT R

eFyNul (hE)N=1\21 + AN cos(2¢)
W&&xv—h< o ) 5

X 6k’,k5[E:\]/ (k/) — EAJ(k) — hl/] (327)

R R0 7 EE T G B, X T ABCHESE N-J2 77 545 S R 25 143 P AT
ISy

_QW

4yt

x LELMI{L — fIE ()]} (3.28)
X (AR IEE, WA ol _(v) ~0 M
0! (V) = Noof—(~hv/2)[L - f+(hw/2)]. (3.29)

3.2 HRFMFL

EXT T, FRATH BRI NS BB TN T H R T BB FIREN ne.
EEH T, BWETFIRKEN . = ng + An., HH An, BB FIKE, [FEE
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= NN W
[6)] o (6] o (6)]
T T T T T T

Optical conductance o/s,
o
—

0.5

Transmissivity Ti(v)

Radiation Frequency v (THz)

3.2: HAEHRTRE n.=1.5x102 cm™2 F ny, =5 x 10" cm? RERE T=10 K (5£
#h%k), 77 K (FaXkizkihzk), 150 K (FE#iZk), #1300 K (= ih%k) T, xBTS (LER)
KBS A (THEHIR) MESIANENT K. BE. WEM ABC-HR=EAEHRGNER S5
R4, defEeph%ERr

Iob HE fuf ST E E BT DAAS B S SURIREE N ny, = Ane. HZEL XUZE. A ABC-HESRZ
TS 10 55 o o T R R AR i AT ni = g 3, £ [EL (k)] A 0, =
g 1 = fLEL(K)])} HRIEE, Hb g =4 RERMABRIFET. T AB-HHL 2
T8I, PRSI AT LB n) = g 3 {f [EY, (K)]0n 0+ 3, f+ (B (K)]}
Flnd = g3 ({1 = f- BN (&) }onoaa + 3,41 — f-[EN-(K)]}} 4573 50,
ETHEICIES KPS, BATHERE, WER ABC-HEM = E A 86 RAN
A BT AN e = 1.2, & = 1.3 e, = 1.5, FATHN T f 845 AN A B Ao
JEA HLE B AT EL R = A i s 00T, S ok, iR IR A SR m A I RE R T4
IR 7 ~ 1 ps IO [RITTTHRA Y SO b 5 R A BRI T, St e,
FATER A EAl AT 30 TIRE 1 x 10'2 cm—2 &4 FikBUA 865 10 30 ik i 109,
FEEBA W, BAVAH TS ERTFIRE 0! BRI n), F, fERE T=300 K
B, S BEM ABC-HEMR = Z A 504 b A R B BT @B O B3 Tk, mT B
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RN T BRI (1) £ =FoA SIS R g, AR B 9T [N ERIE X v > 20 THz
B W A L Tk, 1T T P R T 2 g B A B X I ) D R WL (i) TR
. Bz ABC-HEb: = 24 805 R4, 7 AlfE v > 130 THz, v > 100 THz #l v > 70
THz XA KOG S 2580 3 v AR/, SR04 AfE v < 130 THz, v < 100
THz fl v < 70 THz SR X3N] Z BIR v w252, v UE R, 75 ABC-HER =2
A1 B JFE P AEAEE 3.6 THz A v DUE B — AN IR . XA/ N2 B ABC-HEBE
= A s S AN A 2 B A RRPE IR . (i) o] DURIFE s B, = Fhf
B RAM A AEN o = ne?/(2h), ob = me?/h Ml o} = 3re?/(2h) Wi
o RIELZ EAEERFTEEA RGNS E TN me?/(2h). (iv) HEEMZ,
£ 1-100 THz SR JEHE N, A DIFE =R 8808 R 40h & 2D s O i B poR,
TX R W A B I A ER TR AN [ A 110 A [ B ANy P R IR WA T ) R4 FH 51 AE .
(v) B A S0 ZHO0 N, SR E M2 IR I HLREE B 58 22 A S R i
1,

K3.2 45 T =Fif s 00 R GO F S DB S 5 B 45 8 BOR TR L IR AEAN ]
IR TR E R IR 2. AT R, X o' (v) M T (v) JLPF AR v
I ARG T AR A X EERRAIE AN B 2 SR 72 S8 B R B — B0, fEIZ 404K
T 2 AR X 3R] DU BRI 1 5F B o' (v) T (v) AR 52 2R B AR K I 52, X
RS b 52 SRR 0N R Ay SR B0 S5 FUM — B, RS T/ R EE R,
FATHGE BT RGP T /2 A S 35 e BE 25 TR 188 I ma s/ /38 m. Rk,
K132/ i, fE Moss-Burstein 208 P G520 N, G MRS 101 IR AT 1205 B 5 i )
SE IR [a] v X S A o X TR A sk, IR T PR D R i R (1 T R T
FEXURAN ABC-HEVE = 2 1 S R gr b, JeWRolSead 1 i) v FE AN 98 2 i 2 T 2 P 48 T g
/N FEEARKIIRIE T, AETE 2 58 58 A IR DGR i 1 JF BRI i G & 5
WS PR AT, X 55 B A SR RGN SR g FAR AT IO, fE ABC-HEVR = 2 A1 S8R 7E 3.6
THz A& (¥ /NR ST [ A7 BB AN I i 2 A A I LB AT e 1) 5 P2 I = UL P32 180 48 o v i 53

YL T TR RERE T=300 K FIZSWKAER ny W, AR TWRE n, F=
FIET S RGO 1L SRS 2 M R (6B 5 R BB I L R W THEA
W LB B, I /NIE (50) BORTR RS A A B A BT (557) B0t IR P 51
TR, T S 2o 1 o TV AT B ] M R I, A TR
S S 28 5 P TS PR A L2 ZEFRAG AT 79 T I, 3o e B3] A
PRI, AT S0 RGP O L SRS A w BT LS v TR O B
2 R REAR AN 75 2150 THz 4 56 9 T LAV BE00IC A . ABCHEME = 24
SR T 3.6 THz A /NI Ui 0 5 B 7 P T 7 52 0 LR U T B 2, T
YR RO TR S SE AR, S o T L3 AR b TR RO I T .
i, i B i, B TR IR R S R SR AR KB, LB SR
7 S R 00 M 1 O FE B o TV R R . 78 6 4 o T T T
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A BDERCE DA% BAA TERE T XL A R R R XUZ A ABC-HERE
=240 2B 28 G G 11 (1 B LA e B W] DL i A ] H R iR S L IR B REAT
AR

BB 4t TS IR TR AR IR T, ABMERZ 24 8RERGOLR S
[t 48 S I AR I AR A AT EAAE B AE W] IOE AL Y I8 2 AN R AU e
ARG TRk IF B AB-HESZ 200 S0 P R E XD L I TTIRON e/ (2h). FEZJRS
VUJE AT AB-HEBR AT S804 T U 21 2140 21 R0 26 50 B B G IR T H1e 7R AR IR
JEE TR AT LAAS 21 5 5 A SE IR OGRS I EDGIRIE 1H 2x BE A A SR 0 = 80 1 i 41
Mo BEFE RN FEAG, JeRIE Dt kA K.

TEEIB.4(a) A (c) 1, W LAYE AB-HESR 120 = 20 806 & B F R0, X
LIRS R B AB-HE VR TS U A SRR v i R AR B B A B.AYb) T Rl
RN EUZ AB-HERR 2 R A S0 K T R G o BRI XS AT LA 3

e
5
T

0

w

o
I

25
20
1.5

1.0

Optical conductance c'/c

05

0.0

0.991—
0.98—

0.97

Transmissivity T'(v)

Radiation Frequency v (THz)

3.3: XBE (LEIR) MXEFAEY (THIR) ELERE T=300 K F=70UKE ny, =5 x 101
em~2 REEFRE n, = 1 x 102 cm~2 (LHL), n. = 1.5 x 102cm~2 (EXIZHE), n =
2% 10" em™? (FEHAZk), M n.=25x10"? cm™? (REEF L) THERIIANE v WTK. B2
E. WEM ABC-#Rr=EAEHENERTHARE. dEFEEMNIZ%LRT
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W R R R RGN R 280 IR

2 FE . AB-HELR RO BAMANRIRTR E, = 0.03 eV Al EY, = 0.01
eV 73 IR R PINE 7.3 THz Al 2.4 THz KERIWIGL. T AB-HES: TLZ A SR A =4
AR ES = 0.04 eV, E3 = 0.01 eV M E2 = 3.33. BT ANREAR B4 A% R 9.7
THz M1 2.4 THz KHIWRISCL. FEARIRTEE v < 1 THz, 7 8] BRE T 000 SRR /)
PRI 7 [ [3.4Y(a) B AN B3 = AN REAR A BT S BURRIGL. X B RRE R BOEIR G i 5
PR R BE I AN BT e F34b, i EEAR A T B A MRS AN S WA B R AS
(o GRS 11 MRS 2 H 3 K BE R ML 1) FL T BRI AT S 8500, MR B.4] o, 3RATT AT
L B AB-HENR 2 J2 A0 88065 Pk ARy [ 5 1 (K D6 IR i A e IR A 7 11 PO LA«

: /00

AB
N=5

Optical conductance ¢

) /GO

AB
N=4

_Jo, Optical conductance o

AB
N=3

N
I
NPT

4 THz

- —m e m e m—— -

7.3 THz

Optical conductance o
N
[

11 1 e e e 1 1 vl [
1 10 100

Radiation Frequency v (THz)

3.4: HAEHRTFRE n. =1.5x102 ecm=2 F ny, =5 x 10" em~2, AERE T=10 K (5
#hZk), 77 K (FaXlZkihsk), 150 K (FEhZk), #0300 K (=4 iizk) T, AB-#HRZEAER
I SREEGINE v WEK. BEdo5lA AB-#HREE (a, HE#Z), WE (b, ABHLZ),
M=E (c, &REfL%k) HHER
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FEFGE I — B LAE S, Haol 715877 AB-HMEVRZ 2 A7 820 72 B il S 1l A RO
HLSe 3% L AR A2 SOk (O8] MIWT 7T AL T A pe Al s E R LR HAakiE 7 AR
i BR) J2= B8t AT 5 M 3 £ A1 30 5K A1 DX TR i e ) M. SCHiR [98] s JZL AN Y Y
Wi e B K A L IRAE R T R A D Mt E T RG] BOGIRRIT Br S 2. T
A FE P R PRACUEE JURT ML RS RV R A5 AT K. AEART e rp,  SRAT @I AT R
I E B T M TR DR e A SR 2R ST R S 3 B O M L, [R] IR B ] AAS B Z0 40 31K
Wh 2LV R A BROE A IR, 34k, BATIESE T AB-HERR 2 2 A S0 R g0 b e vl WL Vi
PG B3 2 AR BE R T R G otk v AR I AT 8045 110 2 B RE 0% A R0 R i
T AB-HERR 2 )2 A7 820 mh KSR ES IR, A B 98 S5 R IR S

EIB.5 %4 T ABC-HES: £ 2 A S0 R 48 b HLU S AE 4 8 BOR TR EEAS R R
BEE AR AR O BRe ABC-HEYR N-JZ 7 SR 4G 72 Ry LB 1E 6 L3 9 Nme? /(2h).
ABC-HEVR 2 2 47 SR IR TEARARBL R REAEE IR i e 7EEI B v, T LU BB A1 58
W JZH0 N N B IR A B, DEIRC T R R B 2 A% . A, DGR 11
i ERNR FE B A0 SR IR N s ik e S5 Ah, FRATTAR IR B.5] Pt etk H
5 B4 e & O AR R 1) AR ABMEBEZ 2 A BIGTE £ FENK
BT R4, ABC-HERZ RO AA - MHAIRRER T RS Wi, 5 ABC-HibE
LR ARG, fE AB-HEREZ R SR v n] DUE SRR SN Ao E 1 45 .
i) 5 AB-HERRZ E A SR IA AL, MO SEERT ABC-HERZ B A 8HE T
RIEIR IS BT o AB-HEbR 2 2 A7 8806t OCIRICE H IRER B LU ABC-HEBR 22 2 A7 8206 H K
R iv) R T, £ ABC-HELR 2 )20 S0 i A & 32 B 220 )2 UK AE A% 8l B
TN BRI BT e X 45 SRR W] 20 J2 A0 SR 28 0 1 HE D IR [RI A 6 21 A0 21 24
17 T8 VG B Y A6 FUR PR R B AR

R I TC A 45 R R WAL BEASOGIEVE RN, 220 2806 R GG R RS £ 28
W IR JE B I 39 0. AELLA ROKHF 24 X 3, AE AB- Al ABC-HEBRIX HLZ A2 )= 41 52
Ji R g T LA BDCROCE He BEAE O SRR RGN T LA 2D R L 20 R2
XA SR AT A 32 Y R R S BLR AN JE AT S0 R U AN R LT BE T 4
e X AL BUAN R A 820 28 50 B A T 2 B AT B <718 E ' IR RS U AN TR )
AL, XU R BLER WA S 2R 8RO HURE IR T ARER 5 I HAN AT DU I e2e
R PS8 MR YR SR 5 R Rt i 1B A (R PR A 28045 R BONTHE B IR P SR AT R 19

3.3 AFE/NG

FERX T FEH,  FATH — B 51 B T VR R IR M 2 J2 A0 Sk R G AE AB-
A ABC-HELR Y T MG PR B JATHIIC T 2/ 806/ A IR AR G TR .
TURPE. HEDRIR PP A S 00 IR HOM O i 2 OB IE S R B2 . WS FIESE T N-J=
A S0 R GUE R AN B A D S — N E N E L o) = Nne?/(2h), HILFAR
MRS LT IR BEANHELR Y A2, X SRR 2 A0 S 00 I BO fE B g ik 2 — A
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o
|

N
|

w
[

¥

N
[

Optical conductance s’ /o,
I 1

1 10 100
Radiation Frequency v (THz)

o
I

3.5: ABC-HiRZEAZEHBRFELENERFRE ne = 1.5 x 10" cm™2 M ny, = 5 x 10"
cm~? AELRE T=10 K (£ph%k), 77 K (F2XIZ&kehik), 150 K (FEphZk), #0300 K (=4%9+eh
%) THBSHEMENTLXR. BRNalA=F (Rethk), NE (Aethsk) MAE (EaEh
%) AEHRER

WIEMH 09 = me?/(2h). TEFEMEL, B2, BUZAT ABC-HESE = 247 BIEXF B 6% ot
BB RLI N 97.7%, 95.4% F1 93.1%, X 5525048 RAFFRY, FATHI0E 7t 45 R R
1t AB- fl ABC-HEER L E M 2 B0 5206 R HAFAELE 0.2—150 THz 55 S 402 F
(RIS B o 7E 2140 31K 2% X 38025 Drude 1559 196 S5 R0 AR X B2 ) 15 30 5 2 5%
& O AAE SR AT BINE ST B 000 /D0 B AR I R 40 R e IR ISR 112 FR A (ARG
AT N RO 83 BT 7% B R RE R 51 A . IR IR O IR AT S,
HORERIR XA AW IS, 2R, IR, MERN P AL A 806 2 B sa 2 5
i, 7E ABC-HEPE =240 B HAEAE —NE 3.6 THz AL/, 3R AN NI AL I Fr o7
BN i R R R AR AT AR, R T B R P S L O B B IR R
BN X HAEFRZED AB-MRZ B AR, (710 AR BT 51 & 1Rk
e MRS R RN B BT S8 A RS N JF B 2R E R AR /N, ER IR
() 55 FEE ot 5 U 4D 8 o i 5 AR L R /B T R IR IE R, BT wT LA
TEA B0 RGP R DL ZE BRI B 8L, AB-HEE N-E A SEH T
IR T E ABC-HEER N-JE A S50 v i 6O 11 58 58 AR R B 5 A a0 2 250
BN, MR E O kA LR I HOGIR R T BE B R . X SE IR AT 4 L W] AB-
I ABC-HEBR I 50 2 F1 22 2 47 SR M 1 2040 2 KR 26 B %6 VF 2 SRR PR . X S g
()1 R A o N FH A 20 A 83 R 2 ' L B b
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This chapter corresponds to the published paper “Infrared to terahertz absorption

window in mono- and multi-layer graphene systems” in Appendix D.
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SBWUE Rashba BEE-HUERS THEE ZHRILBIIIBKNHHZZRER
HIEHE S

R 52 R FE e R R BT B T A8 B T . X SRR R RE 4 B R 5
R F R —ACE R g K b 7 284 BT, B, T iR R 2 i 4 R R
) MX, (M=Mo, W, Nb, Ta, Ti, fl X=S, Se, Te) C.Z# il 4% Hi K. XK ikl
& 8 R T2 A AR S 1 2 S T AR AL IS X-M-XO TR U A ) 2 R A R A
RS 3y & B AR ALY (TMDCs) A &M TR R E 075 B i 22 J2 4544
(1) (] B2 5 BR AR N B R S5 M B e BRI, g, —ERALEE AR B R A R B 1.29 eV
) 1) 2 5 B T 7 B J2 S5 A HR AN AR ZE ) B o B S KA K AR 35 K40 1.90 eV 1 B 4%
T_“ﬁ:l}ﬁ[ll& 118JO

H M HLZE SRR ACEE B RN S 56 b ik AU 23 2 ) 4 H ORS00 iy A %
53 R ) RN B ) L S RO A M B A AT T A . Bl R T ERE
IR AR B 37 KO8 i AR B R SEAE R IR R BA A 10° T e bk B B A R T 200
cm?/(Vs) [T iE A% R B2 20020 308 B i A0 4R (19 BT oo 1 an < o i #3122,
6 HL SRR, N ORI AR 23, R RO TR (LEDs) B2 L 7R S s
e HET, XEEZHRAGHP R A o8 R T AR BRI )5
TV R AT 9 A0

B2 RGP BT AR g5 A ] LB TS ke p BRAS SRS 06 R[] T A B
FITE 5 B KB ve- 3K 7 (MDF), 5250V @ Mk Y s 725 0] DU iR A &
PIAKPL ve-F KT BEAh, AMTTRBRE 6 A7 7R N 2 H ie-FLUE R & (SOC) f#
B AR AR S O A N AR BRSO A A A 1) B e E ) RS 2T AR Y
— T 7T A Li SR80 H 507 B2 R AL AR 8 B T 31 S5 A 8] R BT DR A 7R
A WETE N R T R A RO, BN, S BT EE O B (R
FE AT AR 1R 2, F R U 4 B AR AL P R Y Y B - SUE R A 1 1S A e
AWM EBEREMEG, XRALZESBEHRADBEBCAN AT A BT %A A SR
TR L AT A e} B8 89 150 151

XT 2 ARG K 25 4 B T E e BN ) 2 I AR R E i R SR A i R
F H AT A Rashba 205 38 i 7 B H 37 55 H BE-HUIE #8 & 1 1 32 ok se gl 82 083 4
Gt 4 2 AR 1 S P 5 G R e 8 TSR S e (e 36 SSHLA0L (1, 222 3 T 5 5 HL R
1 Rashba &8N 4nfe] 520 ik T4 8 —4E~ AR M R B e 1 SR E M E i, X EEht
FLF B Rashba 208 A8 58 Z1 10 5 M 45 B IO SRR 28 % B IR 61

Y=g EEAEN T RE GAEER T B, SR RE X R TR, R AR
P& Kane-Mele 5 BI04, nd 2245 8 o0 39 i — 4> Rashba B E-HLE & 0. Kk, H
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RETH S, AT R — MR TS JE B G s R h S Z A TR RS
Al B8 OB FRATRE WL B 2 5T O TR G —4E i TS R BN B EAE DG ok B
G0l 2 R AGAE T, R B RS AL [F S R AEAE R, TR R DA A
HRE R A R B BE 8. 4k, JAD)T Rashba H BE-SU3E R & 52 400 s 37 () AT
VAPE, AR AT DO X 2824 R g AT FE AN OGR4, a4t tnT Dol id 7 AL R i
VUORRAS R R 7 1) 77 V5K B 5 Rashba H iE-FUER &M, XFITECKREBREN A
SRR BigSes (001) M43 RHIHTIE ST,

Rashba H HE-HL 8 # & 0 A 58 45 06 2% M 50 52 0 O 20 4 oF e A0 030, o 5 5%
] Rashba XN G 58 24 R 52 Wi A 28 045 16 O 7 £ JBi.  7£ Rashba H HE-%LIE #8 & 1 7E H
T, ARG T i 2RI RS R, X B AN R E B A TR IR TR
WS ERIE B S S AR 00 s 2 AR AGAR TE R RE VO B E A R B e A X 5
RMEOBEOC RIVASBIEAR. AT W RZE ZRAEHM B RGE ERANN THIFRRE
AT RAE TARAEARRE AR B L Prds IR, BEFT Rashba RUNAE SN #12 — i iH
ot B BT Hh R 2 ) S AR b R

B T KRS R EE T R 2 Ah, R AR B 2R RN s M R R REAE SER B
W)z (T g B8 9 2, 16, (I8, 1200 2T 3T {7 i 3 e T 2 BEAE WP 7EAIF 70 B 5 RN
Z TRY By 8] BRI T B0 A8 T Y0 ] LR i R G FR R . AE X TR SR, FRATTAT A
TR Rashba %N B 3 BUK) B Jie- B0 BROE fe 0] B2 A0 BH £E 21 90 31K 28 U5 B
Ot LW N A A B B R, EERATTIT AN, H AT R R BOG GG X R A
SRV BB SRR D FEIXAN XA, N E ie-PUE RS S A Rashba H ig-SLIE RS & RE
XoF 't F i A o S 3 B AR A L FAT T AR R 5 B = AL AH /E Rashba H
Jig-BIE RSV ] T AE G AW ARAT B IR AR5 32 T KOG e, 8 T B Y R A
[AERAE DTk, FRATEE T T n-BUR p- 235 % (IS A 245 2% B0 — O 1 R B3 B
TIRFE). I EEA Rashba B EHUE RS A 58 B —aAGEDG R FRI2m. A TES I E
T Kane-Mele F Je-FUIERA UG 4 x 4 55 PRS2 W0RTH R 2 B AL B 75
gk,

4.1 HBETWRETE Rashba BHE-HERE THETER

FERRIUIF e, FRATH FEAE oy YT A oL TG LT 5 2 0 0
FENRREIX B, 902 BEAC P B0 T (B T30 K) 7 K(K') ML ZE Rashba
2 e FE R A 142 K - p W T L 5 2 27 125 22 0

A A . I—6, .
LF:W@@®+%ﬁQ+§ﬁA®I+Q@ ® 8,

ot 6 A1 5 &40 59 2 I 1 R 9 e (TR R e T 2 2 % 2 BPR AR RE I L ¢ = +
Rs KK )-BHafas. LRSS HEAETERRB U = {ar, Yay, o, ¥p )
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VU5 Rashba HE-PUER G F 52 RGO B M 22 B BURDG LS

% 4.1: AF—MREHHESITEERTES BRIV RIS SES H 1

AR o | IR A | BREHE | BE-SIER G HE L 2,
MoS, | 3.193A |1.66eV | 1.10eV 150 meV
WS, 3197 A | 1.79eV | 1.37eV 430 meV
MoSe, 3.313 A 1.47 eV 1.94 eV 180 meV
WSe, | 3110 A | 1.60eV | 1.19 eV 460 meV

U™ = {Gay, bar, Gy, U} FFIAME IR0 B0 T L4 505 £

A/2 0 satk_. 0
. 0 A/2 27 th_
ae - / R satiee (4.2)
catk, —2ivp vy — A/2 0
0  catk 0 —Y — A2

Hob k = (ko ky) RER, ke = ky £ ik, = ke, RLY A T R0 &R B ALY
(IRET S5t S8, ST 8E ZmMitbdH, o =3.193 A BEREE, t = 1.1 eV Z2HKS
B2,y e-#iE A S8 2y, = 150 meV R AER A Rashba Hie-HLiE & N0
i TR e B 2 0520 A = 1.66 eV A& FRATTTE U1 5 B 19 52 a5 AN 7 18] 1) B 324
BL2s 20028,y SRURT DU HL37 4% K Rashba FiE-SLIE R A S 80F BLASEIT ab initio
THEEE LI A 15 3], Kormdnyos ZEH53 il 877 P 45 46 8 v B 2 — B4k 4H 1) Rashba
ZH ap = 0.033 eA2E.[V/A]. of 52 B FRAT DY 35 4R A v = 0.0078 eAE.[V/A],
Forh R B T Rashba 3R RIS R v, = ard/(2at) 17 LB SOk [154] 755
FHIXHE B, R EEBEME. 71X BRI T8 H Rashba 20N AN AT LB L — /N TTH
JEVEEE, T HAEEE B AR R T 00 F B R B O SR b s g, i, R
] Rashba #& 5% 72 meV CATE EuO #)E )82 ik sH b & 3o,

I IR ARG 5 i vl DL R R A S A T E Rashba 208 ) H IERS. HZE
TEAETER K(K') By B 5 05 R v] DU AT vA 1S 23 L AE R 22 X A
W7

et — Ape® + Aje+ Ay =0, (4.3)
AR, o
Ay = (A%/4+ a* k) + 1RAA + 29,) — A% /4,
Ay = Ay — Ay,
ol

Ay = A?/2 4 2%k + 4y + 12
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REEOEIRR cre = exno AT BB B VYRI5 FR @ AT A5 20050, I BLIRATT 5 X
BETH = (N s), P =+ %%/T?”rﬁ/ﬁl‘ﬂ?, s = + 7= HIEREFEIN ¢ Rontr ik
o BATEE KRB v = ¢s = + RERAB/ AIEHIRT R,

XFF—AME K(K') 25 B i 25 B AE R AR R 20N

Ik, &) = ve(k, 1) = Ny ()], 5, 5, cile™™. (4.4)
AR (@A) TR AT 5 T3 L AE B8 0 BT A

& = — 2iypa’t?k?

§ ‘o 02 = catk_.b}",
2

= — 2igygatk_.by", 04 = by'byY,

IEH
bi\v :Ei,m — YoEkaw + A2y, — A)/4 — a’t?k?,

by’ =bY" — 4y, byY = Ewaw — A/2.

H—1 ZE N (k) BAE Ny (k) = 1/VRY, Hid hY = 443a?k? [o® k> + (B)Y)?] +
a2t2k2(bi\v)2 + (bévbg‘v)Qo

4.2 BEZHRETE Rashba N THXHES

FEIXRTUHEFH, AT AR AR A (Kubo formula) K 1H5 82 —HiALER 1
3. Fy G 74 (157

2

en; | ‘
_ W 4‘
b [ el a0, 3s(a. 0)) @5

0

Tas(Q, W) =

HAX T RS (o, 0)=(2,9), jalq,t) ZEREELFS, ©=w+tin(n — 07)FF
H n; &30 R B o s O B e . AR IR B AR A 3 (5] R A — T
SRR, 7RI BEBRATTERAT 2 B FO 5 A SR ﬁjﬁﬁﬁizlﬁmﬁﬁ@iﬁﬁﬁﬁﬁ
JEHIEE T IR T A A (1) Rl 350

IR @ — 0 F, FEASDETIEA w THREZHRHHREEHEZ]
PLE A Kubo-Greenwood [ = 76 157

ze . flexe) — flewe)
o E E k/ k/ k, & : : , 4.6
o ﬁ o g‘va’ 5 | ﬁ| >5k,£ — + h(w _'_Zn) ( )

Forp R A 05, = hOH ks = 7 T REBBEMEL flae) = fleww) =
(expl(en — pi)/ (ksT)] + 1} S BRI 320 A7 BRI EL o AP T80 ﬁmw%%
T R, TR A F AR A RO T B ORI T, EiX
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$PUE  Rashba B FE-HUBR G N R BN BRI 2K B BN L 3

HEA BARE EREE R sk, 52 AP RIS 6 B S R AR U
SEUSSL, ek [159) HR S T A RO gt R R R 2
EA ¢ W mDGH S ] LS AE
o5 _ie? Z S wit o (K fexaw) — flewav) (47)

. )
N Kk 5k,Av — ew v + i(w + in)

T

a*t*k2[p* + r? + 2pr cos(2¢)] 5
H2 AV AV kk's

wi’wv’,)\v(k,7 k) =

p =b)" (473K + bV,
=0 (Ra”*k* + bV YY),

RN, e § AR, S R
S S g (g ) ) (45)

)
Mo Kk 5k,Av — ew v + h(w +in)

y
+H

a*t'k? i(p? — r?) + 2cprsin(2¢)
72 PAV AV Ol

wiyv’g Av (k/ k)
fE = 0F BT, L 25U 0 (01 (97) AV SE /R 00T b5 429 B
BYF R

1 I, .
i 9”(;) —imd(z). (4.9)

PRk, B2 hR AL A H T AR RS ER AT B AE ¢ 4%, ARG HL T SRR A
IR HL 3 (8 R 8 0 ) s Dt

Re 05, (w) = Y Reop¥(w (4.10)

ANV Av

" * etatik3 (p? +r N
R a2 () = [~ b S W D o) — Hlena + o — w0

Im o3, Z Im (T;\;);/ (4.11)
AV v
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L

\

VAV & €2a4t4k3 (p2 — T2) Iy
Im O-i\yé (W) :g/ov dk 23 h)\yh/\/v/ [f(ng\V) - f(ek,)\V + hw)]é[w - wz)\\v (k)]’
Hof AR @) - H cos(26) M sin(26) MR 6 MBS AIHE, FRE Wl (k) =
(Ek,)\’v/ — 5k,)\v)/h %Eﬁﬁﬁ%ﬁ#%ﬂfj‘&ﬂ—:ﬂj{%&ﬂm ﬁE%*ﬁﬁ%me

ARG P TR R

Tap(w) = Y _ 0% 4(w). (4.12)

O3 @T0) e W1 XE T 7R 728 0 1 5 0 2 AR . A
S ST LLE 1E Re 040 (w) = goRe oS, (w), g, = 2 RFEIEEF. X T8
S, AR [ETD) R R R R RS BRI . B,
Im o2 (w) = —Im o2 (), R GRS R BRI, X7 R G 0 R
ST, T T T T -

TR, TS S R R — 1T DL SIS AR T 4
SRR T RS T AR AR (+) A HE B ROt (—) MBI, 76 B fdi e
T« e e TG 5 T DL IS

Re 05 (w) = Re 03, (w) F Im 03, (w). (4.13)

L, T R B ORI, TR BB AR @T0) b 1 95
MR (@TT) PR 5 H R

4.3 HRE5VHE

FERXIRT T, FRATTH RE n-TUA p-7R B SR B A AR AE AR X R 95 [ 21 4h 2 Kb 264
537 B FLE R, DT BT P 28 AR 2 P o 82 B0 2 A A T R I R R S R LT
SN IR A A BRI I Oy R A BOR B s B ) 1 ek
HLP- 2 O 7P 2 IR IR H AT T 7T R R 255 8 3l B s 3 Al A H R
Bln (X = X) FEOL e n-BURE i b B B p-RE T B XA ZE S, AT RA) Sl
BT BT S BOR E

Ne = Gy Z Zf(ak,,\v), (4.14)

A=+,v=%+ k

A
n=g0 > > 1= flEw)]: (4.15)

A=—yv=% k
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$PUE  Rashba B FE-HUBR G N R BN BRI 2K B BN L 3

\/ (VARVARV,
K K'

Conduction band
— s=+1

K

‘Valence - ‘

— 5=—1

X++

X
E:*

4.1: BECHRASBREFENNIEEMER N ATRIARIEE. (a) n-Bim, (b) p-E1
BECHRAEFREDERER Er ERNBRERNTEISNFE, (c) p-B I BERHLEH
mEFEKRER Er £ v=— BIEBRNGEFEHRZT. ATRERNEIREENTIRER Yy [T

N T EEOGHE S EE R, RATETE B g %H%Eﬁﬁf@iﬂ’]i_ﬁ'*%ﬁﬁ LT
ORI =3 ps M7 FEHERIER I 7, =200 psl0 A5 FLBEA 2R 1
IR T R, BEEAMIEA LN 7.= 0.5 pstEll, 7ER EQ{ET%JEUT Al DAE VAR 2%
AR O(E) — (B /7)/(E* + E2) K& # A (@10) M (@11) hrss/R ek £, H
B, = h/7 & H AL R T R, ﬁ%%’%%?‘étﬂE’J%ﬁ'é%%’lﬁ]’%ﬁﬂﬂm—/l\ﬁﬁiﬁg
A RO R AR R T P E R By, A (I0) A (EID) BRI
B S 0] PLIE i b5 7 B Gauss-Kronrod R 43 Skt 47 — BN %E’Jiﬂﬁﬁ‘ﬁm 53], [
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This chapter corresponds to the published paper “Infrared to terahertz optical
conductivity of n-type and p-type monolayer MoS, in the presence of Rashba spin-orbit
coupling” in Appendix D.
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5.2 BEZHR4IEETL Rashba HIE-FLUEEES THXRS

FIEAE 90637 N IF oAl N BRIE N 6 AR B IR FE I TR AR /N, DRI 7E S AR 5
JELEAE n- MY (p-AY) BB 0L NI E L. 7E 2 AL EE S A A RO
T 73 A5 A AR [F]— A 2R oR- 2K R 5 o0 A B BOR F IR . 3l b — & rp g A 2UA] DS 5
JZ ZRAAHTE A Rashba 8 R G HLS A

oap(w) = zg:; ZZZ (k, Ass|vg |k, Nas) (K, Nas|og]k, Ass) By

v==% A\ k’k

F(EN) — f(ES)
— By + h(w +in)’

(5.4)

AR ST 0, = h ' 0H/Okas g, = 2 RABFIEE T, f(EY) = [eFml/koT 4 1)1

Vol /SIS N R Tk 8
BHEBARECN v (7RG MG T 7T S 1

() = f(Bine)

AvA'v ie? xTT,S /
- k' k —, 5.5
O-xx,g (O)) ; kk )\V)\V( )Eg\,k . EX/k/ + h(w + 277) ( )
Horp
Wi (K k) = a*t*[cos* (¥} /2) + sin* (W), /2) — sin®(V)) cos(26) /2] )R> by -
[FIRF, R EBERECN v T RERIRE “E/R” SN
gAY v zge e (K FEN) — f(EXn) 56
e =2 S N ey OO

y
H

winty, (K, k) = ia®t[is sin®(9)) sin(26) /2 + sin® (9} /2) — cos* (9)./2)] /7?0y e

FEXE, AT EAE W] WtV B N I e mRoiic. i PN RIE AR AR 4 v Bl BT o ik F) D' ik
e o 2 DAY T ANAE 25 R B BT o 8T ER A7 2810 3 0 i () HEL - BROE . 7R AN B e SR
BN v W7 RSG0 BZ A EH A1 G H 3 0 SR RTEE 7K 0t L 3 1 R R 23 ) 5 D
HEa

Re 02 (w) = = [1+ 4A2}0(FM—2AV) [f(w_h‘“") —f(w+h“’ﬂ, (5.7)

16h h2w? 2 2
il
2 AcA, — hw hw
I () = (mu-zAn[f(V”2 )-—f(v”; )]. (5.9

R IR (p = £ orlFonAie /e dik) T, I8 H)= “HCHEDE R SN
(&

Re 0" (w) = % l 2}3] Do — 20 [f(w - h‘”) _ f(V'V ! h‘“’)} (5.9)

62



1% Rashba HE-PUER G 52 “BACEHLE AT WG BOE F HDERIL

— T T T T — T T T T T
(a) four band n =1x10"* cm? | 20F (b) two band -

o
o
[

I

1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0

5.1: TELATEIRE T= 10 K METRE 1 x 1012 cm ™2 T, HEKEMRMAELS o)) bEE
EEISRRNT . (a) AUFHERG 4, — 0 BHF0 (b) ZH R 1, = 0 SR, 0., HEE
ZEHRUEP TR TR B SR, X8, 00 =€?/(16h)

5.3 HER51e

Er i B A AR IR A R g A DG S A O IR D5 17 Y
. Nk, ELmIRICHINECR T, B HAH RGNS RIFASEITH. FK
FEIX BLIRATZ 8 B R AL BHAE R85 063 T 6 B [F] I 28 5 oG 2R B0 TR EEAE T
SR L (IR LA 2R G 3 R L E s R e O AR SR B RT LB 3
T Hr e E R g

Ne/h = Go Z 2{5,\,71 + AfeFRmm)/bsT 1)1y, (5.10)
—t k
[F) I E B T 55 P 7E e ot 40 AL A 2 R s TR BRI R R B RE B s RN B] 7 = 5 ps
KB E—mp AR 6 R
Kl b.1] 45t 7 DY s 2 i AU 7F Rashba f & 808 T 215 00 N A% A Rashba 3¢
JOL I A I AR A T A5 B 0 RN BT or R KOG . nT LG B B a) A1
K [p.1\(b) A4S FRAHSE ). fE3A Rashba BN, RA H HEAH R 175 2 [ 5 R
AR R, RIS AT LUR BIE & mIR G T, SGH - SAEA RS TR ok T LA A A 2
. £ K %, HEm b7 8 3 5 m R 07 B ok 0% T BE 2 B & 00 1 N
e HTMHAAE KRBTSR, ELeHESHErSBM— N hmARERRS
1 ka = 0 AL BIAS [T B BT S BV BRI S B
A TR THE n, = 1 x 10? em™2, Rashba HIE-FUERMEZSE v =
0257, WfET =10 K ', )2 HiAbEH RS0 A [F 5 (8] BRI 18 8 B o1 ik (1) )6 s
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1.0 T T T I (
n,=1x10"cm?
T=10 K
i Y.=0.25 v,
_____ e ——t
\bo XX, XX,G
Sosk o e — .
E/ N Gxx,g Gxx,g
c..=6_/2
XX XX
- \-\-\.\. "/ ____________
-l
b T
L e -
]
0.0 - ' ' l l
' 20 25 3.0
ho (eV)

& 5.2: FEARTERE T= 10 K. BFKRE 1 x 102 cm™? A& Rashba BIE-HIERBEEH v =
0.257, &, WEKEIMRBMAERS o)\ BEERIIAENEN. 0.0 A ¢ BREFRGTRA
BEZM

2.0 T I T I T I T I T

- n=1x10"cm? [ TT—— ]

0.0
1.5

& 5.3: HATEISE T= 10 K fiBBFiKE 1 x 102 ecm 2 T, A[E Rashba &8 T4 a KT
BB S o, BEERETIMENTK

LR EI{E Rashba N HIMER T, M 2 5w DA ekl i 7 ki iliE. X2
T Rashba RN B IS KRG ER], AEAEAEAN R B e o 2417 18] (1 i 7 BRIE N 1
ARG HTMANE KM ARSZ, By =—-1MHFFHs v=+1 F 7 WKITiE
EAEA & B RIG T Re RN A TR TTHR. X T B AR R B e e Bie iy B R IT P oT ik
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1% Rashba HE-PUER G 52 “BACEHLE AT WG BOE F HDERIL

HIDEHR oy - Moot T, Je FREE RERE A Imagn. Xt iy BRI A A
A B TR BRIEIETE, JeHS o[ Mo T AR B B KB R R BE A RE
BRI R ROE S & A A B WEBCK B i 5 2 R BUN S Y
Ko

G TS CREANBFIKET, AR Rashba HE-HIEMAESE T R4
SRDCHESHEERN RN, WNE R TTLUE 2], Rashba RN 0 17 BRI 106
WA &+ EE M. {E Rashba ZHUR/NIE O T, Rashba BN X A KRR
HHE S &2 e N, i Rashba S80I, SR 6HESFH& S BT mA R
W, 1 HE a0t i S il 2 & B 2 BEE Rashba 8GN BT AR
KI¥) Rashba Z#0 T, Yt S HIZ IR 52 2] Rashba &8 520, 7E /5 BE & X 35,
Rashba RN 0TS G-I ZE LT A 52, XK B, FIH Rashba RS [F]F: 5 X HR
J& AL A B B I R S BT AT A AR

54 ZKE/NG

Rashba RN AMY A0 58 LIS B2 B EH 2R SEAE (R X SR KOs, R
SR WG Bl AR TR BRI DGR SGE B M. Rashba 20N 0 B A IR & 1F I8 n 1
JeMR S ERIEIEIE M B . {E Rashba RECB/MTEDIL T, Rashba RN R WA R k
WA A S 308 T X D' FEL- S 10 T R T X A RO IR/ 0 HL 3 AT B SR (5. £E Rashba R 2L
BOKIY, BE%E Rashba AN, S He S 2o kA A% Bl S fh 28 2 — 4
BFH RSN X FTR ] Rashba RUR00 8L B EHAE Hr B B B0t 27 ot
HHEA IR TEE .
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ERE ERikAHRBFFTEAREZRUHEPHSHBFERT

i, Qe SR B Ry R 4% R I < R AL ) MX, (M=Mo, W, Nb,
Ta, Ti, M X=S, Se, Te)M6IE Jf B H 37 55 47 AL 5T 51k T AATTHR K B F 58 %
Mo ML-MX, &A% X-M-X 2561 B = )2 450 I B & )8 5 7 2 4 RER KR 7 )2
Fiy e T FLI8L, el 96 < Ja ARl A D 1 22 2 5 ) D 5 L A T 4 IR T 4 4 S22 5 ) ) I
A B R S 6 M8, 9ead |k S B2 TR A AR I RN e R B IR R 108 BOT
Yo, TR ERT 200 cm?/(Vs) BRE2I00 B8 B2 = Ak 85 A 55 i T A 0K 45 4 A eT
W) BT I, XA ARG i 2B, Sl g TR g 2 FI AR HL T
%[38, 39), 130}, 1311, [174) J:E@&ﬁﬁ*&ﬁi}%&jjo

X B S MXo JHURF 06 -4 5 A ELAE BT 7 2R Dl 2 M BT an o 9 BRI Sl R
S T8 RIS DR i B8 0 = e ) SR 7 AT B2 MIX, BRI
TR TR P e R T N, AR I O TR OB T AR R RE )
HE, FREMUTRIRG B R EC. AR T R ST S B Ak B i B A
E T B OGRS R e i B T2 bR SR R I,
TF 58 3 W] 4 PDRHE 55 BT 2 S AF 6 A BRI R T e TR A SR
WITOE T 5 BRI FE G L 32 BRI B A e AT R AT R (6 T S, A K S B O
i 79, v P8 ) HL R A B0, O LA S0 1) 45 B IS (L IO R AT R A £ 41
B 2B AT P AT BS . A SRR AT A5 B A S ) HL bR BEORD 48 B 0T L it ¢
It eI AL b6 B AT A 2 R A TG AN A A T 15 B O IR RE R B
G ISE IR Ah 7 B A B SRR 5 AR AT T SR 1 20 15T

BT e RER 451, TR EIKBL - 3K 7 A R se-FOK 7R 4k
A HORE T 8] A R AR P A B AN [R] 1R A A i 8 A g P2 ISR S8 O] 1y
SR T JC B KL -3k T, LR AL AR AT DA IR Dy A A AR R Y B E - HUIE
M BT KL - 90K 1o IF H E Be-PUERS & 18 AL B e K A 85 R B M
F) ke EB gy P25 2T A5 i ) 1 - U A 5 R CRAP T THT SR 1 P 235 1 e 4R B o o
ETHL RS, AT RIS - 5K T T BRI R RE 0% A AL R AR AL B 1 R RE R
A7 45 AL P R ST AN Y (R REARA 55 AN [R1 A AN B e i B — 4 ) £ iy B AR SR kAT 41
AR S8, X I R R A A 52 TR AR ) A B O (R R A SR IR AS
[ 29 IS 083 g2 s b, B2 AL T S BUT O R RN w, o ¢! /2020 ik
Gt R T AR AL, A SR RS BT OB RN w, o« ¢ Pntt, i
FERIL TR

AR BB 1R ' S N T P R SR S T R KR B R B FURL T BT IR E - 9]
o, AbTRETE TR AN REA Tz — B R T ) A EE TN AN SE T T S R B
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J A B R (B i O A DG B P ) A e 38 P S 8 9 (28 3T o A 43 R AT T DAAE B
AN BV T XU B B A] AR IR S B A R RO T, TR, R TR
PCPHAE BN v B BRI VA B2 AT DI S S0 R 7 R A R i 1

WX AT BL SR I RE RS AR R AL T RGO —
B4 o2 Ay R Fo b, IR F R AN P, AT
DL 3] I [6.1)(d)-(e) H BT () ER B PR LA P B 19000 BT A BT SR 8 T LB I 3 &%
Ge AN s 1) 5 30K 2082 22 G 1) B oK e Gt ify Bk — 0 S 7 Bl A Al B g, (AR AE
&l [6.1(a) 1 (c) S IRARSMG — AN LAY, TR A R e R R, — AN
SN A RS . I [6.0)(b)-(c), XS LME SR X i A A A
JREA A 55 [ — A B RN S A B A . AEIX T AR, BAIWE UK A
Al 2 A0 RGNS B EOTIN,  J1 B TR 21 B0 TR S B oo R IR
ARAEATIHIPE S

B TRALAR T 2 3 3K AR SRR S 7 AR AN [F) SRR ORI ST
B 1 A BT AFAE T A EAE 2 SRR A bl A R T oe AR N A L R AT
R IAEKBERIR T n-2H 0 KRG SCHF n — 1 DSR2 AL X LR A B
TARAD RGHAHEAFRMIRIEIRE. A5, W TRKRIER, BATRE R
FEMR ST X SsA A28 1) S oo e IR B, BB E R A — e H i R g,
IXAEAFIX L2 B oo TR A B SRR

X TAEMEEM I T, BT T RIRZ AN RSB HoTRER . 1E
EH T, FATS W TR AR BRI v VORI R A R
RAE R R G54 9F ARt T eI RR 22 ik 7ES (612 15eh, FRAGH T 43406
HMRs R I B T R MR IR N OEOR RGE MBI TR, e 6.3, AT
BB TR T A A PR EE T B A R ) T SRR e £ T R AR AT T 5 2 L RS
Wot. 1E58 [6.2 WRRATR A FIHE T AR Z A0 KA MBS TSR 12 ETE
I % D637 T R DGR A 55 i 7R [6.2.2 T, RATHE T n B
B AP AEAS 85 B AR AT R 4 2R 7R TR T A BRI 1 E et
“HM ARG BRI =H MU RGNS RIS AN T algs
wE, EEMESRTESS 6.3 AT 74N

6.1 HipHZ*E

6.1.1 EFREFHHMBRTKE

5 E—Sm i E AR R, XTI, BATH B x-y T LR
ffbdd, #R AL TR EGR 1 (R BN £ K(K)- s BHL AT s 3 i n LLS

{125, 127]
s — A/2 satk_¢ (6.1)
catke —AJ2+c¢sy |
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" — spin up
E —— spin down

-

Kt E(®K)

F |+
k+F k+p
++
k—F
F

— spin up
—— spin down
k

(b)
(c)

K'|E k)
— spin up
—— spin down
k

K'| E (k)
— spin up
_ —— spin down
k

k., K, K, K,
EtF E,
F E:F

o

6.1: XMMRFHFENIRNEE_HRUBERLE K 8(EE)M K &(AB)MEFTEHRE
E. TRBENTHEREIENAEEY. SFERXRTETHRMRBARERZALE. &
R (a)-(c) PRIVBDEHEMERKLERFNERER. EER (d)-(e) F, HREERIRNIAHK
MERG LA K SHBFMANFRBHNEH. BRRR k5L MBRER By BARK (.9),

©-3)-@9) # (6.19-E.19) 4

HA k = (ko ky) BB T PIER, ky = k, + ik, = ke, H ¢ & k Al z-Bh 2 [A] 1)
e, ¢ =+ 2 KK) AR, BB s = KR LEMERTHETS,
PR o = 3.193 A, kRS Ht = 1.1 eV, WEHRHEMESH v = 75 meV,
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A = 1.66 eV s&F iy M AT Z (A 7 B B2 R AL EHAE K (K') 2 AR R B € 75
FE AT LA b it L Re AR E
E5 = ss7/2 + A\ (k), (6.2)

Fr A (k) = [a®Pk? + AL)V2, Ay = (A —csy)/2 B X = £ REFAFMNA. HSZXF
JRAE Ty BN TR T E K(K) B AR R A [k, Aes) AT B2 5 AT O & 1)
i

|k, +¢5) = [cos(05°/2), ¢ sin(v5° /2)e™¢] e’

[k, —¢s) = [ sin(9}°/2), < cos(V5/2)e"? e’ (6.3)
H
A
cosV)’ = o ,sinvy’ = atk .
a2 k? + A2 a2 k? + A2

HUZE TAAE ¢ BT (X)) BIKREE S (A = + RARFHHM N = — RIRWH)

CIREE(E ,
S _ 2 I
"= e ; / dK3[0x—1 + MBS, (6.4)

H fAU(B) = [ePRrmi)/ksT )=t a3y /Ay v B 1 (10 9 K- KR 7 20 A B BT B s,
S BAT AT T T RGO AE ¢ T TP EUR A TR S RS (B
RIEFE T KEER )

RS T=0 K i, A3k A LS R L AR B TV FE AN B K R 22 &R

ng =Yy [kspl?/(4m), (6.5)

Hor kS RAERE AR s MBTEE ¢ S /i T i ok k.

B 6.1 Fros, R RLRIH 9 K RE ok = A BAT AN TR) e I 3R k. il [6.1)(b)
PR, A8 p-BUR R T RALEH 2 oK e J AR AE Re B R IR B e R T R 22 B,
RE B BRI 7T 17 52 2 i 1 S 4 [ B 2 R FE 5 — SRR B A IR oy i gk AT
oA BERE BN W T S 7R N nee MPKBELHE By > —A/2 — 4 B,
XM ITE ¢ BRI TORFER L nS < (72 4+ Ay)/(2ma*t?) = 1.679 x 10" cm~2, JLHT,
TE ¢ FRER I B8 — Mty 37 (0 SR B R AN B oK B 70 70l

(552 = dmns (¢s = 1),

B =7/2 — [Ama®t®ns + (A — )2 /4]/2 (6.6)

e R R BT B [6.1)(a) FE[6.1)(c) TR TE. R A liE i LA A e
[8) 1 TR BRARS B PR RESL AR SR )R Z, AT AT 2

AT (ksp) — AT (RSE) = oy (6.7)
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FAE FRROCIERN T RE T 2 A n SR o

fEEE R A (6.5) MA (6.7) Bz )a, WA (k552 RN

\ A~y [A272 + 87ns a2t272]1/2
[R5E]* = 27 + <5 | 555 — A o : (6.8)

BRI, FEFRIR T ¢ BB TIREA n§ M SKRES N
ESp = 657/2 + AP (K35). (6.9)

FEARFRE R FEL 1 RE T 0 S B TR RN B AT BUS Oy

- . (6.10)

ny = Y +gs
A 8ma?t? S8ma?t?

{ A~y MAZY2 + 87nsy2at?) /2
2

[F T, HZE A RAEZE (density of states, DOS) AJ DL I A% K o8 20 iz 3568
53

Dy(E) =S B A2y coja - A (6.11)

MR THIERIEN, TR AT (62) 76 K A1 K’ fOBATE N AEIF, (e

OUN, R AL IR RE R T AR S 1"]7%%’52@ Y 4 /ORI 4R
1 B

o a2t2k? sy
B = A oA + A + - (6.12)
B4 R R A EE (DOS) N
~ Ags
DA(E) = Y~ 5550l = Acsy/2 = A, (6.13)

Ss

Y p-BRE RS AE ¢« BRI ITOKRE N nt < (A —v)y/(27a®t?) B, REE
B A 17 B ORI R N B oK BE

[kS)* = 4mnS(¢s = 1),

ES = —4md®t*nS /(A — ) — A/2 + 7. (6.14)
P eI A n- BB p- RS IR FE i, AE25 € H AN 15 U 1 T 1 B oK R A
TORBEL AT LI ) 5 ik
Z s 2y (A% —9)y
[k$3)? = 2mns, — s A)\ T 2N On—1]s
B a’t? [/;gs ]2 g8y
(- AF >0
Ep=2A oA, + AN + 5 (6.15)
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6.1.2 XFHTEFLEHRS
TEIXIRE AL, BA175 RS 2 A B w4 ZR T e e B, 7EFE O RINE T
R (p=—) /40 (p = +) EmIRIEIH IR H L2
Fo
V2w
M — R T PR, EER -0 A TAE R T i M 18] H 7 R 1 E
AW EEZ ] DU 2ok B & e e 2R 5 4

A,—i(t) = sin(wt)(x + piy). (6.16)

s o [ eatFy\> s s
W;X;F, (k, k,) :E (m) 5k,k’5(E§\/k’ - E;k :F ﬁw)
x [cos (95 /2)dpe1 + sin (95 /2)dc,, 1], (6.17)

H N = =X, FERERE 6,11 Ron 1R B IR IR 6 T ORISR IE (2%
GFEEIROE AL, [R]I 7E e B E AR B BREH ) £ 755 70 0 R BE BN hw T
IR (—) MRS ().

W T L JE R B AT ROk B T A A S AR S Y B g TR
[ P60 74 931, [R] g X I 5 B G 2R AR G AE AR L 70— BUIN 1) 2 J T BARE A A e — A
HETH R S, b S AV P SR 1 o A T A2 AL E A S N T4
SEMU T A A TR A5 I FOR-ICh e B oK IR . AEARRIFISETE R, S E
it 7 RGMNBUR % E TR (BE) AEW R K

a@m_gﬁ%k%;WPiwy 6.18)

=
Hefr Foe(K k) = W5, (K k) + WSS (KGRI (K) — f7°(k)] H k) ~ A(Bs) &2
BT T MR R RR £53(k) R0 RGP A,

B, RTHAR (R R AE) DB B R % BT IIER | S,
35

oS, onS S Ans

— P ,

e 1
ot ot T (6.19)

Hb AT RGO ERR T ERN

s _ T 2A, 17 ¢sy — hw ¢sy + hw
G [1 + PGE} 9(7iw — 2A<8) lf_ ( 5 ) — f+( 5 )} , (620)

P 32h2w

An® FEJCHUR B T IR I, 7 &IOR8 5 1073 d JF ) DLl I s ie Bl & 15
I8, RGO E SRR, 10, 7E dns /dt = dn /dt = 0 I, £ ¢ K
JF T T RE AL

Ans=7Y G (6.21)
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FANE EmIROCI R N RE CEAH T 2 A S B O

2R R TR AR B, s T O 21 2 AR RN P AR GO 3
Wr. SRR, NS /A T /2RI A SR BUE R I 2 (15 21

ns = n5, + An'. (6.22)
i A BT DG OR BOR T IR, X nS, & T B T N BRI AR ORIk
JZ.
SEFER, ek T #UE TR S B AT DUl T A5 2

QhwGss 2 2017
oy (w) = Fogp = 167 [qu mj] 0(hw — 2A,)

PEE) ) e

[ Iy AT RE R G X i 31k 75 190 9 p B89 [ A R O B8 4 AH S WRIRE (valley-dependent
absorption, VA) N

e

21057 (W) — 0,7 (w)]
Yops(w) + oo (W)

XU B ERE 7R IRE T KM K A douil (BOGECRER TIRED) 1% 7.

Py(w) = (6.24)

6.1.3 FTHMAFEM (RPA) THBRLERBFMFEH T

fEi o, JRATESL T S A R S B O HESE. R AI7E T SR
AR IR BTG, 2 T/ 2 R G B e 8 FORRATIE 2 5, X R
G BRSO RS, T A SAU RO, AR T AL
T T B8 B T (q, o) T LTS T AR AT o A1 S0 7 5 8 150

1 (q,w)] ™ = {IT*(q,w)} 610 — v, (6.25)

HAr I (q, w) REMEAEH T H - MHB RGN R L, v, = €/(2e60q) RREL
AAEAEH A AR, o =5 R B2 THMLHRGRE SR FEH D, T
JUPAFGEAGL I Ao B - PR ORIk o 5 m] LS AR

HRPA(q; w) = Z Hi,i’ = Z Hl(qv w)/eRPA<q7 w)7 (626)
Horp RPA i HLBREUHE SN

erpa(q,w) =1 —1, Z I (q,w). (6.27)

FEFC RN BL T S5 B e vT LU I SRS H BRI erpa (g, w(q) — in) HERIRMS
B, H w(q) AEBWOTHE H n REEHOTEREI, @w kI, SEEoTT
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ST DAY 3 ) P B 1) S 1 B Reempa (1, )] = OFS5 IS8, o], 75 5 1 g B 45
REREL Los(q,w) = —Imegpa) " TE BIFLIRMNOIE, BB 4155 & BT LLE S T2
PR (Electron energy loss spectroscopy, EELS) SRUENM, 5500 8B BOCHI %
A (% B WOLA S EIED) Ky

Im[I1(q, w(q))]

1= {00 Relll(q, ) Fomory (0:2%)
TETCPH JE &5 B e 2B T 3 2% RPA FAK B8 B0 R 3 m] DL 'S 16 185
[T (g, ()] = —O(()3(e — w(a)), (6.29)
[ i TG BE JE &5 B POt M 3R 32 5 FE A 8 SO
Ofw(g) = = Hellllaw(a)) (6.30)

vy {(0/0w)Relll(q, )] Fuute)
A P Ui B 4 A(q ) = —Tm[TTRPA (g ) 90 388 B SF 52 76 R T2 M R
X (Im{T1(q,w)] # 0) P BEJE 4R 525 BT R 5 .
o T T BELJE R FELJE S B O T, 4L 258 B MOT IR SE N () 7T DA
ot o B A T (B25) SeABHAERE I £ 3
{Re[lT'(q,w(q)]} 81 — v N (i) = 0, (6.31)
S bk SR AT AT DA 5 B [ 2L 25 8 AR 5 9 A L 91 2
N(i)/N(i') = Re[IT'(q, w(q))]/Re[IT" (q, w(q))]- (6.32)
FATIUTE A H BN RS TR FLAE O S B T (q, ) TR BRI 48
WOk & AEH RS, Bl i =, s, 3 ELATLLEH)

f(Eii) B f(Eifk-&-q) Css (6.33)

s GS . Ak, Vk+q?
hw + ES — EXy o 10

Hgs(qv w) =
ANk

2N
1 A? + a*t’k(k + q)

C55 g = = |1+ AN =52
Ak Nhetq 2{ i Ass(k)As(k+q) |’

(6.34)

Hor o Bk M k+qzlfJeMfH cosp = (k+qcosh)/|k+q|, 02k F qzlalrsk
M, f(ESy) = MBS A& B B 2 K-k s vl 434 BR 4R

FERPEPE (q — 0) AURIEIIR (T — 0 K) &, AT LK A JETF 3 g
HR) — R T s

Clivierq = Oan — AN sin®(977)¢” sin® 0/ (4k?). (6.35)
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FAE FRROCIERN T RE T 2 A n SR o

XA NERIE (N = \), A3 (6.33) F# Lindhard HWERFFE] ¢ M RIUILE RN

EL) — fES: s
FES) — f( )\k+q) — g cos 05(ES — EiF)aE)‘k

hw + EXy — ESL g ok
1 qcost OES;
X (% + 2 ok ) (6.36)

PRI T O nepq = 1o FRATTAT A B0 P B A0 B8 B0 5305
Re[Hintra(qa 47rh2w2 Z U - AZ /ugs (u;\s - ACS)a (637)

RH ), = |ESp| — Aesy/2 Hrf B5p AT HT (A =1) il ek (A= —1) i3k
KEELH
PP RIERE (N = —X), ALK EAYSEHAE ¢ B9 IRIUEIT A

hw+2u
327%) hw—2u)‘

O(u), — A). (6.38)

SSs

Re [Hinter (q,

X TUAE 25 B IS AT AT B A0 DX 3508 55 X BEAN AL R B DTBRAR 71N
LEX R AL PR BIEAT /N ¢ JETT 5 I 2S5t B Az 15, m] BLAS 2 52 i AL AR 1
A4 S OB B R A

() = [€2a ) (ud — A2 Jud)0(ud, — A,/ (8meren)] . (6.39)
Ags
4 g HE T, RAMMWRE RS DA RE MBI T RGNS, X PR
5 e R A 58 0 B S (DU B I8GL - ay DU SR AL bR AR T, IOME,  [RIR u, 2 2%
KAERAE £v/2 oM. TR T, ERRMAGT AL (6.33) £ AHKEAN s TR
G BT LS

T (a, @) =TT (a, ) [0(Acs — u)0(Ags — uly)
o 9( . Aw) ( )}
+§:m%0% A=A, (6.40)
Herb B e SCHIF % BR AR
~ 1,z >0 [ Lz>0
9<w):{0,x<0’9($)_{0,x<0' (6.41)

WAL PR AL (g-w) “T1 B EARIE AR P 3 [A] 25t
FEABRURIZE S, mT UM 3 485 2OR AR IR B Rk v 73 A1 b £ 19

4kpT B /°° dp'f(p — E)

_ | 6.42
e(E—m)/kBT 1 1 oo cOSh?[(p — p)/2kpT) (0:42)
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PRITH S AP B8 BT LS HERT I 8 2 A A R 5 ) A A i

HCS(q w',ug Iug) _ /oo dﬂlﬂif;::o(q,WMEiF:M,
B aj2 AkpT cosh?[(p/ — ) /2kpT)

N /C AT o (Q, W) | s =y
oo 4kpT cosh®[(p/ — 1) /2kpT]
X [Fr(C = pe) = Fr(A)2 = p)], (6.43)

+ HE)?T:O((L w)

Hobt € = g5y — AJ2 0 Fo(a) = (/e £1)71, H sy B1E ¢ B SHRBHIMHERIE
ATLLEI AR ) K5

0 F AR BRI TR IE F IR B b R %, FeflIFRE T DU — /> B th — 4k
B BRI A S R R RO T RS R, 3 BRI — B o A
B ORI 5 B T R D7 [A] PR 4

6.2 HR51HE
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AT R BSOR S5 B BT iR EL IR o g B = Bt B R B 5 B o e e
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T 5 2 (S RIT O wT B8, PRI [6.2)(b) mh A AH DGR IS RE B 5 0% 1 B =2 (9 38 n i
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e KOG IXINH K A8 7 B e R 15 R G A BRI e YemoiofioTike = B ik o't
G TARAAEHT BRI, FRATAT A BT 100% FI4HH SR i T,

FEE[6.2(c) v, AL T 1ELS & e Fi b 3 B 1 A e B R 6 2l K 73 ok it
KRBT IR B C TR M. B[6.29(c) FRBRFIR TR EME.2a) = K
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YA AR KA I I B IR IR S R AR 1 T A
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W O B TR, BRI F, X ST 5 AR 639 T g R
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AT BB RERIXA IS S B oo, ERI6.E b, AN TR RS
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[6-6] 25 Ht 7 E A SR E ny = 5 x 1013 em 2 =AMEE T MDF B p- 1 82 —
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ft, 5 E—Ydh i n- B RS RILL, BI[B.6(d) A0 A B o AR R S R A B R K
FETIIR (e) W, FRATAH TSR T & B oot = 1 F R 9 R ILE A PRI
A AT BT A Ay, X SR BT n- BB R AR B R R IX
il

B [6.6(d) H 25 B oo S RE R R T KB PR I — AR AE. ER A
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N BRSBTSl R 7 A S S OO AR SR B AR - R T
5 ERils, R, R AT TR A B B A S B TR R w, (q) ISR M. 7E
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2H —H L4 ]
— >
3 s [ |
= S | O P O PO P A s i WO W
0 20 40 60 80 100 0 1 2 3 4
ho (meV) ho (meV)
AZ T | T | T | T | T I T | T | T
> 1+ -
5 | (d) (e Algo, o]
e —
“6‘.) i (U A(q,(!) (q))
o =
I s+ -
) &
g 1 | 1 | 1 | 1 I 1 I 0 1 I 1 | 1
o 0 20 40 60 80 100 0 1 2 3 4
o (meV) ho (meV)

% 6.10: FEATERERIRARIAT p-BBREZMUBENRZINRE n), =1 x 1012 cm ™2 FAHE
HRTFKE AnT =5x 10" cm™2 TH (a) BEEMK BRI (b) FEHTHERRITL. (c)
MM EBHTRBEMERENT . (e) 1 (f) 2 (b) # (c) PEBHEXBAMA. (d) T
FEFEHTER wi(q) NFBEH TR BEMEERENTN. (g) AXBHEREMEFEFFEHT
RIS o5 5
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6.2.5 PENRES

G BAVR RIS — U5 RS WE[6.1e) FiR, XFHE—ANRG 0T LUE
RG> p- MR A A BB T B RS TR S BT B
st TR AR B[] AR 3 /NS0 T B g g (R ST T R S AE — DN A B T — S K REZR
PR B e PR HEL T RN P25 A 8 AN R B K BE G I 28 U

WAV E — N E BV TOREE ny, = 1 x 1012 em™2 1) p-BL 52 ZBRACEHAE A e
[ P A Y A TR R IR TR A Ant = 5 x 10" em ™2 E[6.10(b) k& 17
R R BT B LA R 20 SO BT 22 i R G O BELE B LA S B BOTR 3 wi (). A
B [6.10)(b) F (e) FILAE B RAAEE KM FRE B N EE = SOH S EBoTH R, MW
KA R A2 AE P SOFT IR 75 22 5 BT e U2 T I IR I, I L5 (10 55 B
gt s Ak T PR3- 22 O XA I HLE A AT — B0 I Ay R Goned N BTE FHE .
Xof 338 B JE = A ) B AL B TR () A0 (F) B SRR 4 e b R] DUE 3 B AE
FEALAE AT LT SRR X BE R AL 75 22 A5 BT K ws(q) D LS 22 4 B o
Kow(q) EINFERE. BAN, WIHIR (g) P, ws(q) MIEE BBEOTIRICE e8 808 EE w,(q)

4F T T T T T T T ]
(a) —o@ T=0 K
—0,(9)
> —o,q)
E2 -
3
<
0 ! ! ! !
0 20 40 N 60 80
q (um™)
T T T T

- (b)
o LI SRR R TP R PR —
B ]
S o
E - Black curve: o,(q) ]
g ____ Red curve :w,(q)
OApz~-—~7°°°°°° Blue curve : o,(q) .

I I . | . | ]

0 4 8

fiey (meV)

6.11: (a) TIRAI7 2DPB HA TAREMRATAT p-2 82 - B ENGEErORE
B n, = 1% 102 em™ FRBEHEBATRE Ant = 5x 10" em > HRENZEYTEHLER.
(b) % K A B ESETEMER NS THMIRHRIEL (2), % K AERTSETEmE
NS TENIRSRIBE (ER%) I K SERTSETHIE K AEEENSTHENEY
IRIBLL (B%). 26, TEMEENBESIIMHEERTHER v (), wlq) F w)
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SEARB e TR A AT AN N Sy Ok i, TR RL - R X
WAFTERTRE, P [6.100(d) h& BTt wi(q) M55 BEWUCHR G EZ 5 2 3 J LR
DL R E P B 22 e X R TR R rh s ORI X P R AR 1
B AP R EL AN B I SR o 3RS

ER 611, FATEH T AT E AR HE R T p BB 202 B K
AR PR X 35K ) 55 B Ot R R AN [F) 400 10 25 B oo iR kiR bL. 15 3 10 45 R d
o TSR AR B AT (a) TR IR TR 845 B IOTE N 2 BT R
2R 2

FETIAR (b) AT 7 =435 B RO A A R 40 2 48 1) 55 B ot ik ki
bb. s ZRARERAE K 45 B e B 4800 B e B2 TR RS B on iR kg . ]
LAE R, wi(q) B FIARIR G AR, 1 53 0 W A 3 PR S5 B e iR v A2 S AR IR THIAR
PR RI ZARRAE K A A B I T HL 350 B g b2 7T 2 18] 45 B T IR 37 4k i L.
XTRAMER, FATRKI ST AP SR, wi(q) B FFIRZG T wa(q) M ws(q)
B2 SR . 75 ZEE R, T 3155 RE A v ey A S R mr R 5 FR 5 52
W, FIMRG S EHOTHE AIRH 1% BB ARG, Hs BT R LR s 4y
)2 AR 2 T ) SE B RO IR R ME L. R 2LER MR, wi(q) RIS 582 M FARIRZ M
H AN (IR I8 AR XA DL A R ). 52T —H#, wi(q) BEZ FMIRS,
RN s (q) PSS AH TR G-

6.3 EKE/G

FERXIRT T, FATHETE 1 2 b RGN E R WoTRE . AR BRIt T
M2 AL RGBT 6. JATRBUX A RGERE SCfRr 2 A0 1Y S5 B HoT
A FATHAEBR 28 2 07 R RS N B AL 2a 17 (5 I D' 52 3 06 7 A RO S

AV DA 17 & R G0 RESCRFE TR KB R T 1 /g 5 B oo 25
W T8 IR R, BEERZRE, AT TSR RGN 15 B Hou
B2 BB A M 1T 22 X5 2% 1 22 G U S NS E

2 Wy Z G S5 B O R R T AR5 R A2 T R S B oo AR S AR O HX B
B ERT. IATEIN T —4> n A RS, n— 1 DEEBOTHE IR 2 H I
X AR AR AR PR T R I AT 35 2 (0 Ok R I A 2 UOF B e AN A e AT
PRLF- 23 OO X N BN BR 1 XSk N O 1 7 E AT AR E 1, 3RATTTHE 1 &5
B P C R 3 SR I HUR LM e AT A T4 AR O IX, e AT 77 dm 1398 4w AL
Mo X FREKMIBIR, BATVE I Z H by 2 G [FIFE 38 1025 B oo 20 H o A AT 5
oy LA R GO 5 R AR R B BTE RELE

AT vF SR FEAR G A [ 6 2R S8 ORI LU R T Ao AR S5 i oo i S
PERR. FATR BB H 1 /g IR 2 FA R, most T He Wi s 2, O m
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IRGWARR A BE. feda, BATEG I T RBGE BT 7R 1 W] SR RALIX L8 75 22 25 B i
TekE

LR AL BH AR B HOTRR SR RIE BE VS B AN 20 XA A RO 2
JEHGRERRE BRI 55 P e 2k 7 2 S B oTiR 2. IX S0P i A 45 80 )= — AR BH RO AT B
o2 I AE £L AR 24 X 355 B e ot 1A R B AT R AR 6o AITER AT FTRE S
Bl 51 S50 1 SRR 2 AL EE RGeS i HOT R

This chapter corresponds to the preprint “Multi-component plasmons in monolayer

MoS, with circularly polarized optical pumping” in Appendix D.

89






FtE BECHRUBE_SHUEFNRLBENTSHT-FFIE
£

B A B AR Dsh BIXHRYE, JFAE LR T (S35 A TN SO
)RSl R R TE Y, IS R SER O T (e S R
M T) BRTAAE R EEM. BERUE, UM BRI EGR 75 T AT
A6 (longitudinal optical; LO) A Fillid A2 H) Frohlich (953 A7) AHBAEH &4
M a P A A BRI 2 W 3. BRI D 5 7S 50 BT R B R B3R O
HIX S S TR U 23 77 A 27 W0 L 3 09 00 g 7 B 4 (R E 9 B0 2 A R B AR AR
RAEFT, BRI (LO) 755 RS & e f Z gt — 2D 2% 18 .

S ) 2% H B B JE AR L A R ST B B e BT B A AR AR
U1 Si0y, SiC, HIO, B#E AN KEALM (h-BN) o Kit, FEEARI AR P &6 T 15
RO R W 55 B 2 8. S0 B OAUESE, miiE. WAE SN RE R
TECOATE SiOy K FIEI R RUIR (CVD) 19773 B ) il 25 PO 2021 2 = o
R ()T FT DURI IR T )2 di kg ()R 1D % (surface optical; SO) A KA KR
WAk Frohlich #&. B, AT BAE ZBAGE RS E & 7B T EER. B
S A BRI DG 5 75 1A Si0, H 3R TG 27 75 1 I R T~ 75 5 AH ELAE T I SR AR R
THRE TR

7.1 LO F¥H#M SO FF&5 THAaNFEAT-FTER

TAVE B2 R A B e B U S R EN LO AR SO B
ik Frohlich A EAEH S S BUT—F TS HEA., ERXMEL T, BriHRmrH
FiE R O A B AR AN P A R 7S T A i) Frohlich HLF-75 1 (e-p) M EAEF R AR A
Frohlich AH B AE FH e 5 d i 4

He, = Z [quaqei(q'”w) + W al e_i(q'”“’xt)}, (7.1)

xa-q
X

Ko q = (gorqy) 2 xy PHPETHIBR, (al, aq) 7& 75 T Z G815 N 3L 5T AL F7,
Wyq & BT~ TAHEAE ] R BN w, 22 x MG T 1S T3,
BEAh, JeEFE 55 T BIAT RO - HL A LA A 2 e e L AR R LS AR

VoY (os,k, qyw) = Y D (wy, w)| U5 (k, @), (7.2)

X
HA 0350 (k. @) * = [(k + @, Nos[Wiglk, Ass)[?, w BRI H D (wy, w) = 2w, /[w? —
wi] R T IEN w, KB - R FAZ T IR A3 7 X T 82
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W CL S I S A M S B R 2 Ak, B -E A EAEHEME A LS
TE [k +a, Nss|Wiglk, Ass) P = g2(0)Chivirqr 32 0x(@) B3 x FitZEF T2 51
M- B AHEEHNEEGRE. ImMA%SE 25 THHE F-H A E/ERT S
VY (o8, k @ w) = Vep(q, W) 5y g

KA B T — A AR AT Ll AR B B A R ST AR E B
) T AR T 1 75 1) 1203

Vr(q, w) Vg + V;p(q, w) Uq

T oy + Vel )@ 0)  nn () =
HAt Vip(q,w) = 32, D (wy, w)gi(q) H I(q,w) R M E bR B~ T
A TR E CACEH REE TN, (RPA) R A B R E € XA
> Do (wy, w)gi(a)

Vg + ZX Dy (wy w)gs(q) .
[FII,  FE 55 B OT- 75 O S 2 /i H R BRI SE N % Relerpa) — 0 HRIE-

HEEE T FHEERHMNBEF-NES FHEAERE, B2 ZmiHEE T
T 5 LO A i@k Frohlich A8 AR F R ZE M & JF HARYE LO A 71 7 R
BN wep = 48 meV, HETREN gop(q) = gmerfe(qd/2) FrF#h & H 3 gr.=286 meVA,
d=>541 A RHETAEMESIE UL, erfc RAKIRZERERLR0], T2, NBLO M
T2 5 NG MR BUG-H T RN

GRPA(qaw) =1- UQH(qaw) - (74)

] 1/2
Wy = — {w? +wl, \/(wg —w2))? + dawiw? : (7.5)

\/§ q- op
Horh o = 292(q) / (wopvg) s wq F& b —FE AR ZRR I AR PR A Ry 45 B e AR o
X FIEM AT R B2 A, AR N BEAPE LO 75 7 R A2 5 A R B
AR 4 2 H I Fuchs-Kliewer 3R H Y622 (SO) A RAEME. 1E SiOy HKEH,
A EZR RS F B wyy, = 59 meV il wy,, = 156 meV 18 1K A2 AH B AFE FH A1 R
JZ AR T R A AR A R TN R GRS R AR T . Si0, 4R
H Fuchs-Kliewer 5 [X1 & i B 2y 1206, 207

2me? w 1 1
2 — —2qdg %spl o
Ysp1 <Q> q € 9 |:6::ub 1 genv €8ub + Eenv:| !
2me? w 1 1
2 _ —2qdg *'sp2
_z2me _ , 7.6
gsp2<q> q 2 |:6Solcl>b + eenv E§Ub + 6env‘| ( )

Hrf et =24, " = 3.36 Fl ™ = 3.9 43l & SiOy A HEEE, HFEFESAH
WL dy ~ 3 A SRR AR AR SiO, 4et RS 2 [ 4 ) P 51 20802091 31855 PR A Ha
HH ™ = (e + ) /2 = PO Hoepr ¢ LT AT AR A HUH $L. X T LER)
PeA i 2 R AL Y BE e T RIR DL S 73 5 A & B Boe- T
FEHLTTLUEIT Relenpa] — 0 733, SOB35] w? BP0 7 T2

w8 — A3w6 + A2w4 — A1w2 + A() = O, (77)
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y
|

A3 :wgp + WSQpl + w32p2 + (")37
Ay ng[(l - BOP)W?)p + (1 - 68p1)ws2p1 + (1 — ﬁ5p2>ws?p2]
2 2

2 2 2 2
+ wopwspl + wopwsp2 + wsplwsp27

2 2 2 2
Al :[(1 - 6019 - ﬁspl)wopwspl + (1 - BOP - ﬁspz)wopwspQ
2 2 2 2 2 2
+ (1 - ﬂspl - 6Sp2)wsp1wsp2]wq + WopWsp1Wsp2s

2 2 2 2
AO :(1 - BOP - Bspl - BSPQ)wopwsplwspQan

Horfr wy /& n-/p-BL R ZRACEHRE i P B L SR B BOT RER H. Bop = 202,(0)/ (Wopty)»
Bept = 292,1(0)/ (wep10g) M Bepo = 2935(q) / (wep2vy)e BRI, RGEP A WU S ARG 1Y
£ VS R S M=l A HA DY A IE SEHUR AT 21,

7.2 HR5VHe

X T E D B A7 RN B B IOT O T A R N SE PRSI 2R AE R, BRI AL AR AR S
1) % 37 RN i AR A TR AR A I R IR AN [R] R ARA R SEI n- [ p-BU 4B 2k SR A I
H BRI RT DU SO T R SRR, @R UL, A R 2 i
Rk R AR R JEC S AN I LB AR R R A A R A H S R TS A Al T HEO
EAWHEM (polymer electrolyte; PE) 5. Kk, {EARIS ERBIAY, 7ERAHE A
AR AN H BT S5 R E e = 5.

50 |
40+ . .
> ---- p-type
(0]
£ 30} , nypel
s | 4 n_ =1x10" cm?
rIQ e/h
20+ .
10} .
0 ) 1 ) 1 ) 1 ) 1 )
0.0 0.2 0.4 0.6 0.8 1.0

Wavevector g (hm™)

7.1 BRFIRER ne =1x 102 cm ™2 B n- 0 p-BB R FRUHENBETFSHTESR o, B
ERKR q BT, KEMBXIZSHZE n- F p-BBEREZHRLEANER
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BI7.1] 4 T 25 5 B 7R BT m- R p-ZR R i A B ) 55 S oo A S o I8
R b —Fdmf DURIIE, B2 A TP S R EOTR A w, o ¢/2n!? R
e g8 i WL T RSRAUIA 75 22 S0 32 B R AL IR I SR 2052 . B [7.1] A eT BL
A2, AR TIRE T, n- A1 p- R 82 “H A AH 1 5 B ot B BOS R AR R BT JF
H p- B P S S Bos OBt 2R b n-BUAE SR Rl — . X mER R HRRE
Bt A AH m R 3 AT 5 PR B 7 54 22 7 BT 3 50

R T2 H, ST EFRT o M p BB E ZHAHE ST R AR g i
S T2 5 T PSOME 55 B HEot- B TR AEARBRIKE T TIROBOCR we.
WEDEH B 725 TG E BB TR w_ 7/ ¢ KGR 2R R AR
MIRERIMAE R ¢ XBRIEA R I HAF B BUTHREGE T B S TR, 52
B, R IR B HEOT-A TR w, /D ¢ KGR ER H R B T A 56 140
MK ¢ X2 HIFAERRGERE. WTLES], RRMEEEUT-H THE
KA G I B HOTE M A B TS R 2 B B [7.1] T LS ZI4E
BAREGR TIRE TS, n- A p- B2 —HAGEHA A AR L S5 B ot i R. BT

100 T T T - T T T | T

75 / . -

Ao (meV)

1 1 1
0.4 06 08 1.0
Wavevector g (nm™)

100 7T T T T o T

- 4 .~" -
.
j . b
75 /1 . =
! . ..
i .
L i it J
7’ .
.

pe)
o EEESI [T T
o
N

Ao (meV)

O 1 I 1 I 1 I 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Wavevector q (nm"1)

7.2: BEZHRUBETAEAFEFRFE5TRENFEHA-FEFERETRERFIRE n =
1 x 102 em™2 (SEBHZR), n = 5 x 102 ecm™2 (FERIZ&HAZ), » = 1 x 10"® cm™2 (JEHh %),
Mn=5x10" cm™? (REPHL) THEEREX ¢ WEK. (a) n-BF (b) p-BIMEmINER
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FEE CRE EAETE AR R B A S R oG- R

Bl [7.2(a)-(b) B4 M55 B - TR A O R T 0. IWE [7.2 hRATR LA 2
WEDLSEFE T2 5 TG B BT 7 7R BOE R — NI i s 88 80 5 E
BEAT A BN ARV IR N, FEK ¢ IXIRBER 2 57 M 10 55 2 e 1
MEIR. BT REHAHT NS 5 8 RS R, DA & 8
TR, Wai5E ot TR ARG RN A R .

gy T ARG E B TR N n- TR R AL N BEOE S R T A R AR
MERT RIS E 725 FTREmSEEoc-S 7. B TR AMEL2F nA
A p-BURE b P AR DUYE, X BELATHE n- BB RIS . HR AL AR fh 8 R A
AE SR AR T A R TAT 1 — S A TR R SR T O 2 7 R SR AR 2 1 R AL
PEIGSAE O S B WOT IR i i s A . N BDOESE A AR AR
e T2 5 R R R R G AR AE VY SORE & I 5 B oS- TR

150 - (a) v =

300 (b) _/_,./" —
" v -7 ]
n =5x10"°cm™ e

> 225 P ]

G - ]
B 50T T T n
Q B -
75" I _

oo

7.3: n-BBRR_RUBAERPEAFEFRREAFEFS5TRENFENT-FFEX (2
X1, II, I, FMIV) ELREHRRTAKE () ne =1x 102 ecm™2 F (b) n, =5 x 10 em™2 T
BEER K ¢ HIEK
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LR A AR

o HPRE MR BT TR AEFH TN wy, WFEE T wopr wept I wpo
MG G R, fEE[7.3(a) 1, B FEMERR TIRE TS St R
1%, [R5 062 75 7 R A R 55, ER[7.3b) h, ATLLEBITERR ¢ T EMIX
B, WAEMESEoTES L U, 1, IV 250 #ik s SiEs 4h 25 8ot w, A
T Wops wept M wepe e EH IR ¢ XIR, BEERERKIEMN, #E5EH
TR T, 1L I, IV 3 5 S R A D67 75 T wops wept AT wipe HTEE
BT w, B FERR ¢ BUNIEIES Sy, SR BT MR DL A T RA BRI S
TERT S N Ea s 7 IR A B, AR DUE B S8R TIRE N, HRZE b
ARSI R G R N E B U TR S KA R BUMNBR I IX S, T E
BORBRIEOLT, FE 15 B oT- 75 T 2R R N SR~ 7R X BRI AT THE K i
IR T/ q KBRS R EA RN B, 1408/ RE W AR5 P RENE S
145 B G- 75 AU SEIS LA AR o IO T REE R Re . AL E SIS AR
2 5 A AR i) 202 212215 [ ] 3 EL TS T (A AV R U SR T JE A R et
JRIRE R NG ES] 7R EERER.

AT TR BT 02 ZRAHM S B RO, NEAEE TS5 TRENSE A
Jo-E T AN EOEEE 7 RRMDOGFEE 725 TG % BB TR a8
IR Z AT Ld i AR S T IR B AT A AR . SRR ORI A I A BT R R
IR B LA BIR R ZEINBE . EAH RSB FIREE TN, ARBREBRE R
B S5 B oo A A 4 22 e R R R G0 A B T DU A
i 1R 77 SCHEAT T T SEBR — 4EADRL A o R0 S T B R R T LT 45 i e DAL,
W FREBET-ETRRAER, B2 RAEMNE RS 155 s Hon- - U
SEHRATZR W] DA i O o 1R U AR 45 ) DA RO IR BE AT T, AT A B v FE A2
(15 BT T 54

7.3 AENG

ST IE AR LA B v 3 #Ee BAE R PBGL LT, BATR HR A AR 1 £ A
WO kR (E S WO, 725 TE SRR ) 217 7 #R Bt
TCo LR B T R AL gt 4E L RS ABLIK) H A BROE P 3 B S A B T
R wy o ¢17% ~ 20 BRI A BT M A S BT B TR O R
AEMMAI . PR RAHTEREOT S W EDEE A TR G TSR E 1
FRBoe-F AL R, BUR HACEH SRR N B S T LU AR
RIS TR G 1 VUSOME BT . X35 BT U & 1)
5 B BoT- 75 T 8 BV IR L0 AR % X 45k A L nT DA 32 3 8012 A 2K
VY. X LEERFVE AT R AL B8 RO B AE ZL A0 KO 26 B S B T O 1 AR
HE I Er 6. BAA BA TR T RAR PRI AE 5256 E il 2 5UR R At
A ik sk
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ENE BUXEBEHE5RE

8.1 WMEL

KN e L A B A TR Rt e . FBAERE T IR
AR TFEME ZEASEMRE ZmiE, RENMR T Z2EASEMEE T
AL RS /DG S, Rashba 0856 B2 8 A0 4H ' FEL 5 10 52 1) R AE (52 s ik
FEERIEOR T B E A S R B, @ B BB R T T A
BB TR RGRDCHERHE, FEM T/ESEWT:

1. JE A B UR SRS RN P T RE, (MR T 2B RSB RAERLHE
SHOCEN R REWPTI T A E)G ZENHESR TR E D m. 2Z2a
sl R AR RN T XS SEARMB 4. N EAEERSE] LG
X EIE BTN o) = Nme?/(2h) BAZZEAMELR XTI, 2 B0 5625
WA — /N LA BIR R 220 B (0.2-150 THz) FIERIE N Hee A 23R E. BT
WP A0 0 Z BRI HELR T BT Rl g, EREE AB-HERZ 2 A &84 &
G A IR RHT B 51 R R R RSO, X TS A A AR N R 2 E A SR
CLANFOR A 22 0 B BV R G IR SRR MR AL AR, B, D= A SIA YT DL T3 9
HAk, AT DL 2 20 800 R IE RSO Sk i e AB MEBR A SRR E 8. A s )m R
G0 R BRRE ) DG IR AT T 11 e P AR LV 77 0 N T £ 40 B O 22 4R I 25

2. FATZ FE Rashba &N XT #LZ Ak H 52, F) B Kubo-Greenwood 2 31t
¥ 7 {f Rashba HE-FLERMEIEH N RZE MAEMOEES. £RZE midEt, 8
FH AL T A AE T BN LD AN BORFR 2270 . B e 380 e BRI P 3 B30 5 MR WA e AR R i
& AELLA BR R 22 B, FE R B RAROG T, B RER L B R0 A 48 Bk %
PERDER . AR, AFBEYCHEFZMET IR T SRR & 1§
A7 B AN B8 B AT DU R4 2 K FE AT Rashba 8037, W45 84878 T Rashba 44
L] LA 2805 LR 20 AR RO 2490 BRI s 7 A, X — IR TR A6 2
A FE R RE AR A 1 S FE AR AR 2290 ] ) BRI #5 B L B H 284 e

3. U Al B AR A AR B R TR R B A BE AR TR OGS B IO L S
Rashba 208 X H B 2 B # A5G0 1 52 Ak 8 A 18] BR G e W SOk Gt 18 3 1 2.
£ Rashba REEVNITEHL T, Rashba RSN BOGRIGAA B2 IS0, 7E Rashba
FAROR I,y BRI G R 2 2R BB 2 M. X 8 R 45 IR PO A5 AT BAA
F Rashba RN HL 2 B A EHAE 7 R BT DGR W BE S 2GR AT 15

4. PR TCHUAEIEARL (RPA) N BB AR 7L 1T ORRMEUR N2 itk
BT, B2 AV T RGN A G B0 T LS IS AR S ST B e A/ B
] P ) IR T BOR S i RT3 /U 1 X I A7 AE TG 8 H Aer 55 B BT A
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SRR E A PR T2 OR 0 T R AE S5 ML R AP P 3 BT 32— Tif
11 L P 7 BT B 5 45— P TS BT A SR A €2 %
FRBAAT 5 A HTRNS A VR P 7 5353 FLAT DL VA 509 3 105 T T BORSEL
5 AL BT S 0 RO 204 SR 6 KRB, TR
RS HLIR AR 32 BT, SRR R R S R T B, B2
BT T B S0 1 B A O BT T P R,

5. HREHL T AL, FURA B SCOTE A T B H A BT P 2
o TR RIS FHOBATE. B AKAN S BT IO T2 5 T
I HOT T B GO R B AR, 55 T B P A BT 5 Py
ST TR T P BT TR RN, BR B AL R SR
T BB T B U G2 75 T R £ 7 T DU SR 5 10 S B -7
TR B OO ATRE £ 0% BT 75 T LS 0 A B 75 £ AR 22 X sy
LT BASE BRI TR BE A RO 7. AESKB P, 3 6 T LA R 0L B TR
R0 ) R R 4 BT P T AR AL, ARG Y SR — 2 WA T2
PR 28 2 B TT I T2 0B TR B SR

R b A ELE RO REEITBEIL T T e SRR T S A 2
ARG, BN S RS B 1 2R O RO BB,
1 0 AP SR o TR 1, (L BB R o T LA BT O G A
BEBOTHFYE, H5 R 2 2 SRR JR 00 7 A R TR ORI T SO 8 94 0
R, SR B BB ISR AL A BTG T B, X TR R 2
UM, SCRORHOH IR B SRS A RS G A L1 2647 TR S 454 B 8
J1o AR S TP 20 B R R R A L0 K5 PR BT A R 17
TR LB S, B4 BRI R R 7 SRR b R, L
Bl 5 LU 2 79 A 6 O 5 P B o (LB 25 99200 T
RIS R AR .

AR5 o IR 0 0 2 5 R 2 8 S O B B T 76 £ 4 A
KBRS, o T 2RI BT 2 o

8.2 T—HWMiRIXFIRE

AW RGRIFEF T H 8 —4Ed TSR e S L SR B O T R . FER
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We present a theoretical study on optical properties such as optical conductance and light transmission
coefficient for mono- and multi-layer graphene systems with AB- and ABC-stacking. Considering an air/
graphene/dielectric-wafer structure, the optical coefficients for those graphene systems are examined
and compared. The universal optical conductance ¢} = Nze?/(2h) for N layer graphene systems in the
visible region is verified. For N >3 layer graphene, the mini-gap induced absorption edges can be
observed in odd layers AB-stacked multilayer graphene, where the number and position of the
absorption edges are decided by the layers number N. Meanwhile, we can observe the optical absorption
windows for those graphene systems in the infrared to terahertz bandwidth (0.2-150 THz). The
absorption window is induced by different transition energies required for inter- and intra-band optical
absorption channels. We find that the depth and width of the absorption window can be tuned not only
via varying temperature and electron density but also by changing the number of graphene layers and
the stacking order. These theoretical findings demonstrate that mono- and multi-layer graphene systems
can be applied as frequency tunable optoelectronic devices working in infrared to terahertz bandwidth.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Since the breakthrough discovery of graphene in 2004 [1], the
investigation into graphene based novel devices has become a
fast-growing field of research due to their extremely useful
physical properties, including very high electron mobility, high
mechanical strength, excellent thermal conductivity, optoelectro-
nic properties, etc. At present, transparent flexible electronics on
the basis of graphene devices is a much sought technology with
important applications that can range from foldable displays and
electronic paper, to transparent solar cells. It has been found that
an air/graphene/dielectric-wafer system has high light transmit-
tance from UV to near-infrared bandwidth. This makes it possible
to replace the conventional indium tin oxide (ITO) transparent
electrodes [2,3] in producing better and cheaper LED, LCD, etc. The
variable optical transmittance in graphene systems can make a
new breed of optical modulators with broad optical and electrical
bandwidths [4-6]. Meanwhile, graphene based photodetectors
have also received considerable attention because of the broad
spectral bandwidth and ultrafast response time [7-9]. It has been

* Corresponding author at: Department of Physics, Yunnan University, Kunming
650091, China.
E-mail address: wenxu_issp@aliyun.com (W. Xu).

http://dx.doi.org/10.1016/j.0ptcom.2014.04.079
0030-4018/© 2014 Elsevier B.V. All rights reserved.
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shown that graphene is an intrinsically two-dimensional (2D)
material with sensitive electrostatic perturbation conductance
induced by photo-generated carriers close to the surface which
makes graphene a particularly promising material for high gain
photo-detection by employing the photo-gating effect [10]. More-
over, graphene has been considered as a promising candidate for
photosensitive terahertz (10'2Hz or THz) devices, due to its
gapless density of states and high quantum efficiency. It has been
demonstrated experimentally that the optical conductivity of
graphene in THz regime can be well described by the Drude
model, implying that graphene is a metallic like THz material [11].
In addition, the strong nonlinear optical response in mono- and bi-
layer graphene systems from THz to far-infrared regime makes
graphene a preferred material for nonlinear photonics and optoe-
lectronics devices [12,13].

It is known that mono- and bi-layer graphene systems are
gapless 2D electronic structures, whereas the ABC-stacked tri-
layer graphene becomes a semiconductor with tunable funda-
mental band gap. For multilayer graphene films, the electronic
structures depend strongly on layers number and stacking order.
Thus, the features of electronic band structure can directly affect
the electronic and optical properties of graphene systems with
different graphene layers. At present, the low-cost and reliable
growth of high quality and large size graphene films are mainly
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based on a chemical vapor deposition (CVD) technique [14]. Multi-
layer graphene samples are the main products of the CVD growth.
In recent years, the optical and optoelectronic properties of
different graphene systems have been investigated intensively.
Theoretically, the electronic band structures for systems with
different graphene layers have been examined [15-17,27-29].
The low-temperature optical conductivity for both monolayer
and AB-stacked multilayer graphene was calculated using the
Kubo formula [18], where optical properties for different graphene
systems were examined in UV to far-infrared regime. Experimen-
tally, the optical properties of epitaxial graphene from visible to
THz range were measured and the high transmittance windows
were observed in infrared and THz regime for multilayer graphene
systems [19]. It has been found that the optical conductance per
graphene layer is a universal value o¢o=me?/(2h) in visible
bandwidth [20,21]. The corresponding light transmittances for
mono-, bi- and tri-layer graphene are about 97.7%, 95.4% and
93.1%, respectively, and the opacity is about 2.3% per graphene
layer [22]. Furthermore, it has been observed that there exists an
optical absorption window in mono-layer graphene at room-
temperature [20,21] in the mid-infrared to THz regime. The width
and depth of this absorption window in monolayer graphene
depend strongly on temperature and carrier density, especially at
the lower frequency edge. These findings imply that graphene
systems can be applied for infrared or THz detection in ambient
condition. Our previous theoretical work [23] shown that the THz
absorption window can also be achieved in bilayer graphene
systems.

Currently, the major results for optical properties of mono- and
bi-layer graphene systems have been well documented. However,
less research work has been conducted for graphene systems with
layer number N > 3. Most theoretical work on optical properties of
multi-layer graphene has been focused mainly on ultraviolet to
infrared absorption peaks and universal optical conductance
observed in visual light regime [18]. In this paper, we employ
the effective low-energy model to study the responses of mono-
and multi-layer graphene systems to the radiation field. It is
known qualitatively that in infrared to THz region, the number
of graphene layers must have influence on optical properties of the
graphene systems. It is of great importance and significance to
provide a quantitative answer about how optoelectronic proper-
ties of mono- and multi-layer graphene systems vary with the
number of graphene layers and with the stacking orders. This
becomes a prime motivation of the present theoretical study.

2. Theoretical approaches

We consider that a graphene sheet is placed on the xy-plane on
top of a dielectric wafer such as SiO, substrate and a weak
radiation field is applied with linear polarization along the x-
direction. The vector potential of the light field is A(t)=Fy
sin (2zvt)/(2zv), where Fy and v are the electric field strength
and the frequency of the light field, respectively. The optoelec-
tronic response of the graphene system in such a situation can be
studied through the balance equation approach [24] derived from
the semiclassical Boltzmann equation. With this approach, the
total energy transfer rate can be evaluated via P= 3}, ; P,,, where
A=+1 for conduction band and A= -1 for valence band,
Py =4hv Yy of ,00[1 —f y K)W (K, K) is the energy transfer rate
induced by different transition channels, W, (k,K') is the electro-
nic transition rate obtained from Fermi's golden rule, and
f1K) ~f,[E,(k)] is the Fermi-Dirac distribution function for car-
riers in graphene. For a relatively weak radiation field, the optical
conductivity can be calculated through ¢(v) = 2P/F% = 220 @).
Furthermore, the optical transmission coefficient for an air/

graphene/dielectric-wafer system can be evaluated via [25]

Tiw) = /€5 4(€160)”
€1 |[(e16h)'? +e1]e0 +/ET01 W) /c1*

where ¢i(v) is the optical conductivity for an i-layer graphene
system at a radiation frequency v, €1 =1 and €, =¢l_ are the
dielectric constant of free space and the effective high-frequency
dielectric constant of the substrate for different systems, respec-
tively, and c is the speed of light in vacuum.

(M

2.1. Monolayer graphene

The massless Dirac-Weyl quasiparticles of monolayer graphene
for a carrier (an electron or a hole) in the monolayer graphene in the
m-bands near the K-point can be described by a k - p Hamiltonian

0 thk,
m __
Ho = (i’szkJr 0 ) 2

where k, =ky+ik, = ke with vo = 10° m/s being the Fermi
velocity, k= (ky,ky) is the wavevector for a carrier, and (/) is the
angle between k and the x-axis. The eigenfunction and the energy
eigenvalue are given by yi(r) = 2'/2[e~#, 2] e™* and EJ'(k) = Anvok,
respectively, where A= +1 for electron and A= —1 for hole.
Here, the eigenfunction is in a form of row matrix. In the presence
of a weak light field applied perpendicular to the graphene sheet and
polarized along the x-direction, the steady-state electronic transition
rate induced by direct carrier-photon interaction can be obtained by
using Fermi's golden rule, which reads

27 (eFovg) 214+ cos 2¢h)

W3k (k K) “h \dmw 2

x 8y 1 O[EY (K) — ES (K) — ). 3)

It measures the probability for scattering of a carrier from a state
Ik, A) to a state [K’, A'). After considering the effect of the broadening
of the scattering states due to energy relaxation through Poisson
Kernel: 6(E)— (E; /71')(E2+E§)’1 to replace the ¢ function for intra-
band optical transition and using the identity [;°f(x)d[g(x)] dx =
f(x)/1g’(x)| in the case that g(x)=0 has only a single root for
interband optical transition, we can obtain

200V3 T o m

o EY(k

v Q2avr)? +1 /0 die K117 o)

x{1=f1[E] W]}, 4)

for transition within the conduction band and valance band, where 7
is the energy relaxation time, E; = 7/t is the energy broadening of
the states, and oo = ze?/(2h).

For interband transition channels, we have ¢ _ (v) ~ 0 and

o wy=o0of (~hw/2)1-f (hv/2)]. (6))

oL =

2.2. Bilayer graphene

After including the various interlayer coupling such as the near-
neighbor and the next-nearest neighbor interactions, the effective
Hamiltonian for a carrier (an electron or a hole) in the bilayer
graphene in the 7-bands near the K-point can be written as [15]

b ( 0 P2k /2m*)— husk ., )
Hg = 21,2 5 > (6)
n°k% /(2m*)—husk _ 0
where m* = &, /QQud), u; =+/3a&;/2h, p=nk and a=2.46 A. More-
over, we quote &, =3.16 eV, & =0.39 eV, &3 = 0.315 eV for typical
coupling values [26,27] in bilayer graphene. The corresponding
Schodinger equation can be solved analytically and the eigenvalue
is given as E3(K)=A, where A=[h2+h%—2 cos(3¢)hahy]'/?,
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hq =p?/(2m*), and hy, = pus. The eigenfunction for a carrier in
bilayer graphene is b, (r) =2~ "/?[(hae = %% — hye'#) /A, 2]e’™*, in the
form of a row matrix, with r = (x,y). In the presence of a weak light
field applied perpendicular to the bilayer graphene sheet, the
carrier-photon interaction Hamiltonian within the usual Coulomb
gauge for bilayer graphene becomes

b CA(D) 0 m*us —hk _
HopO© =" vy — ke, 0 : )
Here, the contribution from the F3 term has been neglected. Then
the first-order contribution to the steady-state electronic transi-
tion rate induced by carrier-photon interaction via absorption
scattering is obtained as

21 ( eFo U K)P

b N4t 0 T

Winldel) == (4nm*1/) 4A2

xS[ED (K')— E3 (k) — hu, )

(k

with [US, (K2 =[A" (hee =2 —hyei?)+ A(hqe*® — hye~#)im*us +
nk[A' (hye2® —hge =)+ A(hye =219 —h,ei®)]|?. After considering the
effect of the broadening of the scattering states due to energy
relaxation through Poisson Kernel, we have

4o dk k
m3u(m=)? (27ru1)2+1 / (’b/
x[HERM01(1 —FHE (NG (k. ), G)
for transition within the conduction band and valance band,
where G'ji(k, @) =[m*us(hg cos 2¢p—hy, cos ¢)+nk(h, cos 2¢
—hq cos PP

For interband transition channels, we have 6% _ (1) ~
40 4 dk k
o Lwy=—TT_ / d / 1 hv/2
()] 22 Jo 7 A Az[ —f 4 (hv/2)]

7G>, (k, )
422(ru—A/h? +1

where G'i+(k, @) =[m*us(—hg sin
2¢+h, sin P12

0'31(1/)

0 and

xf (=hv/2) (10

2¢p—hy, sin ¢)+nk(h, sin

2.3. ABC-stacked trilayer graphene

The effective Hamiltonian for a carrier (an electron or a hole) in
low-energy regime in ABC-stacked tri-layer graphene (TLG) in the
m-bands near the K-point is [17]

S Son3k® +S
HY = i R an
Soh k+ +S; S$1
=323/, Si=rs—3yorak’a?/@2yy), and
=v,/2—-3y,73k*a®/(2y,), with the typical hoping parameters
[17]y,=3.16 €V, 7, =0.502 eV, y, = —0.0171 eV, 3 = —0.377 eV,
y4=—0.099 eV, y5 = —0.0014 eV. The corresponding Schodinger
equation can be solved analytically and the eigenvalue is given as
EY(K) =S, +AB with B=[S3h%Kk®+53+2 cos (3¢h) SoS,3k’]"/2. The
corresponding eigenfunction for a carrier in ABC-stacked TLG is
Wi (@) =2"[e¥ AT, in the form of a row matrix, with
e = (Sonk’e~3% 1 S,)/B and r = (x,y). The carrier—photon inter-
action Hamiltonian for a ABC-stacked TLG becomes

where Sg

eA(t) Qi Q,—3Son3k*:
Hep(t) === 3,2 : (12)
h Q5 —3Spn k+ Q1
with Q; =3y,74a%k cos ¢/y, and Q; =Qqy3/y,. Here we have

ignored the contributions from FZ and Fj terms in case of a weak
light field. Then the first-order contribution to the steady-state
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electronic transition rate induced by carrier-photon interaction via
absorption scattering is obtained as

eFo> ’|Uy ()2

Wk, k)—*<4m/ A5 Siex x OEy (K)—E5(k)—hel,  (13)

where  |US, (K)I2 = | —3Soh*k (X (Soi*kPe~ i 4+ Sye%it)+ ASor K’
e +S,e=2i0) [ (Son3kPe =310 4+ S,)+

ASon*ke3 +5,)1Q, /h+(1+42)Q1B/h|2. Using Poisson Kernel to
replace the d-function, we have

" _ 400 dkk, .
T4+ W)= 71'3h21/(271'1/7.') +1 ./ ¢/ B? 27 +[E ()
x{1—f [E, NG, , (k. ), (14)

for  transition  within  the conduction band  with
G, (k, ) =1Q1B—3Son>K*(Sohk® cos p+S, cos 2¢h)+

(Sgh3k3 cos 3¢+S,)Q,]%. For transition within the valance band,

we obtain
t 4oy dk k B (k
o--®)= w3h’y Qavr)? +1./ ¢/ gl E- W)
x{1—f _[E- ®NIG" _(k,¢p), (15)
with  G' _(k, ) =[3Son3k*(Son*k> cos h+S, cos 2¢h)— (Soh3k>

cos 3¢+S2)Q,+Q;BP.
For interband transition channels, we have o', _(v) ~

2007 [” ~dkk _ _
Gt_+(l/)= / d¢/0 ?e |7(27v — 2B/ h)|

0 and

2hv Jo
xf_[EC 011 —f L [E', AONG , (k,¢h), (16)
where G, (k, ) = [3Son*I2(Son3K’ sin p—S, sin 2¢)—SpQa 13

I? sin 37> and we have taken an
S(E)— e~ EVE /(2E,) to replace the 5-function.

approximation

2.4. AB-stacked multilayer graphene

For AB-stacked N-layer graphene with N >3, the electronic
Hamiltonian can be approximately decomposed into subsystems
equivalent to monolayer or bilayer graphene and the total optical
conductivity can be regarded as a summation over each subsys-
tems [18,26,27]. The Hamiltonian of odd-layered graphene is
composed of one monolayer-type and (N—1)/2 bilayer-type sub-
bands, while that of even-layered graphene is only composed of
N/2 bilayers [28]. When we focus mainly on the optical response to
long wavelength radiation field, the reduced effective low-energy
Hamiltonian for mono- and bi- layer subsystems can be consid-
ered as [28,29]

v [ a0 vohk
Hap = (Vohk+ ans )’ an
and
Bj aji, —v3n?k /(&)
Hyp= 2,212 , (18)
—Vvghoke /(ui&1) Bia
where 7, =-0.02¢eV, 55=004eV, q=(1-N)/(N+1), uj=2

cos(xj), kj=n/2—jn/(2N+2) and j denotes the index of bilayer
subsystem which ranges as

o (1.3,5,...,
J=9Y2.48,..,
In addition, we have g; =ﬂj= [N cos(2xj)+1]1/(N+1) for even N,

a;=[(N—-1) cos(2x))+2]/(N+1) and ﬂj = cos (2k;) for odd N [27].
For monolayer subsystem, the corresponding eigenvalue and

N-1, N=even,

N—1, N=odd. (19)
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eigenfunction can be written as

2 _ 2
E%(k)=f](’722‘*"75)+}L /q (’724 75) I v%hzkz, 0)

and
W) = NN R e =%, 1], (21)
respectively, where R% ;= Vohik/ (E 20 —any) and

NN, =[1+(RN;)*1~ /2. For the bilayer subsystem Bj the corre-
sponding eigenvalue and eigenfunction are

(aj+pf;) 2(at;— )

Blydo=" 3 L sz g 2 Fvgntkt 2 e, 22)
and

V@) = N R e~ 1™, (23)

where Rﬁl =221 [l (g, — E (k))] and NM =M +(RZ’A)2]’ 172,
In the presence of a weak and lmearly polarized radiation field, the
first-order contribution to the steady-state electronic transition
rate induced by carrier-photon interaction via absorption scatter-
ing for mono- and bi-layer subsystems is obtained as

W, (k, 1()_@(35"”0) UM, ()25 5 x SEM, (K — EM, () — ho),
(24)
where U], (K)[2 = (N}, NM.)?[(RN})? + (RN,)? +2 cos (2¢)RN; RN 1,
and
27 [ eFgvink
Wy, (k. k)——”(jﬂ‘;:;’jil) Uy B0y i x SIEy ()~ Ex, () — o,

(25)

where |UY (K)? = (Ny,NP 2[R, +(RE, )2 +2 cos 2Ry, RY ],
respectively.

For odd AB-stacked multilayer, the intraband optical conduc-
tivity of monolayer subsystem is

800V0 M
A / dk k{1~ F [N, o}

< fAEN NN (RN, (26)

within the conduction band and valance band. For interband
transition channels, we have a%+ _(v)~0 and

N, ) =200(NN_NM RN+ RN, DI _ [EN_ (K)]
x{1—f  [EN, (K]}, (27)

where k=[h*2 —q*(7, —115)*]"/%/(2voh) for an incident radiation
frequency v in monolayer subsystem.

As for the B; subsystem in AB-stacked multilayer graphene, we
have

ON W) =—352

B 320,vgh? /
ay, _ dk I°f,[EY (k
) = 21//4251 (Zn'm') 1 FAlEy, )]

(1= [Eg, TN R, (28)
for intraband transitions within the conduction band and valance
band. For interband transition channels, we have g, _ () ~0 and
on_ ) =400(Ny_ Ny PIRY P + Ry, Y [Ey_ ()

<{1—f L [Ey, (O]}, 9)

where k={[h21/27;7%((1,-7/)’,.)2]yj2 f}1/4/(21/2v0h) for an incident
radiation frequency v in the B; bilayer subsystem.

After combining the contributions from each subsystem, the
total optical conductivity for an N-layer AB-stacked graphene

becomes

N W) =y oaa Zcf,w (u)+226w @). (30)

2.5. ABC-stacked multilayer graphene

The ABC-stacked N-layer graphene with N >3 constitutes a
physical realization of a chiral two-dimensional electron gas
(2DEG) with effective low-energy Hamiltonian as [17,29]

N vg 0 (k)N
Hape = ((h]<+)N 0 . (€20)]

The corresponding eigenvalue and eigenfunction for an ABC-
stacked N-layer graphene with a chirality J=N can be written as
B (k) = Avork)™ /¥~ and y,, (1) = 2'/%[4, eN¥1efr, respectively. In
the presence of a linearly polarized light field, the first-order
contribution to the steady-state electronic transition rate induced
by carrier-photon interaction via absorption scattering is obtained
as

K 27 [ eFoNVY (rk)N 1 e cos (2¢h)
=% AmyyN -1 2

xﬁkf,kétEg,<k’)ng(k>fhv]< 32)

Following the same theoretical approach for calculating the optical
conductance, for ABC-stacked N-layer graphene we have

20, N2v2Nh2N—2
J _ 2% ON-1
7, = ﬂzy},zw p) (2nu7)2+1/() k k
xfAlE, (N1 1B, (T, 33)

for intraband transitions within the conduction band and valance
band. For interband transition channels, we have oﬁ _(v)~0and

o w)=Noof _(—hv/2)[1-f, (hv/2)]. (34)

3. Results and discussions

In this study, we consider that the conducting carriers in a
graphene system are electrons in the absence of the light radia-
tion. The dark electron density is no. In the presence of the
radiation field, the total electron density becomes n, =ng+ An,,
where An, is the density of photoexcited electrons, and the hole
density is n, = An, due to the law of charge number conservation.

The chemical potential 4/, for electrons and holes in mono-, bi-,
and ABC-stacked multi-layer graphene can be determined, respec-
tively, through ni=g¥wf, [E, (K] and n}=g¥y(1—f_[E_ )],
where g=4 counts for spin and valley degeneracy. For AB-
stacked multi-layer graphene, the chemical potential for electrons
and holes are determlned through nY —ng{f +[EN +(1()]5,\, odd +
2if JE Y. (] and =g¥l{1—f _[EN_ (K]S o0da+ i1~
f_ [E _ respectively. For the calculation of optical transmit-
tance, we take ¢'=1.2, ¢} =1.3 and €, = 1.5 for mono-, bi- and
ABC-stacked tri- layer graphene system, respectively, where the
effect of the dielectric constant mismatch between graphene film
and the substrate layer has been taken into account [30]. Further-
more, the energy relaxation time for a high-density graphene
device [31] is found to be about 7~ 1 ps. Thus, we take this value
for numerical calculations.

In Fig. 1, we show the contributions from different electronic
transition channels to the optical conductance for the fixed
electron density n. and hole density nj at a temperature
T=300K for mono-, bi-, and ABC-stacked tri-layer graphene
systems. We can see the following features. (i) In three graphene
systems, the optical absorption via inter-band transition from
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Optical conductance o'/s,

|
100

Radiation Frequency v (THz)

Fig. 1. Contributions from different transition channels to optical conductance at a
temperature T=300K for carrier densities n.=1.5x 10> cm~-2 and
n, =5 x 10" cm~2. The results obtained from mono-, bi- and ABC-stacked tri-
layer graphene are show in green, red and blue curves, respectively. Here, o', ,
(dash dot curve), ' _ (dot curve) and ¢’ (dash curve) are optical conductance
induced by intra-band transitions within the conduction band, within the valence
band and by inter-band transition from valence band to conduction band,
respectively. The solid curve is the total optical conductance and &g = ze?/(2h).
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)

valence band to conduction band gives the main contributions in
the frequency regime v > 20 THz, whereas the intraband transi-
tions give rise to optical absorption in lower frequency regime. (ii)
For mono-, bi- and ABC-stacked tri-layer graphene systems, the
optical conductance in frequency range v > 130 THz, v > 100 THz
and v > 70 THz depends very weakly on v, whereas it depends
strongly on the radiation frequency in the regime v < 130 THz,
v <100 THz and v < 70 THz, respectively. As we can see, a small
absorption peak appears at a frequency about 3.6 THz in ABC-
stacked TLG. This small absorption peak is caused by the asym-
metry between conduction band and valence band in ABC-stacked
TLG. (iii) We find that the optical conductances in high frequency
regime for three graphene systems are universal values with
o = ze? /(2h), 68 = me? /h and ¢}y = 37e?/(2h). This confirms that
the universal optical conductance per graphene layer is ze?/(2h).
(iv) Importantly, we can observe absorption windows in the 1-
100 THz frequency range for three graphene systems. These
absorption windows are induced by the completing absorption
channels with different energies due to inter- and intra-band
transitions, as shown in Fig. 1. (v) A red-shift and a narrower
and taller absorption window can be observed with increasing
number of graphene layers.

The optical conductance and corresponding light transmittance
of three graphene systems are shown in Fig. 2 as a function of
radiation frequency at fixed carrier densities for different tem-
peratures. As can be seen, ¢'(v) and T'(v) depend very little on v in
high frequency regime and they do not vary with temperature.
These features are in line with experimental findings for mono-
layer graphene [22]. The optical absorption window can be
observed in far infrared to THz frequency regime where both
gi(v) and T'(v) depend sensitively on temperature. This is in line
with the experimental result for mono- [20] and bi-layer [33]
graphene systems. We know that the chemical potential for
electrons/holes in an electronic system decreases/increases with
increasing temperature at a fixed electron/hole density. As a result,
due to the Moss-Burstein effect [32], the edge of the optical
absorption window shifts to higher energy regime with increasing
temperature, as shown in Fig. 2. For monolayer graphene, the
width of the optical absorption window decreases with increasing
temperature. In bilayer graphene and ABC-stacked TLG systems,

116

0

Optical conductance ol

Transmissivity Ti(v)

Loy
1 10 100
Radiation Frequency v (THz)

Fig. 2. The optical conductance (upper panel) and light transmittance (lower
panel) as a function of radiation frequency v at the fixed carrier densities n, = 1.5 x
10”2 cm-2 and n, =5 x 10" cm~2 for different temperatures T=10K (solid
curve), 77 K (dashed curve), 150 K (dotted curve), and 300 K (dotted-dashed curve).
The results obtained from mono-, bi- and ABC-stacked tri-layer graphene systems
are show in green, red and blue curve, respectively. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version of
this article.)

the hight and width of the optical absorption window decrease
with increasing temperature. A wider and deeper optical absorp-
tion window and a sharper cutoff of the optical absorption at the
window edges can be observed at lower temperatures, in line with
experimental finding for monolayer graphene system [20]. The
position of the small absorption peak at the frequency about
3.6 THz in ABC-stacked TLG does not change with varying tem-
perature and the strength of this peak becomes weaker with
increasing temperature.

The optical conductance and corresponding transmittance of
three graphene systems are plotted in Fig. 3 as a function of the
radiation frequency at a temperature T=300K and a fixed hole
density nj, for different electron densities n.. For a graphene
system placed on a dielectric wafer, applying a positive (negative)
gate voltage can pull the electrons (holes) out from the dielectric
wafer and inject them into the graphene layer. Then, the electron
density in the graphene layer can be varied by the gate voltage
[36]. The influence of applying the gate voltage on electronic
properties of graphene systems has been investigated theoretically
[34,35]. From Fig. 3, we find that in high-frequency regime, the
optical conductance does not change with v and depends very
little on electron density in three graphene systems. The absorp-
tion windows can be observed in the frequency range 2-150 THz.
The small absorption peak at about 3.6 THz in ABC-stacked TLG
does not depend on electron density and the strength of it
becomes weaker with increasing n.. Normally, the chemical
potential for electrons in the conduction band increases with
electron density. Thus, the optical absorption window shifts to
higher energy regime with increasing electron density, as shown
in Fig. 3. We can see that the height of the absorption window for
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Fig. 3. Optical conductance (upper panel) and transmittance (lower panel) as a
function of radiation frequency v at a temperature T=300K and a fixed hole
density n, =5 x 10'"" cm~2 for different electron densities n, =1 x 10'? cm~2
(solid curve), ne=1.5 x 10'> cm~2 (dashed curve), n, =2 x 10’2 cm~2 (dotted
curve), and ne = 2.5 x 102 cm—2 (dotted-dashed curve). The results obtained from
mono-, bi- and ABC-stacked tri-layer systems are show in green, red and blue
curve, respectively. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

different graphene systems increases with electron density and a
sharper cutoff of the optical absorption at the window edges can
be observed for larger electron density. These results suggest that
the width and height of the absorption window in mono-, bi- and
ABC-stacked tri-layer graphene systems can be tuned by varying
electron density in graphene system through applying a gate
voltage.

The optical conductance of AB-stacked multi-layer graphene
systems is shown in Fig. 4 as a function of radiation frequency at
fixed carrier densities for different temperatures. We can see that
the universal optical conductance in visual light regime is con-
tributed by the effective low-energy subsystems with the con-
tribution ze?/(2h) per layer in AB-stacked graphene multilayer.
The infrared to THz optical absorption windows can be observed in
tri-, tetra- and penta-layer AB-stacked graphene. At lower tem-
perature, a wider and deeper optical absorption window can be
achieved and the optical absorption window red-shifts with
increasing the layers of graphene sheet. The absorption window
also has a red-shift with decreasing temperature. In Fig. 4(a) and
(c), we can observe two absorption edges in AB-stacked penta-
and tri-layer graphene. These absorption edges are caused by the
mini-gaps in AB-stacked multilayer graphene with an odd layer
number. In Fig. 4(b), there is no absorption edge because the
subsystems in even number AB-stacked mutilayer graphene is
gapless. These features can be explained with the help of Egs. (20)
and (22). AB-stacked tri-layer graphene has two mini-gaps
with E}, =0.03eV and Ej, =0.01eV which correspond to two
absorption edges at 7.3 THz and 2.4 THz, respectively. For AB-
stacked penta-layer graphene, there are three mini-gaps with
E}; =0.04eV, E,=001eV and Ej;=3.33meV. The first two

g g
mini-gaps result in two absorption edges at 9.7 THz and 2.4 THz.

Optical conductance &

100
Radiation Frequency v (THz)

Fig. 4. The optical conductance of AB-stacked graphene multilayer as a function of
radiation frequency v at the fixed carrier densities n,=1.5 x 10> cm~2 and
n, =5 x 10" cm~2 for different temperatures T=10 K (solid curve), 77 K (dashed
curve), 150 K (dotted curve), and 300 K (dotted-dashed curve). The results are
shown for the AB-stacked penta-layer (a, blue curve), tetra-layer (b, red curve), and
tri-layer graphene (c, green curve). (For interpretation of the references to color in
this figure caption, the reader is referred to the web version of this article.)

In the low-frequency regime v <1THz, the contribution from
interband transition is so weak that we cannot observe the third
absorption edge in Fig. 4(a). We also find that the height of the
absorption edges increases with increasing temperature. In addi-
tion, it should be noted that the band gap absorption edges differ a
lot from the absorption window edges which are induced by
electronic transition around the Fermi-level. From Fig. 4, we can
see that the absorption edges in AB-stacked multilayer graphene
are within the window area of the absorption window. In a recent
work, Hao [18] calculated the optical conductivity in AB-stacked
multilayer graphene in full optical spectrum. It should be noted
that Ref. [18] studied the optical conductivity through the full band
Hamiltonian and reported how the layer number affects the
number of near-infrared and ultraviolet absorption peaks. In Ref.
[18], the near-infrared absorption peaks are induced by the optical
transitions from the lower energy subsystems to the higher energy
subsystems near the K point and the ultraviolet absorption peaks
are associated with the Van Hove singularities at M point. In the
present study, we employ the effective low-energy model to study
the optical response to the radiation field, with which the infrared
to THz optical properties can be examined. Additionally, we have
demonstrated that the universal optical conductance in visual
regime in AB-stacked multilayer graphene is induced only by the
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Fig. 5. The optical conductance of ABC-stacked graphene multilayer as a function
of radiation frequency v at the fixed carrier densities n, =1.5 x 10> cm~2 and
np, =5 x 10" cm~2 for different temperatures T=10 K (solid curve), 77 K (dashed
curve), 150K (dotted curve), and 300 K (dotted-dashed curve). The results are
shown for graphene sheet with 3 (green curves), 4 (red curves), and 5 (blue curves)
carbon layers, respectively. (For interpretation of the references to color in this
figure caption, the reader is referred to the web version of this article.)

effective low energy subsystems. We find that the layer number of
the graphene sheet can affect effectively the absorption windows
in AB-stacked graphene multilayer.

The optical absorption spectrum for ABC-stacked multilayer
graphene systems are shown in Fig. 5 at the fixed carrier densities
for different temperatures. The universal optical conductance is
Nme?/(2h) for a ABC-stacked N-layer graphene in high frequency
regime. There also exists the optical absorption window at low
frequency regime in ABC-stacked multilayer graphene. In Fig. 5, we
can see that the absorption window red-shifts to low frequency
regime with increasing layer number N or decreasing temperature.
Meanwhile, the width and depth of the absorption window
decreases with increasing graphene layer number N. Moreover,
we note that the absorption window in Fig. 5 shows some different
features from those in Fig. 4. (i) Unlike the abundant low energy
subsystems in AB-stacked multilayer graphene, ABC-stacked multi-
layer graphene only has one effective low energy subsystem. Thus,
the relatively richer structure of the absorption window can be
observed in AB-stacked multilayer graphene than ABC-stacked
systems. (ii) ABC-stacked multilayer graphene has a narrower
absorption window than that in AB-stacked multilayer graphene
with the same layer number. (iii) The depth of the optical absorp-
tion window in AB-stacked multilayer graphene is deeper than that
in ABC-stacked graphene multilayer. (iv) At low temperatures, the
shift of the absorption window tuned by temperature and layer
number of graphene sheet is more obvious in ABC-stacked multi-
layer. These results suggest that the stacking order in multilayer
graphene systems also plays an important role in determining the
optoelectrical properties in infrared to THz bandwidth.

The results obtained from this study show that the strength of
optical absorption increases with increasing number of graphene
layers in whole optical spectrum. In infrared to THz regime, optical
absorption windows can be seen in mono- and multi-layer
graphene systems with AB- and ABC-stacking. The red-shift of
the optical absorption window can be observed with increasing
number of graphene layers. The main physical reason behind these
interesting features is that the mono- and multi-layer graphene
systems have different electronic energy spectra. This can result in
different density-of-states for optical transition scattering required
by momentum and energy conservation laws in different graphene
systems. These theoretical findings suggest that the optoelectronic
properties of graphene systems can be tuned and modified not
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only by varying temperature and carrier density but also by
choosing graphene sheet with different layers and with different
stacking orders.

4. Conclusions

In this study, we have developed a simple theoretical approach
to study optoelectronic properties of mono- and multi-layer
graphene systems with AB- and ABC-stacking. We have examined
the dependence of optical absorption/transmission on tempera-
ture, electron density, stacking type and number of graphene
layers in air/graphene/dielectric-wafer systems. It has been
demonstrated theoretically that the optical conductance is uni-
versal values ¢} = Nze?/(2h) for N-layer graphene systems in the
high frequency regime and they depend very little on temperature,
electron density and stacking type. This finding confirms that the
optical conductance per graphene layer is given by a universal
value o = ze? /(2h) in the high frequency regime. The correspond-
ing optical transmission coefficients in high frequency regime are
about 97.7%, 95.4% and 93.1% for mono-, bi- and ABC-stacked tri-
layer graphene, respectively, in agreement with the experimental
data [22]. We have shown that there exist optical absorption
windows in the radiation frequency range 0.2-150 THz for mono-
and multi-layer graphene systems with AB- and ABC stacking. The
Drude-like optical conductance and the corresponding high trans-
mittance windows in infrared to THz regime have been verified
experimentally [11,19]. The optical absorption windows in few
layer graphene systems are induced by different transition ener-
gies required for inter- and intra-band transition channels. The
depth and width of such absorption windows depend sensitively
on the temperature, electron density, stacking type and the
number of graphene layers, especially at lower frequency edge.
There is a small absorption peak at the frequency about 3.6 THz in
ABC-stacked tri-layer graphene system which does not change the
position with varying temperature and electron density but the
strength of it decreases with decreasing temperature and/or
increasing electron density. For AB-stacked multi-layer graphene
with an odd layer number, there exists mini-gap induced absorp-
tion edges. The number and the position of the absorption edges
depend on the graphene layers' number N. They depend weakly on
temperature but the strength of them increase with increasing
temperature. At lower temperature and/or larger electron density,
we can observe the prominent cutoff of the optical absorption at
the window edges in graphene systems. The optical absorption
window in AB-stacked N-layer graphene is wider and deeper than
that in ABC-stacked multilayer graphene. The optical absorption
window red-shifts and the width of the absorption window
decreases with an increase in the number of graphene layers.
These theoretical results indicate that mono- and multi-layer
graphene with AB- and ABC-stacking have some unique features
in infrared to THz bandwidth, which can be utilized for application
as infrared or THz optoelectronic devices.
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Infrared to terahertz optical conductivity of n-type and p-type monolayer MoS,
in the presence of Rashba spin-orbit coupling
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We investigate the effect of Rashba spin-orbit coupling (SOC) on the optoelectronic properties of n- and p-type
monolayer MoS,. The optical conductivity is calculated within the Kubo formalism. We find that the spin-flip
transitions enabled by the Rashba SOC result in a wide absorption window in the optical spectrum. Furthermore,
we evaluate the effects of the polarization direction of the radiation, temperature, carrier density, and the strength
of the Rashba spin-orbit parameter on the optical conductivity. We find that the position, width, and shape of
the absorption peak or absorption window can be tuned by varying these parameters. This study shows that
monolayer MoS; can be a promising tunable optical and optoelectronic material that is active in the infrared to

terahertz spectral range.

DOI: 10.1103/PhysRevB.94.155432

I. INTRODUCTION

The discovery of atomically thin two-dimensional (2D)
materials has created a completely new field of research. These
materials are promising for applications in next generation
of high-performance nanoelectronics devices [1]. Recently,
new types of 2D materials such as monolayer transition
metal dichalcogenides MX, (M=Mo, W, Nb, Ta, Ti, and
X =S, Se, Te) have been synthesized. These 2D materials
are formed by layered structures in the form of X-M-X with
the chalcogen atoms in two hexagonal planes separated by a
plane of metal atoms [2—4]. Transition metal dichalcogenides
(TMDCs) have a sizable band gap that can change from
indirect in multilayers to direct in a single-layer structure [2].
For example, molybdenum disulfide (MoS,) shows a transition
from an indirect band gap of 1.29 eV in bulk to a direct band
gap near 1.90 eV in its monolayer form at the inequivalent
high-symmetry K and K’ points [3,5].

Since its first isolation, monolayer MoS; [3,6] has been
investigated intensively because it exhibits interesting and im-
portant electronic and optical properties. Very recently, one has
demonstrated that monolayer MoS, (ML-MoS,) based field-
effect transistors (FETs) can have room-temperature on/off
ratios of the order of 10% and can exhibit a carrier mobility
larger than 200 cm? /(V s) [7-9]. Other MoS, based electronic
components such as gas sensors [10], phototransistors, pho-
todetectors with high responsivity [11], and even LEDs [12]
have been realized experimentally. Currently, the investigation
of ML-MoS; has become a fast-growing field of research with
great potential for electronics, optics, and optoelectronics.

The electronic band structure for ML-MoS, can be cal-
culated in a k - p theory framework [13,14]. Unlike massless
Dirac fermions in graphene, the electronic states in monolayer
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TMDCs (ML-TMDCs) can be described as massive Dirac
fermions. Furthermore, it was found that there exists an intrin-
sic spin-orbit coupling (SOC) in ML-MoS,, which gives rise to
a splitting of the conduction and valence bands with opposite
spin orientations [13,15]. In a recent work, Li er al. [16]
calculated the optical conductivity in ML-MoS; in the visible
range as determined by the interband optical transitions from
the valence to the conduction bands. The collective excitations
of ML-MoS,, e.g., plasmons, and screening have also been
examined and discussed [17]. The presence of a strong intrinsic
SOC that couples between spin and valley degrees of freedom
has led to the proposal that the TMDCs can be interesting
materials for valleytronics and spintronics [18-21].

The control of carrier spin dynamics in semiconductor
nanostructures is a key issue in spintronics and it can be
achieved through the electrical manipulation of the SOC
induced by the Rashba effect [22-24]. The investigation
of optical properties such as collective excitations [25,26]
and optical conductivities [27-30] has been conducted and
show how the Rashba effect affects the optical properties of
traditional 2D semiconductor based spintronic devices. This
indicates that the Rashba effect has a strong influence on the
plasmon modes and low-frequency optical spectrum.

When an electric field is applied perpendicular to a ML-
MoS; flake, inversion symmetry is broken and, according to
the Kane-Mele model [31], a Rashba SOC term is added to the
Hamiltonian. As a consequence, spin §, is no longer a good
quantum number [31-33] and it becomes possible to have
transitions between spin-split electronic states. This enables
the observation of spin-related optical phenomena that were
found before to be presented in traditional 2D electron gasses
(2DEGs) [25-30]. In ML-MoS,, there is a combination of
both spin-coupling mechanisms with which one can expect to
realize interesting spin-optics effects. Moreover, thanks to the
tunability of the Rashba SOC with the external electric field,
it is possible to turn these effects on and off. Alternatively,
one could also deposit various atoms on the MoS; surface that
can enhance the Rashba SOC as has been demonstrated in
gold-doped graphene [34] and Bi,Ses(001) surfaces [35].

©2016 American Physical Society
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The effects of the Rashba SOC on the optical properties of
graphene have been studied [36—39]. It shows that the Rashba
effect strongly affects the optical properties of graphene. In
the presence of the Rashba SOC, the optical conductivity of
graphene features absorption peaks and kinks which are due
to interband transitions between the spin-split states [38,39].
ML-MoS, has a low-energy parabolic band which is different
from the linear dispersion relation of graphene. In order to
understand the ML-MoS, material systems more deeply and to
explore their further applications in practical devices working
in the low-energy bandwidth, it is necessary to examine the
roles played by the Rashba SOC in affecting the optoelectronic
properties.

Along with numerous theoretical studies, the optical and
transport properties of MoS; have also been experimentally
investigated [3,5,7-9,19-21]. However, most of these works
focus on the optoelectronic properties induced by interband
transitions between the conduction and valence bands that lie
in the visible range of the electromagnetic (EM) spectrum. In
this article, we predict that the Rashba effect induces spin-flip
transitions that can have a great impact on the optoelectronic
response of ML-MoS; in the infrared to terahertz range. To the
best of our knowledge, very little research has been reported on
the optoelectronic properties of ML-MoS; in this range of the
light spectrum. In this regime, the intrinsic and Rashba SOC
can play an important role in determining the optoelectronic
response. We intend to study the optical conductivity of
ML-MoS; in the presence of the Rashba SOC under linear
and circular polarized radiation field. By calculating the
different contributions of intraband and interband electronic
transitions, we examine the effects of n- and p-type doping
(for varying carrier density via chemical doping or applying a
gate voltage), temperature, and the Rashba SOC strength on the
optical conductivity of ML-MoS,. We calculate the electronic
band structure of ML-MoS, starting from a 4 x 4 matrix
Hamiltonian with the addition of the Kane-Mele Rashba SOC.

The present paper is organized as follows. In Sec. II, we
describe the band structure and solve for the single-particle
states of ML-MoS, in the presence of the Rashba effect.
The absorptive part of the optical conductivity is evaluated
through the standard Kubo formalism in the presence of a
linearly and/or circularly polarized radiation field in Sec. III.
The optical transition channels for different doping types and
doping levels and the results for the absorptive part of the
optical conductivity are presented and discussed in Sec. IV.
Our main conclusions are summarized in Sec. V.

II. ELECTRONIC BAND STRUCTURE

In this study we consider a ML-MoS; in the xy plane on top
of a dielectric wafer such as SiO, [40,41]. The effective k - p
Hamiltonian for a charge carrier (an electron or a hole) in the
low-energy regime near the K (K’) point in ML-MoS; in the
presence of the Rashba SOC can be written as [13,15,16,32,33]

A

N . . A | . -6,
HS = [at(gkxax + k,6,) + 5 Z] ® 1+ gva ® S

+)/R(§6x ® §y - 6)' ® S:x), (l)
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where 6; and §; are the Pauli matrices of the sublattice pseu-
dospin and the real spin, respectively. [ is the 2 x 2 unit matrix
and the valley index ¢ = = refers to the K (K') valley. This
Hamiltonian reads in the basis W = {Yar, ¥y V51,5, )7
and ¥V~ = {1//A¢,1,0A¢,1p3¢,¢3¢}7 for both valleys explicitly
as

A/2 0 gatk_. 0
N 0 A/2 2i atk_
e = / T e
gatke —=2iyr vy, —A/2 0
0 satk 0 -V — A2

where k = (k;,k,) is the wave vector, kx =k, *ik,, a =
3.193 A is the lattice parameter, r = 1.1 eV is the hopping
parameter [13], the intrinsic SOC parameter 2y, = 150 meV
is the spin splitting at the top of the valence band in the
absence of the Rashba SOC [13,42], A = 1.66 eV is the
direct band gap between the valence and conduction band
used in our calculation [13,15,16], and yg is the Rashba
SOC parameter which can be tuned via an electrical field and
can be determined by ab initio calculation or by fitting with
experimental data. Kormanyos et al. [43] estimated the value

of the Rashba parameter for ML-MoS; as ag = 0.033 e;\2
E.[V/A] for a spin-split two-band model which corresponds
to yg = 0.0078 eAEZ[V//&] in our model with the relation
of yr = agA/(2at) obtained in Ref. [44] where E, is the
perpendicular electric field. We would like to point out that
the Rashba effect can not only be tuned by a gate voltage
but can also be enhanced by adatoms as has been realized in
graphene [34]. For example, a large Rashba parameter 72 meV
is found in monolayer MoTe; on a EuO substrate [45].

From the above Hamiltonian, we can describe the spin states
in both conduction and valence bands in the presence of the
Rashba effect. The corresponding Schrodinger equation for
ML-MoS; near the valley K (K’) can be solved analytically and
the eigenvalues are the solutions of the diagonalized equation

et — Are? + Aje+ Ay = 0, (3)
where

Ag = (A2 /44 a* K + ya A(A +2y,) — A%p2/4,

AL = Ayl —dyvp,
and
Ay = A?)2 4+ 2a% %K + 4yk + 2.

The energy dispersion ey ¢ = &k v can be obtained through
solving Eq. (3) analytically with the general solution of a quar-
tic equation [46]. Here, we defined the total quantum number
& =(¢,A,s), where A = % refers to the conduction/valence
band and s = =+ is the spin index and ¢ labels the valley. We
often use the quantity v = ¢s = = to exploit the valley/spin
symmetry of the system.

The corresponding eigenfunction for a state near the K (K')
point is

k&) = Ye(kr) = Ny (O)[c] 555 1™ @)
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Equation (4) is expressed in the form of a row vector where where

the values of the eigenfunction elements are

cf = —2iyra t2k3§, Ci = §atk7§blkuv
¢§ = —2igyratk_cby", i =by'b}’
with
b?u = Si,xu — Vobkow + AQy, — A) /4 — a’r’k?,
A N SR

The normalization coefficient NV, (k) can be written as
Nou(k) = 1/~ b, %)

with hku — 4y,%a2t2k2[a2t2k2 + (b();v)Z] + a2t2k2(b;nv)2 +

B BAY.
III. OPTICAL CONDUCTIVITY

In the present study, we evaluate the optical conductivity in
ML-MoS, using the standard Kubo formula [47,48]

_ e’n; l * dtel® (it ; 0
0up(q,w) e + P te' " ([ja(q,1), js(q,0)]),
0

©)

where (o,8) = (x,y) for a 2D system, j,(q,?) is the current
density operator, @ = w + in (n — 0%), and n; is the carrier
density for electrons in the conduction band or holes in the
valence band. It should be noted that the first term in Eq. (6)
is the diamagnetic term [48]. In this paper we concentrate
on calculating the real part of the optical conductivity, where
this term does not contribute because it is purely imaginary at
nonzero frequencies.

In the optical limit of q — 0, the dynamical optical
conductivity for the ML-MoS, system at an incident photon
frequency w can be written in the Kubo-Greenwood form
as [48,49]

2
Oup(@) = % DY kg1 IKLE) K LE 05K, §)
& K k
Sflexe) — flews)

Eke — Exe T Aw +in) ’

@)
where the velocity operator 95 = RY9AS oky, n=1"", 1
is the transport relaxation time, and f(exe) = f(ex ) =
{expl(ex.rv — i2.)/(kpT)] + 1}7! is the Fermi-Dirac distribu-
tion function with u; the chemical potential for electrons or
holes and the temperature 7. It should be noted that we use a
constant relaxation time for the following calculations where
the specific scattering events are not considered. Very recently,
the intraband optical conductivity for ML-MoS, has also been
calculated [50], and the evaluation of the relaxation time
by impurity scattering had been discussed in Ref. [51]. The
longitudinal optical conductivity at valley ¢ can be written as

— Z Zwl’v Av(k/ k)

A av Kk

f(ak‘)nu) - f(sk’,)\’v’
Ek,av — R A + FL((,() + ”7) ’

o5 (@) =

®)

a*t*k*[p* + r? + 2pr cos(2¢)]
hthth’v’

wit, (K k) = ks
with
= b} (4yra’’’ k> + b}"B}"Y),
r = by (dyga’t’k* + by byY).

Moreover, the transverse or “Hall” optical conductivity at

valley ¢ is
o5 @) = & ¢ C Y Y w Kk
A Kk
S ek ) — flew ) ’ ©)
kv — &k + M +in)
where

WS (K K) = a*t*k? i(p® — r?) + 2¢pr sm(2¢) o
AV Ay hz hAth/v’
The n — O limit in the above equations can be divided into
a principal-value (2?) part and a Dirac-delta part through the
Dirac identity

1 1
lim, o+ —— = 2| — | —ind(x). 10
=0 (x> im8(x) (10)
Thus, the optical conductivity can be separated into real and
imaginary parts. The real part of the longitudinal optical
conductivity and the imaginary part of the Hall optical
conductivity at valley ¢ take respectively the forms

Avd v
E Reoyy’:

AV Ay

Reo? (w) = (11)

with

L 0 62a4t4k3 2 r2
Reo V" (w) = /0 dkm%
X [f(ekw) = f(Erpw + hw)]
x 8[o — w}) (k)]
and
Im axgy(a))

> ImoltY (),

AV v

12)

with

oy — ¢ [ g CE =)
X) S s 2h3w hkvh}dv’

X [f (ek,kv) - f(gk aw hw)]
x 8[w — Wl (k)]

where the integral of cos(2¢) and sin(2¢) over the
angle ¢ is zero in Egs. (8) and (9), respectively, and
wi;",(k) = (kv — €kav)/ R is the energy spacing frequency
between the initial and final states.

The total optical conductivity of the system is the summa-
tion of the contributions at the two valleys,
Z a[fﬂ (w).
¢c=%

Oup(@) = (13)
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Equation (11) shows that the real part of the longitudinal
optical conductivity is the same for both valleys. This means
that we can write the real part as Reo,,(w) = g,Re o5 (w)
with the valley degeneracy factor g, = 2. For the imaginary
part, Eq. (12) shows that the system is valley antisymmetric
with respect to a change in sign of ¢, i.e., Im cf}y‘ﬁ” (w) =
—Im oj}‘,’,’; V(w). This means that the imaginary part of the Hall
conductivity vanishes because the contributions from the two
valleys cancel each other out.

The absorption of incoming linearly polarized radiation is
given by the real part of the longitudinal conductivity. For finite
frequency the optical response to circularly polarized radiation
with right-handed (+4) and left-handed (—) polarizations, the
absorptive part of the optical conductivity under circular
polarized radiation at valley ¢ can be found as [16]

Reof(w) = Reof (0) F Imoy (). (14)
Therefore, in order to calculate the amount of absorbed
radiation, we only need to calculate the real part of the
longitudinal conductivity as presented in Eq. (11) and the
imaginary part of the Hall conductivity as given by Eq. (12).

IV. RESULTS AND DISCUSSION

In this study, we consider both n-type and p-type ML-MoS,
in the presence of a relatively weak infrared or terahertz
radiation field, such that the linear response theory used in
this paper is valid [47,52], and that the electron or hole
density do not change significantly. This is because the large
band gap suppresses the photoexcited electron-hole pairs. This
means that only the electronic transitions within the valence or
conduction band are included in the present study (i.e., A = /).
The chemical potential u, for electrons in n-type and holes
in p-type ML-MoS, can be determined, respectively, through
the conservation of carrier numbers

ne=g, Y. Y [flexw) (15)

A=+,v=% k

and

m=g Y, Y [1— flexw)l (16)

A=—yv=% k

— 5=

‘Valence band

p-type |

&
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To perform numerical calculations for the optical con-
ductivity, we take the spin relaxation time for electrons
rspm =3 ps and for holes rspm =200 ps for spin-flip transi-
tions [53]. The free carrier energy relaxation time is about
7. = 0.5 ps for spin-conserving intraband transitions [54].
Using the energy relaxation approximation, this allows us to
replace the § functions in Eqs. (11) and (12) with a Lorentzian
distribution: 8(E) — (E./m)/(E* + Ef), where E; = h/7 is
the width of the distribution [55]. It should be noted that energy
relaxation time is a frequency-dependent parameter and is
usually set to a constant for numerical calculation [56]. The
optical conductivities in Egs. (11) and (12) are evaluating nu-
merically by the standard Gauss-Kronrod quadrature method
for one-dimensional integrals [57] and the integrals converge
naturally due to the presence of the Fermi-Dirac function and
the Lorentzian distribution of the energy conservation Delta
function.

In Fig. 1, we show the low-energy electronic band structure
and corresponding optical transitions channels x,, for ML-
MoS, at K and K’ valleys. In ML-MoS,, the intrinsic SOC
causes a minor spin split in the conduction band, but it
induces a large spin split in the valence band as shown in
Fig. 1. Furthermore, the spin-up and spin-down components
are completely decoupled, which makes electronic transitions
between opposite spin subbands impossible. Upon inclusion
of the Rashba effect, the energy spectrum is only slightly
affected, but it mixes the spin states and, therefore, the
electronic transitions between spin split subbands as shown in
Fig. 1 become possible. Because of the absolute value of the
longitudinal/Hall optical conductivity is valley-independent as
we have discussed in the previous section, we use the symbol
Xv to represent optical transitions from v to v'. We denote the
spin-resolved bands that are lower in energy by v = — and the
higher energy bands by v = +.

ML-MoS; is a semiconductor which can be doped through
techniques such as chemical doping or applying a gate
voltage [9,60]. If the system is electron doped, i.e., n-type
ML-MoS,, the optical conductivity can be separated into
the contributions stemming from spin-conserving and spin-
flip transitions within the conduction band. Therefore, the
conductivity is the summation over the contributions from the
optical transition channels as shown in Fig. 1(a). Thanks to
the large spin split at the top of the valence band, the optical

U ‘C’U \/

++

FIG. 1. Schematic presentation of the band structure and the possible optical transition channels in both valleys for n-type in (a) and
p-type I'in (b) in ML-MoS, with the Fermi level Er between the two top points of spin-split valence subbands. In (c), p-type II ML-MoS,
with Fermi energy Ef for holes below the top point of v = — valence subband. The possible optical absorption channels are indicated by x,,, .
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FIG. 2. Finite-temperature contributions from different transition channels to the real part of the longitudinal optical conductivity for
different doping types and concentrations as indicated. The contributions to the optical conductivity marked in (a)—(c) correspond to the
transition channels shown in Fig. 1 and the black solid curve presented by  is the summation of all the transition channels. Here, oy = €2 /(47).

transition channels depend strongly on the doping level in
p-type samples. For low p-type doping, the energy lower
valence spin-split subband is fully occupied with electrons.
Therefore, free carrier absorption is forbidden for this subband
as shown in Fig. 1(b). If the p-type doping is larger, the
subband can contribute to intraband transitions as indicated
in Fig. 1(c). In order to determine the optical absorption, one
needs to calculate the real part of the optical conductivity as
outlined in the previous section. As a consequence, measuring
the optical absorption for different doping levels allows us to
determine the conductivity as defined in Egs. (13) and (14).

In Fig. 2, we show the contributions from different
electronic transition channels to optical conductivity at
a fixed electron density n, for n-type ML-MoS, and
with fixed hole density n; for p-type I/II ML-MoS, at
T =10 K with yg = 0.25y,. We see that the optical con-
ductivity of n-type (p-type) ML-MoS, has contributions from
both spin-conserving and spin-flip transitions as indicated by
the electronic transition channels in Fig. 1. Due to symmetric
dispersion relation at K and K’ valleys, the contributions to
the optical conductivity in different valleys in Fig. 2 are
identical to each other except for the fact that the bands
have opposite spin indices for the higher and lower energy
bands, respectively. In Fig. 2(b), free carrier absorption only
exists in the highest spin-resolved subband because the lowest
subband is fully occupied as shown in Fig. 1(b). Therefore, the
intraband transitions in p-type II ML-MoS; contribute more
to the optical conductivity than its p-type I counterpart. This
can be clearly seen in Figs. 2(b) and 2(c). We also notice that
the contributions to the optical conductivity via free carrier
absorption within the v = 4 subband are larger than that
within the v = — subband for p-type sample and it is opposite
for n-type sample. For intraband transitions, which mainly
occur in a small low-frequency range, the relaxation time does
not vary strongly with frequency. It is shown that the frequency
dependence of the free carrier relaxation time in InP depends
very little on frequency in the low-frequency range [58]. At
the same time, the Rashba effect will also not affect the free
carrier relaxation time a lot because the Rashba effect almost
does not involve the intraband scattering mechanism. Usually,
the Drude model with a single relaxation describes very well
the intraband optical conductivity [59].

Spin-conserving intraband transitions give rise to low-
frequency THz absorption, whereas spin-flip transitions result

in a wide absorption peak as shown in Fig. 2(a) and a
roughly rectangularly shaped spectral absorption as presented
in Figs. 2(b) and 2(c). In Fig. 2(a), the total optical conductivity
has a wide absorption peak in the low-frequency regime
and the total optical conductivity increases at low radiation
frequency which shows the usual Drude-like behavior. The
wide absorption peak is in the frequency regime 3-3.8 THz
which is due to the small spin splitting in the conduction
band. The absorption peak shape is due to the smaller energy
scale of the transitions in the n-type sample. In Figs. 2(b)
and 2(c), the total optical conductivity has an absorption
window in the high-frequency regime and increases at low
radiation frequency as well, while the roughly rectangularly
shaped absorption windows in Figs. 2(b) and 2(c) is in the
frequency regimes 34.5-36 THz and 33.3-35.5 THz which
are induced by the larger spin splitting in the valence band.

In Fig. 3 we show the contributions to the optical absorption
of circularly and linearly polarized light field in the two
valleys. The optical conductivity consists of a Drude-like
part induced by the contribution from intraband transitions
that conserve spin, and a narrow absorption window due to
spin-flip transitions. Under the linearly and circularly polarized
light radiation, the Drude-like part is the same because the
contributions to the imaginary part of the Hall conductivity are
zero for intraband transitions, which can be seen in Eq. (9).
As explained in Sec. III, the absorption of light with linear
polarization is proportional to the longitudinal conductivity
Re oy, which is the same for both valleys. However, the
absorption of circularly polarized light is also affected by the
imaginary part of the Hall conductivity Im oy, which is =+
opposite for both valleys. As a consequence, the absorption
of circularly polarized light is valley-dependent. For the total
response to left and right handed circularly polarized light as a
function of radiation frequency, o_ probes mainly the K valley
and o, the K’ one. Additionally, their average is equal to the
longitudinal optical conductivity. These interesting findings
agree with the results for silicene [55].

The optical conductivity of n- and p-type 1l ML-MoS,
is shown in Fig. 4 as a function of radiation frequency
at fixed carrier density and yg for different temperatures.
For yg = 0.25y, and T = 10 K, the p-type doped sample
could be regarded as p-type I when the hole density n, <
3.36 x 10" cm~? and becomes p-type II when n;, > 3.36 x
10" cm~2. In Fig. 4(a), we find that the strength of the wide
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FIG. 3. The absorption part of the optical conductivity to cir-
cularly polarized radiation of n-type ML-MoS, at temperature
T =10 K for electron density n, =5 x 10'> cm™2 and Rashba
parameter yg = 0.25y,. The results are shown for (a) the K valley and
(b) the K’ valley.
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FIG. 4. The real part of the longitudinal optical conductivity as a
function of radiation frequency at a fixed carrier density (a) for n-type
and (b) for p-type ML-MoS, for different temperatures.
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absorption peak decreases with increasing temperature and
vanishes at room temperature. The optical conductivity in
Fig. 4(b) has an absorption peak at room temperature and an
absorption window at low temperature. At low temperature,
T =10 K, there is a sharper cutoff in absorption window
edges. We notice that a hard cutoff at 36.1 THz always exists
for the high-temperature cases. With higher temperatures, the
electrons in the case of Fig. 1(c) redistribute their states above
the Fermi level due to the smoothing of the Fermi-Dirac
distribution. Thus, electrons can occupy some states in the
top of the v = — subband and electronic transitions from the
v = — subband to the v = 4 subband are possible. However,
the top points of the two subbands in the valence band have
an energy spacing corresponding to a radiation frequency of
36.1 THzfor yg = 0.25y,.Thus, 36.1 THzis the largest optical
transition frequency that allows for spin-flip transitions. The
Drude-like part of the optical conductivity does not show much
difference for different temperatures because the same energy
relaxation scattering time is used in the calculation. Generally,
we can obtain a stronger absorption peak and a sharper absorp-
tion window in the conductivity spectrum at lower temperature.
However, the spin-flip transition induced absorption in the
p-type sample can still be observed at room temperature.

In Fig. 5, we show the optical conductivity of n- and
p-type ML-MoS, as a function of radiation frequency for
the fixed yg =0.25y, and T =10 K for different carrier
densities. For ML-MoS,, n- and p-type doping samples can be
realized through the field effect with different source and drain

1 2 3 4 5 6 7 8
wl2r (THz)

T T T T T T T T T T
36.1 THz
—2.5n_+

T 0

wl2r (THz)

FIG. 5. The real part of the longitudinal optical conductivity as a
function of radiation frequency for yx = 0.25y, and 7 = 10 K and
different carrier densities where ny = 1 x 10'3 cm~2. The results are
shown for (a) n-type and (b) p-type ML-MoS,.
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contacts [9,61] and the doping levels can be tuned through the
application of a gate voltage. Usually, one could reach high
carrier densities [9,62] and we choose the carrier densities
with a magnitude of 10'3 cm™2 in our calculations. As can be
seen in Fig. 5, the contribution to the optical conductivity from
intraband transitions increases with increasing carrier density
in both n- and p-type samples. More interestingly, we find
that the wide absorption peak in Fig. 5(a) blueshifts to higher
frequencies and the absorption window in Fig. 5(b) redshifts to
lower frequencies with increasing carrier density. At the fixed
Rashba parameter and temperature, the chemical potential for
electrons/holes in n-/ p-type samples increases/decreases with
increasing carrier density. As a result, the energy required for
direct spin-flip transitions increases/decreases with increasing
electron/hole density in n-/p-type ML-MoS, due to the
Pauli blockade effect [63]. This is how the blueshifts of the
absorption peak in the n-type sample and the redshifts of
the absorption window in the p-type sample can occur. In
Fig. 5(b), we see that the right boundary of the absorption
windows at position 36.1 THz is the largest optical transition
frequency for those cases. Apart from the contribution of intra-
band transitions, we also find that the strength of the absorption
peak in n-type samples and the height of the absorption
window in p-type samples is slightly affected by the carrier
density. Besides, the width of the absorption peak in the n-type
sample varies slightly with electron density and the width of
the absorption window in the p-type sample varies distinctly
with changing hole density. These theoretical results show that
the optical absorption of ML-MoS; in the THz and infrared
regimes can be effectively tuned by varying the carrier density.

In Fig. 6, we plot the low-energy band structure and
the energy spacing of spin-split subbands in conduction and

PHYSICAL REVIEW B 94, 155432 (2016)

valence bands of ML-MoS, as a function of wave vector at the
K valley in the presence of the Rashba effect with different
Rashba parameters. Usually, the Rashba SOC strength in
semiconductors can be tuned by an electric field [22-24]. In
Fig. 6(b), near the K point, the energy spacing between two
spin-orbit split conduction subbands increases with increasing
wave vector or Rashba parameter. With increasing yg, the
energy spacing turns from a roughly parabolic curve to a
roughly linear line and a spin-orbit split gap can be observed
at ka = 0 for large yg. In Fig. 6(c), one can see that the energy
spacing between two-spin split valence subbands decreases
with increasing wave vector when yz = 0.1y,,0.25y,, and
0.5y,. When yg = 0.75y,, the energy spacing of spin-split
subbands first increases then decreases slightly with increasing
wave vector, whereas for yg = y,, the energy spacing of
the subbands increases with increasing wave vector. We find
that the band structure of ML-MoS; can be fine-tuned by
the Rashba effect and a more complicated band structure of
spin-split subbands with different Rashba parameters can be
found in the valence bands.

The optical conductivity of n- and p-type ML-MoS, is
shown in Fig. 7 as a function of radiation frequency at the
fixed temperature and carrier density for different Rashba
parameters. At large carrier density (e.g., 5 x 10" cm™2), we
find that the top point of the v = — valence subband and the
chemical potential of electrons/holes in n-/p-type ML-MoS,
do not vary with changing yg. Thus, for a p-type ML-MoS,
with a hole density n, =5 x 10'3 cm™2, it can be always
regarded as p-type II for different yg. With large carrier
density, we find that the dependence of the Fermi level on the
Rashba parameter is negligible. With low carrier density, we
find that the Fermi level first stays the same with low Rashba
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FIG. 6. (a) Low-energy effective band structure of ML-MoS; at K valley with different yx. The spin-up (s = 1) and spin-down (s = —1)
subbands are denoted by red and blue solid curves, respectively. The energy spacing between two spin-split subbands with different y is shown

for (b) conduction band and (c) valence band.
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FIG. 7. The real part of the optical conductivity as a function of
radiation frequency at fixed temperature 7 = 10 K and carrier density
5 x 10'3 em™2 for different Rashba spin-orbit parameters. The results
are shown for (a) n-type ML-MoS, and (b) p-type Il ML-MoS,.

coupling strength and then decreases slightly with increasing
Rashba coupling strength in the n-type sample, while in the
low-density p-type sample, the Fermi level always decreases
slightly with increasing y.

In Figs. 7(a) and 7(b), we see that the Drude-like part
of the optical conductivity in n/p-type ML-MoS; is not
affected by the value of yg. The wide absorption peak in
Fig. 7(a) blueshifts and the shape of it turns into an absorption
window with increasing yg. At the same time, the width of
the absorption window increases with increasing yg and the
height of the absorption window varies slightly. In Fig. 7(b),
we can see that there are also absorption windows in the optical
conductivity curve with different Rashba parameters but the
width and height of them vary a lot with changing yg. Through
the five sets of data plotted in Fig. 7(b), we find that the widest
absorption window can be obtained when yz = y, and the
narrowest absorption window is found when yg = 0.75y,.
This feature can be derived from Fig. 6(c). We see that
the boundaries of these absorption windows in Fig. 7(b)
do not match the energy spacings between two spin-split
valence subbands at ka = 0 in Fig. 6(c). That means that the
boundaries of spin-flip transitions are mainly delimitated by
the holes’ optical transitions near the Fermi level limited by
the Fermi-Dirac distribution in the case of a large hole density
and low temperature. When yg = 0.75y,, the narrow region of
energy spacing in Fig. 6(c) results in the narrowest absorption
window in Fig. 7(b) and a blade shape can be seen at the top
of the absorption window.

PHYSICAL REVIEW B 94, 155432 (2016)

Additionally, the dispersion relation for spin-split con-
duction subbands in ML-MoS, is similar to a traditional
2DEG system in the presence of the Rashba effect. Thus, the
results in Fig. 7(a) show some similarities with traditional
2DEGs [27,28]. Due to the complexity of spin-orbit split
valence subbands, the height of the absorption windows in
Fig. 7(b) varies a lot with changing Rashba parameter which is
different from that of traditional 2D systems. As a conclusion,
we can say that the optoelectronic properties of ML-MoS, with
different doping types can be effectively tuned by the Rashba
effect.

In order to understand the peculiar phenomenon that the
height of the absorption window of a p-type sample in the
presence of the Rashba effect varies a lot with changing Rashba
parameter, we would like to examine the role that the intrinsic
SOC plays. Although the intrinsic SOC parameter y, is a
constant that cannot be changed by external field, we would
like to show how the intrinsic SOC decides the optical property
of ML-MoS; by choosing different intrinsic SOC parameters.
In Fig. 8, we plot the contributions of the spin-flip transitions
to the optical conductivity of n- and p-type ML-MoS, as
a function of radiation frequency at fixed temperature and
carrier density. Here, we redefine y, as the intrinsic SOC
parameter. Figure 8(a) shows the spin-flip optical conductivity
part of Fig. 7(a). With small Rashba coupling strength, we
see that the spin-flip contribution of electrons in the n-type
system decreases both in width and in height as the coupling
strength decreases. As can be seen from Figs. 8(a)-8(d), the
behavior of the optical conductivity with different yg is only
slightly affected by the intrinsic SOC. The slight difference
is caused by the minor modification of the spin split in the
conduction band with different y,. From Figs. 8(e)-8(h), we
find the following features: (i) With large intrinsic SOC (e.g.,
y, =75 meV, 37.5 meV), the height of the absorption window
varies strongly with the Rashba parameter. (ii) The heights
of the absorption windows change slightly and the shapes of
these curves approach those for the n-type case with a small
y,. (iil) In the absence of intrinsic SOC (y, = 0 meV), the
optical conductivity curves in Fig. 8(h) are almost identical
to those in Fig. 8(d). The ultrafine difference is due to the
different scattering times for electrons and holes chosen in our
calculation. Indeed, the frequency and Rashba effect would
also affect the relaxation time for the interband transitions. As
can be seen in Figs. 8(d) and 8(h), the relaxation times used
in the energy relaxation approximation only slightly affect the
two boundaries of the absorption window and do not affect
much the total spin-flip optical conductivity curve. With larger
relaxation scattering time which means smaller broadening
of scattering states, the spin-flip optical conductivity will
approach the result for the long-wavelength optical limit. In
this study, we are more interested in the spin-flip transition
absorption part which is in the high-frequency regime where
the contribution of intraband transitions is weak. Thus, we
may safely assume that the energy relaxation time used in
the numerical calculation is reliable for describing the optical
absorption in the frequency range considered in this study.
Therefore, we can see that the intrinsic SOC plays an important
role in affecting the optical absorption spectrum of p-type
ML-MoS, for changing Rashba SOC strength. In monolayer
MX,, the intrinsic SOC and the other parameters in Eq. (1)
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FIG. 8. The real part of the longitudinal optical conductivity contributed from the spin-flip transitions as a function of radiation frequency
at fixed temperature and carrier density for different Rashba parameters. Here we use y, to replace y, as the intrinsic SOC parameter. The
results for different y, are shown for (a)—(d) n-type and (e)—(h) p-type samples.

vary with different compounds of M and X. Thus, the infrared
to THz optical absorption windows with different bandwidths
ranges and shapes can also be observed in other ML-TMDC
materials in the presence of the Rashba effect.

V. CONCLUSIONS

In this study, we have investigated the infrared to terahertz
optoelectronic properties of n- and p-type ML-MoS; in the
presence of the Rashba effect. The optical conductivity is
evaluated using the standard Kubo formula. The effects of the
polarization of the radiation field, temperature, carrier density,
and Rashba parameter on the optical conductivity have been
examined. The total optical conductivity contains contribu-
tions from different transition channels between different spin
states. We have also examined the role that the intrinsic SOC
plays in affecting the optoelectronic properties of ML-MoS,
in the presence of the Rashba effect. The main conclusions we
have obtained from this study are summarized as follows.

In ML-MoS,, free carrier absorption exists in the entire
infrared to terahertz regime. Spin-flip transitions induce wide
absorption peaks and absorption windows which range from
infrared to THz. Free carrier absorption is weakly affected by
the polarization direction of the radiation, temperature, and
Rashba parameter but depends strongly on the carrier density.
Under circularly polarized radiation, the spin-flip transitions
induce a valley-selective absorption. However, the summation
over them is the same as the longitudinal optical conductivity.

A stronger absorption peak or sharper absorption window can
be observed at lower temperature. The position and width of
the absorption peak and absorption window can be effectively
tuned by carrier density and Rashba parameter. This suggests
that ML-MoS, has a wide tunable optical response in the
infrared to THz radiation regime.

In the presence of the Rashba effect, the features of optical
conductivity in n-type ML-MoS, are similar to those in
2DEGs and the intrinsic SOC has a strong influence on the
optoelectronic property of p-type ML-MoS,.

We have found that the optoelectronic properties of
n- and p-type ML-MoS, can be effectively tuned by
the carrier density and Rashba parameter which makes
ML-MoS; a promising infrared and THz material for optics
and optoelectronics. The obtained theoretical findings can
be helpful for understanding of the optical properties of
ML-MoS,. We hope the theoretical predictions in this paper
can be verified experimentally.
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By making use of circularly polarized light and electrostatic gating, monolayer molybdenum disul-
fide (ML-MoS3) can form a platform supporting multiple types of charge carriers. They can be
discriminated by their spin, valley index or whether they’re electrons or holes. We investigate the
collective properties of those charge carriers and are able to identify new plasmon modes. We ana-
lyze the corresponding dispersion relation, lifetime and oscillator strength, and calculate the phase
relation between the oscillations in the different components of the plasmon modes. All platforms
in ML-MoS: support a long-wavelength /g plasmon branch at zero Kelvin. In addition to this, for
an n-component system, n — 1 new plasmon modes appear as acoustic modes with linear dispersion
in the long-wavelength limit. These modes correspond to out-of-phase oscillations in the different
Fermion liquids and have, although being damped, a relatively long lifetime. Additionally, we also
find new modes at large wave vector that are stronger damped by intra-band processes.

I. INTRODUCTION

Recently, monolayers of transition metal dichalco-
genides MXs (M=Mo, W, Nb, Ta, Ti, and X=S, Se, Te)
have been fabricated [1, 2]. Since then, they are drawing
intense interest due to their intriguing physical proper-
ties. A monolayer MXy (ML-MXs) is a trilayer structure
in the form of X-M-X with chalcogen atoms (X) in two
hexagonal planes separated by a plane of metal atoms
(M) [3]. Transition metal dichalcogenides (TMDCs) are
indirect band gap semiconductors when stacked in multi-
layers but have a direct band gap in their monolayer
form [1-3]. It has been shown that field-effect transistors
(FETs) made from monolayer MoSs (ML-MoS,) could
have a room temperature on/off ratio of up to 108 with
a mobility higher than 200 cm?/(Vs) [4-6]. With its ul-
trathin layered structure and an appreciable direct band
gap, ML-MoS, has great potential applications in nano-
electronics [5], optoelectronics [7, 8], spintronics and val-
leytronics [9-13].

Investigations of the unique light-matter interaction
and many-body effects in ML-MX5 such as photolumi-
nance (PL) [10, 11], optical conductivity [14-16], exci-
tons [17], and trions [18] have enriched the understand-
ing of their optical properties. In order to have a better
understanding of ML-MXs for potential applications, its
plasmonic properties are also important.

Plasmons are collective excitations of the electron lig-
uid. They play a fundamental role in the dynamical re-
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sponse of electron systems and form the basis of research
into optical metamaterials [19, 20]. Since the discovery
of atomically thin two-dimensional (2D) graphene [21],
it was shown that 2D materials intrinsically feature plas-
mons and could form a platform for potential applica-
tions in plasmonic devices [22]. In recent years, graphene
plasmons, in particular, have attracted a lot of interest
because of their unique tunability [20], long plasmon life-
time [23], and high degree of electromagnetic confinement
[24]. This enables the use of graphene-based plasmonic
devices in the spectral range from mid-infrared to tera-
hertz (THz) [25]. The dielectric function of graphene and
gapped graphene have also been studied intensively and
the corresponding polarization functions were obtained
analytically [26-29]. Also plasmons in silicene have been
investigated with and without external fields [30, 31].
Collective excitations of the electron liquid in ML-MoS,
in the absence of external fields have been examined and
discussed before [32-34].

Due to its band structure, massless Dirac fermions,
massive Dirac fermions and a two-dimensional electron
gas all generate a different collective response induced by
the inter-particle Coulomb interaction [26-28, 35]. Un-
like massless Dirac Fermions in graphene, charge carri-
ers in ML-MoS, are described as massive Dirac fermions
(MDF) with a strong intrinsic spin-orbit coupling (SOC)
giving rise to a splitting of conduction and valence bands
with opposite spins [36, 37]. The strong intrinsic SOC
preserves the out-of-plane component of the spin as a
good quantum number. Moreover, due to the large band
gap in the MDF of ML-MoS,, its low-energy band struc-
ture can also be described by a two-dimensional parabolic
band (2DPB) for both the conduction and valence bands
with different valley and spin indices [38]. This feature
makes the plasmon dispersion of ML-MoSs fundamen-
tally different from that of graphene [26, 27, 32]. Indeed,
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the plasmon dispersion in ML-MoSy w(q) ~ ¢/?nl/?
is similar to a traditional two dimensional electron gas
(2DEG) while the plasmon dispersion of graphene is
w(q) ~ ¢ /?nt/4, where n is the carrier concentration
[32].

The optical response of ML-MoS; is governed by the
dynamics of charge carriers near the Dirac points in re-
ciprocal space, i.e. those residing in one of the two val-
leys of the energy spectrum. Recently, it was shown that
ML-MoSs has a remarkable valley selective absorption of
circularly polarized light [10-12, 36]. This allows one to
address electrons in a single valley. It can be utilized to
realize a valley Hall effect [13]. As a consequence, the
carrier density in ML-MoSs at a specific valley can be
tuned through optical pumping [13].

In this way, an optical pumping process can make
the electronic system of ML-MoSy; a tunable multi-
component system as shown in Fig. 1. Indeed, by pump-
ing electrons in one valley from the valence band into
the conduction band, one generates a system consisting
of two liquids of interacting Fermions as shown in Figs.
1(d)-(e). By gating the system, one can change the Fermi
level and further fill or empty the conduction or valence
bands in both valleys, allowing for an additional compo-
nent to appear as shown in Figs. 1(a) and (c). As the
spin-bands are split in ML-MoSs,, an additional degree of
freedom surfaces because one can use the Fermi level to
access only one of the two spin types per valley in the va-
lence band, or both of them, as shown in Figs. 1(b)-(c).
In this paper, we investigate the plasmonic response of
these different multi-component systems, identify under
which conditions new plasmon modes surface and char-
acterize their properties.

The multi-component Fermion system in ML-MoS,
proves to be a platform for the generation of a vari-
ety of collective effects. Apart from the usual plasmon
mode intrinsically present in a two-dimensional interact-
ing Fermion liquid [35, 39], we find that in the long-
wavelength limit an n-component system supports n — 1
lightly damped acoustic modes. These modes correspond
to oscillations where the different components oscillate
with an opposite phase. Furthermore, for large wave vec-
tors, we also find new plasmon modes in spectral regions
where Landau damping occurs for some of the compo-
nents which then exhibit a high decay rate.

The present paper is organized as follows. Sec. II, out-
lines the theory used to describe plasmons in the multi-
component system. In Sec. IT A we describe the effective
low energy band structure of ML-MoSs with both the
MDF and 2DPB models and point out their differences
and similarities. In Sec. IIB, we evaluate the valley-
dependent absorption and calculate the carrier density
of a photo-excited system under circularly polarized op-
tical pumping. In Sec. IIC, we outline the calcula-
tions of the finite-temperature polarization function and
how plasmons of multi-component systems can be cal-
culated within the random phase approximation. We re-
port and discuss the numerical results for different multi-
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FIG. 1: (Color online) Band structure in the K-valley (left
column) and K’-valley (right column) of the different ML-
MoS3 systems considered in this study. The bands are colored
according to the spin type they represent. The green shading
indicates electron occupation while the grey shading indicates
hole occupation. In panels (a) - (c) only electrostatic gating
is used to change the Fermi level of the systems. In panels (d)
- (e) also right-handed circularly polarized light is added to
the system in order to pump electrons in the K-valley from
the valence to the conduction band. The Fermi vectors k5%
and Fermi energies F\r indicated follow Egs. (6), (8)-(9) and
(14)-(15).

component systems in Sec. III. The optical absorption
of circularly polarized light in ML-MoS, are presented
in Sec. IIT A. We compare the results of massive and
hyperbolic models for n-type ML-MoSs in Sec. III B.
In Sec. III C, a spin-polarized two-component system
at finite temperature is discussed. The valley-polarized
three- and four-component systems are discussed in Sec.
III D and E, respectively. Finally, our main conclusions
are summarized in Sec. IV.
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II. THEORETICAL APPROACH

A. Electronic band structure and carrier
concentration

In this study, we consider a ML-MoS, sheet positioned
in the x-y plane. The effective Hamiltonian for a carrier
(an electron or a hole) around the K and K’ points in
reciprocal space can be written as [36, 37]

e [ A)2 satk_

Hg = ( catke —A/2 + gsy > ’ S
where k = (k;, k) being the wavevector, ki = ky ik, =
ket and 6 is the angle between k and the k,-axis, < is
the valley index with ¢ = + for K and ¢ = — for the K’
valley, the spin index s = £ for spin-up and spin-down
states, the lattice parameter a = 3.193 A, the hopping
parameter ¢t = 1.1 eV [36], the spin-orbit parameter v =
75 meV [40], and A is the direct band gap equal to 1.66
eV between the conduction and valence bands [36, 37].

The corresponding Schrodinger equation for ML-MoS2
at valley K or K’ can be solved analytically and the
eigenvalues are given by

E$5 = ¢s7/2 + A5 (k), (2)

where A% (k) = [a?t?k? + AZ]Y2) Ay = (A —¢s7)/2,
and A = = refers to conduction/valence band. The cor-
responding eigenfunction for a carrier in conduction or
valence bands near the K (K’) point denoted by |k, Ags)
can be written as

[cos(¥5°/2), s sin (05" /2)e?]e’™ T,
[—sin(09;°/2), ¢ 005(19;8/Q)eigg]eikr7 3)

|k, +¢s) =
|k, —¢s) =
respectively, in a form of row vector with
Acs . atk

—  sin} = ————.
Va2t k2 + A2, ko a2k + A2,

The electron (hole) density n§ (A = + for conduction
band and A = — for valence band) of ML-MoS, at valley
¢ can be written as

1 ~
" = —— Aoy 1+ ANES (4)
5= Gy ;/ A MERk

1 19SS —
cos vy’ =

where f\(E5y) = [e(PA—#)/ksT 4 1171 is the Fermi-
Dirac distribution function for electrons and p§ is the
chemical potential (or Fermi energy E5p at zero tempera-
ture) for electrons in conduction band or holes in valence
band at ¢ valley for a photo-excited quasi-equilibrium
system in the present study. At T=0 K, Eq. (4) reduces
to the familiar relation between the carrier density and
the Fermi vector k5} for a specific conduction/valence
subband with spin index s and valley index «,

ng = > [ksil?/ (4m). (5)

s==+
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As depicted in Fig. 1, one can use the Fermi level to
generate charge carrier liquids with different spins. If the
Fermi level lies above the top point of the lowest valence
subband for a p-type ML-MoS; as shown in Fig. 1 (b),
the lowest subband is fully occupied by electrons and the
holes are only distributed in the upper valence subband.
The hole density in the upper valence subband is denoted
by n° . This regime holds when the Fermi level satisfies
E°* . > —A/2 — ~, which corresponds to a hole density
ne < (v2 + Ay)/(27a?t?) = 1.679 x 10 cm™2 at ¢
valley. The Fermi wave vector and Fermi level for the
upper valence subband at valley ¢ are given by

k5] = dmns (o5 = 1),
S = 5/2 - [4mans + (A —7)2/4% (6)
Then, we consider the other situations as shown in Fig.
1(a) and Fig. 1(c). Using the relation that the Fermi

energies for Fermi wavevectors of spin-up and spin-down
subbands should be equal, we obtain

AT (kSp) — AT (RSE) = oMy (7)

After combining Egs.
roots of [k$%]? as

(5) and (7), one can derive the

KS3J2 = 2mn + g 2 JA%7 4 Srmiaty 2R
AR A 2a2t2 2a2t2

(®)

Thus, the Fermi energy for a zero temperature system at
valley ¢ with a carrier density n§ is given by

ESp = 57/2 4+ M2 (kSh)- (9)

The carrier density in a specific electronic branch can
also be written as

nst = M Ay B A[A242 + 87m§\’y2a2t2]1/2 .
A 2 8ma2t? 8ma?t?
(10)

The density of state (DOS) can be presented by the
imaginary part of the Green function as

E| — X¢svy/2
Z' - Qtz/ OllE| — Assv/2 — Mg (11)

When the carrier concentration is low, one can expand
Eq. (2) for small deviations from the K or K’ point.
In that case, the low energy electronic band structure
of ML-MoS; can be written as the 2DPB form for free
electron/hole gases as

2t2k2 ’Y
AA
2A TARG+ 5 2

and the DOS is given by

B = A (12)

Z 271_ 2t2 |E| A§37/2 - ACS}' (13)
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For a p-type sample at valley ¢ with a hole density n® <
(A — v)y/(2ma?t?), the Fermi vector and Fermi level for
the upper valence band is

[ke5e)? = dmns (65 = 1),

ESp = —4ma®tnS /(A —v) — A/2 + . (14)
For the other cases with n- or p-type doping, the Fermi
vector and Fermi level for a specific spin and valley sub-
band can be written as

<co 23y (A% =)y
[kf\F}Q = 27n5 —<s AA T T 2eA ox-1]
- a2t2[l~€<s ]2 sy
[S— AF N 227
ESp = )\72&-5 + A + 5 (15)

B. Quasi-equilibrium system by optical pumping

In this section, we solve the Boltzmann equation to ob-
tain the response of charge carriers with different spin-
and valley indexes to circularly polarized light. This en-
ables us to find the quasi-equilibrium electron and hole
densities in each valley that will be used in the next sec-
tion to investigate the plasmonic response.

Within the Coulomb gauge, the vector potential of a
light field with left (v = —)/right (v = +) handed polar-
ization is given by [41]

Fy

V2w

Within first-order perturbation theory, the steady-state
electronic transition rate of inter-band transitions be-
tween valence and conduction band induced by direct
carrier-photon interaction can be obtained by using the
Fermi’s golden rule, which reads

Ay i (t) =

sin(wt) (% + vig). (16)

s 21 [eatFy\°
W;y)z;\F/ (k7 k/) :? (\/iﬁ/j) (SkaI(S(E;‘?k/ - E;i F fm))

x [eos* (057 /2)51 + sin4(79§*/2)5w?1},)
17

where X = —\, the Delta function d¢, +1 indicates the
valley-dependent selection rule for optical transitions in
ML-MoSs under a circularly polarized light field, and the
F sign in the Delta function refers to absorption (—) or
emission (4) of a photon with energy hw.

Due to the fast spin relaxation, compared to the photo-
excited carrier life time [13, 42, 43|, the photo-excited sys-
tem in this study can be considered as a quasi-equilibrium
system where the carrier distributions in conduction and
valence bands can be approximately described by the
Fermi-Dirac function with separate chemical potentials
for electrons in conduction band and holes in valence
band. For nondegenerate statistics, the Boltzmann equa-
tion (BE) for each valley and spin subsystem takes the
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form

-
Nk

with F3*(,K) = I35 0k, K+ WS (6, K] 55 () —

3°(k)], and f3°(k) ~ fr(ES5;) is the carrier momentum
distribution function and f57(k) represents the initial
state in the presence of a dark system.

For the first moment, the mass-balance equation (or
rate equation) can be derived after operating with »_
on both sides of the BE. This leads to

s s s
%:%:ZG?_AL’ (19)
ot ot . T
where the carrier generation rate within each subsystem
is

) e2F? 2A
Ggs — 0 1 <SS
v 32}1%[ YT

D) () e

An® is the photo-excited carrier density and 7 is the
photo-excited carrier life time which can be measured ex-
perimentally [43]. In the steady quasi-equilibrium state
of the system, i.e., for dn% /dt = dn® /dt = 0, the mass-
balance equation at valley ¢ becomes

An® =1 G

ra(m} —2A)

(21)

When one pumps the system with a circularly polar-
ized optical beam, the electrons in the valence band are
excited into the conduction band such that a liquid of
photo-excited carriers is formed in the conduction band.
Therefore, the chemical potential for electrons/holes in
conduction/valence band for each valley can be deter-
mined through

(22)
where nj, is the initial carrier density in conduction or
valence band. After combining Eqs. (21) and (22), the
photo-excited carrier density can be determined.

From this, also the optical conductivity can be ob-
tained as

L — < <
ng = nj, + An’.

2

2hwGs? 14
= =0 v
0 N hw

SSs
oy (CU) - F02

D) (=)

where o9 = €2/(16h). Finally, we can define the degree
of valley-dependent absorption (VA) for light with polar-
ization v as

re(m —2A)

_ Sllet @) — o)
Ylod (@) + 00 ()]
This quantity describes the difference between the ab-

sorption (or photo-excited carrier density) at K and K’
valleys under circularly polarized optical pumping.

P,(w)

(24)
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C. Polarization function and plasmons

In this section, we set up the theoretical framework
to calculate plasmons in a multi-component system. We
work within the Random Phase Approximation (RPA).

When the degeneracy of spin or valley degrees of
freedom of a electron/hole gas system is broken, it
can be regarded as a multi-component system. For
a multi-component system, the component-resolved re-
sponse functions ' (q,w) of the interacting electron
liquid are given, in the RPA, by the following matrix
equation [39, 44]

= {II"(q,w)} "6, — g,

where IT(q,w) is the non-interacting response function
for the i-th component system and v, = e2/(2€,€0q) is the
Fourier transform of the Coulomb interaction with ¢, = 5
the relative dielectric constant of the background [32, 33].
The total density-density response function within the
RPA can then be written as

[T (q,w)] (25)

HRPA Z H’L o qa Z Hl(q7 w)/eRPA(q7 w)7
(26)

where the RPA dielectric function is defined as
erpa (a, (27)

w)=1 —U,IZHi(q,w

Plasmons in the RPA can be found from the zeros of
the dielectric function egpa(q,w(q) — in), where w(q) is
the plasmon frequency and 7 the decay rate of the plas-
mon [28]. Usually, plasmons can be approximately de-
termined by the roots of the real part dielectric function
Relerpa(q,w)] = 0 [30, 31], which should also lead to
resonance peaks in the energy loss function Los(q,w) =
—Im[egpa]~t that can be measured by means of electron
energy loss spectroscopy (EELS) [45]. The decay rate (in-
verse life time) of the weakly damped plasmon is given
by

,_  Inllla.w()]
{0700 Rell(q, ) Joate)

The imaginary part of the dynamical RPA polarization
near the undamped plasmon branch is given by [30, 39]

Im[IT*"4(q, w(q))] = —O(w(q))d(w — w(q)),

and the oscillator strength of the undamped plasmon
mode is defined as

(28)

(29)

- Re[lI(q, w(q))]
vg {(0/0w)Re[T(d, )] Fomu(q)

We use the strength of the absorption spectral function
A(q,w) = —Im[IIR*PA(q, w)] [33] to describe the oscillator
strength of the damped plasmon modes in the particle-
hole excitation spectrum (PHES) (Im[II(q,w)] # 0).

O(w(q)) =

(30)
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For both the undamped and weakly damped plas-
mon modes, the amplitude of the plasmon oscillation of
each component N (i) can be obtained by calculating the
eigenmodes [44] of the real part of the matrix equation
(25)

[{Re[II"(q, w(9)]} " diir — vg (31)

from which we can get the ratio of the plasmon oscillation
amplitude

N(i)/N(i') = Re[Il'(q,w(q))]/Re[ll” (q,w(q))].  (32)

We now turn to the calculation of the non-interacting
response functions for each component II°. We denote
each component by the spin and valley index, i.e. i = ¢, s
and find

JN(i) =0,

FEN) — f(BYiq)

HSS 5 S CCS , ,
Mz,k h/.u + BSj — ESfpq 00 MONKHa
(33)
where the structure factor
1 AZ 4+ a?t?k(k + q)
(O 14+ =2 34
Ak N k+q 2 [ + Ass (k)A§s (k + q) ’ ( )

with ¢ the angle between k and k4 q with cosp =
(k + gcosd)/|k+ql, ¢ is the angle between k and q,
and f(E5L) = fr(E5y) is the Fermi-Dirac distribution
function for electrons.

At long-wavelength (q — 0) and low-temperature
(T — 0 K), we can expand Eq. (34) to second order
in ¢

— AN sin?(95%)¢? sin® ¢/ (4k%).  (35)

For intra-band transitions (A" = X), the Lindhard ratio
can be expanded to second order in ¢ with the result

<Ss ~
Clkovktq = OAN

JESR) — F(ESktq) OES:,
— S(ESS — ES Ak
Rt By — By, LRk~ Bir) Ty
1 gcos¢p OLS;
X <m+ et ok ) B0

Because C5j. \/x +q = 1 in the long-wavelength limit, we
obtain the real part of the intra-band part of the polar-

ization function as

2
q
Re[Ilintra (g, w)] =12 Z(Ui\s — A% july)
Ass
x O(udy — Ags), (37)

with u)y = |E{p|—Assv/2 where ESy, is the Fermi energy
for electrons (A = 1) in the conduction band or holes
(A= —1) in the valence band.

For inter-band transitions (A’ = —\), the real part
of the polarization function can be expanded to second
order in g with

hw+2u
,guA

Re[Hinter(q7

32hw

x Q(ugs - Ags). (38)
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This only contributes by a small amount to the total
polarization function in the low frequency regime where
plasmons exist.

After using the low-q expansion of the polarization
function and neglecting the logarithmic correction, the
charge plasmon dispersion in ML-MoS; is given by

€20 > (udy— A2, /ud)0(ud — Agy) ) (Bmecco)] .

Ags

wolq) =

(39)
In order to calculate the polarization at arbitrary wave
vector ¢, we note that the individual valley and spin re-
solved systems can be regarded as analogous to gapped
graphene or silicene [28, 30, 31]. The polarization func-
tion depends on ug‘s which corresponds to a shift of ++/2
away from the absolute value of the Fermi level. At zero
temperature, the polarization function of an electron lig-
uid with spin s in the ¢ valley can be written as

5o (q,w) :Hészo((L W)[é(Ags - u;)é(Ags - U:rs)
= O(ug, — Ags)0(udy — Ags)]

Ss Ss

+ D T (qw)f(ud, — Ac),  (40)
A

with the step functions

~ 1,2 >0 1L,x>0
9<m):{0,x<0’9(x):{0,x<0'

The detailed polarization function in the (¢-w) plane is
presented in the Appendix.

Finally, we note that in order to calculate the response
of the system at finite temperature, one can use the fol-
lowing identity to express the Fermi-Dirac function [46]

(41)

4kpT B /OC dp'0(y' — E)
eE=m/ksT 1 | cosh®[(y — p)/2kpT)

(42)

Thus, the polarization function could be obtained as
an integral transformation of its corresponding zero-
temperature polarization function as [47]

00 /Trss+ < ,
I (q, w; s, p2) = / dp Hl!Tzo(q’w”Eﬂ‘:”
R a2 4kpT cosh®[(u' — 1S, /2kpT)

C dp/TIS5 5 QW) s
)
J—oo 4kpT cosh”[(1' — p2)/2kpT) ’
X [Fr(C —pu2) = Fr(A/2 = p3)], (43)

where C' = ¢sy — A/2 and Fr(x) = (e*/F27 +1)~1 and
5, is the chemical potential for conduction and valence
bands at valley ¢ which can be obtained through Eq. (4).

If the ML-MoS, system has low carrier density, one can
also use a two dimensional parabolic band (2DPB) model
to describe the electronic structure as explained in the
previous section. The polarization function and plasmons
of ML-MoSs with the 2DPB model are presented in the
Appendix.
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III. RESULTS AND DISCUSSIONS

In this study, we consider both n- and p-doped ML-
MoSs, in the presence and absence of circularly polar-
ized light. We can safely ignore the Rashba spin-orbit
coupling because it requires a strong external perpendic-
ular electric field [16]. Therefore, the optical field only
couples to the orbital part of the wave function and the
spin is conserved during optical transitions. It should be
noted that the determination of the photo-excited den-
sity in the presence of circularly polarized light in Sec.
II B is only suitable for a relatively weak light fields. For
high carrier density generated by optical pumping, we
extracted the photo-excited carrier density from exper-
imental data [13]. In the following sections, we present
numerical calculations for both the plasmon dispersion,
energy loss function, plasmon decay rate, plasmon oscil-
lator strength, absorption spectral function and plasmon
oscillation ratio to understand the physical characteris-
tics of plasmons in ML-MoSs.

A. Optical absorption of circularly polarized light

In Fig. 2(a), we show the inter-band optical conduc-
tivity of an n-doped system generated by species of elec-
trons with different valley and spin in response to a right-
handed circularly polarized light beam (v = 4). Corre-
spondingly, the valley-dependent absorption (VA) is de-
picted in Fig. 2(b). The electron density is n, = 1 x 1012
cm™2, the system is assumed to be at low temperature,
i.e. T = 4 K and the lifetime of the photo-excited carriers
is 7 =5 ps [43]. Fig. 2(a) shows that the optical conduc-
tivity, and hence the corresponding optical absorption,
is the largest in the K valley when the system is illu-
minated with right-handed polarized light. When the
photon energy is near the edge of the band gap, absorp-
tion within the spin-up subband at the K valley plays a
dominant role while the absorption within the spin-down
subband is suppressed. This is due to large spin split-
ting in the valence band. The VA in Fig. 2(b) decreases
with increasing photon energy as more transitions be-
come available. Notice the sudden increase in the VA
curve which is due to the contribution from the inter-
band transitions within the spin-down subband at the K
valley. We notice that one could obtain nearly 100% VA
for a circularly polarized light with a photon frequency
near the band gap [48].

In Fig. 2(c), we show the photo-excited carrier density
under right-handed circularly polarized light at the K
valley as a function of photon energy for a fixed strength
of the electrical field. The photo-excited carrier density
in Fig. 2(c) is proportional to the sum of the contribu-
tions to the spin and valley resolved optical conductivity
presented in Fig. 2(a). In Fig. 2(d), we show the photo-
excited carrier density in the K valley as a function of the
intensity of the incident radiation. In the presence of cir-
cularly polarized light with photon energy hw = 1.6 eV,
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FIG. 2: (Color online) (a) Contributions to the inter-band
optical conductivity o;°(w) for different valley and spin sub-
systems and (b) the VA of right-handed (v = +1) circularly
polarized radiation by ML-MoS; as a function of photon en-
ergy. (c) Photo-excited carrier density due to right-handed
circularly polarized light pumping at the K valley as a func-
tion of photon energy. The sudden increase is due to the con-
tribution from the spin-down subsystem. (d) Photo-excited
carrier density at K valley as a function of the radiation in-
tensity Ip ~ F§ of right-handed circularly polarized light with
fixed photon energy, where Fj is the electric field strength of
the incident light.

the VA is nearly 100% which means only electrons in the
K valley are pumped. In the limit of weak light intensi-
ties, we observe that the photo-excited carrier density has
a linear dependence on the radiation intensity, crossing
over to a square root dependency for stronger radiation
intensities when 7=180 K. Notice that the photo-excited
carrier life time varies with temperature [43] and that a
larger carrier density can be obtained at higher temper-
ature which can be seen from Eq. (21) and Fig. 2(d).

These results show that in order to efficiently excite
charge carriers in a single valley, one has to use a cir-
cularly polarized light beam with photon energy close
to the bandgap. This will break valley degeneracy in the
ML-MoSs system and make it a multi-component system.
The plasmonic response of these systems is discussed in
the next sections.
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FIG. 3: (Color online) Density of states for charge carriers in
ML-MoS; with (a) MDF model and (b) 2DPB model, respec-
tively. Here we used the notation Do = A/(4ma’t?).

B. Comparison between massive and hyperbolic
description

Usually, the band structure of ML-MoS; is described
by a massive Dirac Fermion (MDF) model [36]. How-
ever, due to the large band gap in ML-MoS,, the effective
low-energy band structure of the MDF can also be ap-
proximately described by two-dimensional electron/hole
gases with two-dimensional parabolic bands (2DPB) if
the carrier concentration in the bands is not too large.
The relation between these two models was shown before
in Eq. (12). In this section we show the equivalence of
these two models in describing the optical response of
ML-MoS,.

In Fig. 3, we plot the density of states (DOS) of
ML-MoS; for MDF and 2DPB models, respectively. In
the energy regime near the bottom/top of the conduc-
tion/valence band, the DOS of the two models is very
close, while as the energy increases, the two models devi-
ate from each other. This indicates that we can, indeed,
use a 2DPB model to describe the band structure of ML-
MoSs with low carrier density.

In Fig. 4, we compare the plasmonic properties cal-
culated within the two models for an n-type ML-MoSs
whose band structure and occupation is shown in Fig.
1(a). We show the electron energy-loss function in the
(g-w) plane at zero and room temperature, the plasmon
dispersion and the decay rate of these modes. The elec-
tron density is fixed at n. = 1 x 10'? cm™2 and equally
distributed over the two valleys. In Figs. 4(a) and (e), we
compare the zero-temperature energy-loss functions. The
plasmon appears as a curve of strong absorption in the
long-wavelength limit. For large ¢, the plasmon branch
merges with the continuum of intra-band single-carrier
excitations, which shows up as an increased absorption.
Notice that the two models give qualitatively the same
results, and also quantitatively they agree very closely.

Panels (b) and (f) of Fig. 4 show the energy-loss func-
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FIG. 4: (Color online) The energy loss function for the MDF
model at (a) T = 0 K and (b) T = 300 K. The plasmon
dispersion and plasmon decay rate for the MDF model are
shown in (c) and (d), respectively. (e)-(h) are the the corre-
sponding results of (b)-(e) for the 2DPB model. The insets in
(c) and (g) are a zoom of the large g area as indicated by the
arrows. The blue dashed curve corresponds to the zero tem-
perature charge plasmon mode as obtained within the low-q
approximation.

tion at room temperature. The result shows that a finite
temperature damps the plasmon, inhibiting collective ex-
citations at larger energies and wave vectors. Notice that
also here the two models give qualitatively and quantita-
tively very similar results.

In panels (c) and (g) of Fig. 4 we show the roots of the
real part of the dielectric function epra(q,w) as solid
curves. The black curve is the 2D charge plasmon, re-
sponsible for the thin line of enhanced absorption in the
previous panels. As shown by the dashed blue curve, in

137

AF T T T T T T 4 AFT T T T T T T 7T ™9

| (8 MDF | T=0K | i (bS 20PB | T=0 Kl
—~ 3l ——qg=0%0nm* 4 = 3p——a09nm* |
S ——@=0.92 nm* S ——@=0.97 nm*
S 4=0.94 nm* 1 & r ¢=1.00 nm* 1
3 2 ——g=0.97 nm™ 4 32 | ——g=1.03nm" 1 _
c | o le L W ]
< Wil <

1 / - 1 [ ‘ .

pa
L A i L i
\ \

o= L1 u 0 L A

60 70 80 90 100 60 70 80 90 100 110 120

ho (meV) h0o (mev)

S IR N B . L L L R
= (©) 21~(d) —— MDF ]
8 o
£ 1.0+ ®
(=)

c c
o L 4 8
n 1 8
5 05 403
© E o
= | i
3 H
00 I 1 I 1 I 1 I.: 0 1 I 1 I 1 I 1 I 1 I
0 20 40 60 80 100 0 20 40 60 80 100
71 (meV) 1o (mev)

FIG. 5: (Color online) The absorption spectral function of an
n-type ML-MoS; for the situation corresponding to Fig. 4 as
a function of energy for different fixed wavevectors for (a) the
MDF model and (b) the 2DPB model at T'= 0 K. (c¢) The
oscillator strength of the zero temperature undamped plas-
mon for the two models. (d) The oscillation ratio of the two
different components in n-type ML-MoSsz for the two models.
The arrows in (a)-(b) indicate the corresponding plasmon fre-
quency for the second plasmon branch wa(g).

the long-wavelength limit this mode coincides with the
v/G-plasmon mode from Eq. (39). The green solid curve
in these panels shows the plasmon mode for a finite-
temperature system. The results show that at room
temperature this mode is limited to the long-wavelength
regime. Remarkably, in both panels, shown by a solid
red curve, there is also a new mode appearing inside the
intra-band continuum of the spin-up/spin-down particles
at K /K’ valley. This new mode is responsible for the
enhanced values of the electron-energy loss function in
panels (a) and (e) and is not appearing only due to a
breaking of the spin-degeneracy.

In panels (d) and (h) we show the decay rate as a func-
tion of the photon energy for each mode. The black solid
curve at the bottom of the panel refers to the normal
charge plasmon mode. The decay rate for this mode is
zero for every energy because it lies outside the particle-
hole continuum. The newly found mode, shown by the
red curve, however, is partly Landau damped and ac-
quires a finite decay rate. Notice that the decay rate
decreases for larger energy and is of the same order of
magnitude as that of the normal plasmon mode at room
temperature, shown by the green curve in Figs. 4(d) and
(h).

In order to characterize the new, partly damped plas-
mon mode further, in Fig. 5, we show the spectral func-
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FIG. 6: (Color online) (a)-(c) The energy loss function of
strongly doped p-type ML-MoS; in the (g, w) plane for differ-
ent temperatures. (d) The plasmon dispersion as a function
of wavevector for the different temperatures. (e) The plasmon
decay rate as a function of plasmon energy for the plasmon
modes in (c). The inset in (d) is the zoom of the small ¢ and
w regime as indicated by the arrow.

tion A(g,w) for different values of the wave vector g. We
see that the new mode appears as a shoulder to the spec-
tral function that should be distinguished from the peak
in the spectral function at the edge of the particle-hole
continuum. Panels (a) and (b) of Fig. 5 show that the
MDF and 2DPB models have a qualitative correspon-
dence, but quantitatively they differ slightly. This differ-
ence also surfaces when calculating the oscillator strength
and the ratio of the amplitudes in both valleys in pan-
els (¢) and (d), respectively. It shows that the 2DPB
model overestimates the oscillator strength and the plas-
mon frequency for a given wave vector. However, the
qualitative behaviour is similar. We can, therefore, safely
use the 2DPB model to investigate the plasmonic proper-
ties in ML-MoSy bearing in mind that the results might
be quantitatively slightly departing.

C. Spin-polarized two-component system at finite
temperature

We now turn to the discussion of a two-component
system where the two components are characterized by
a different spin. We can obtain this system in MoSy by
tuning the Fermi level such that the two spin resolved
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valence bands are occupied by holes as depicted in Fig.
1(c). Notice that because in the opposite valley the upper
and lower valence bands are reversed, there is no macro-
scopic spin imbalance. Nonetheless, the spin-imbalance
in a single valley has an effect on the optical and plas-
monic properties of the system as will be shown below.

In Fig. 6 we show the energy loss function, plas-
mon dispersion and the plasmon decay rate for p-type
ML-MoSs using the MDF model at a fixed hole density
np, =5 x 1013 ecm™2. We show results for three different
temperatures. The energy loss functions and correspond-
ing plasmon dispersions at each temperature shows that
there is a charge plasmon mode in the small ¢ regime.
Notice, however, that in contrast to the n-type system,
the plasmon dispersion is not affected a lot by tempera-
ture as is shown in Fig. 6(d). In panel (e), we show the
decay rate of the plasmon modes at each temperature
and find that also at finite temperature the lifetime is
still appreciable, in strong contrast to n-type ML-MoSs
discussed in the previous section.

The plasmon branches in Fig. 6(d) also reveal an ad-
ditional peculiarity in the long-wavelength limit. Indeed,
there exists a weakly damped linear acoustic plasmon
mode in between the upper boundaries of the intra-band
PHES of the two valence subbands. In this region the
PHES has a local minimum and it is expected that the
mode is, therefore, relatively stable. The new acoustic
mode is similar to the one previously discussed in general
spin-polarized two-dimensional electron gases [44, 49],
but is now present in the absence of a macroscopic spin-
imbalance.

In Fig. 7(a), we show the plasmon dispersion of a
p-type ML-MoS, for the MDF model with a fixed hole
density ny, = 5 x 10'® em™?2 as a function of wave vector
for the zero temperature case as in Fig. 6(d). From this
plot, one can clearly identify the normal w;(g) plasmon
mode, and the new acoustic mode wy(g). In Fig. 7(b),
we plot the spectral function for fixed plasmon wave vec-
tors. Notice that the linear plasmon mode appears as a
peak on top of the background particle-hole weight and,
therefore, is expected to be less clear than the distinct
w1(q) plasmon. In panel (c) of Fig. 7, we show the oscil-
lator strength of the wq(g) plasmon mode, which shows
a similar behaviour as observed before.

To identify the character of the newly observed acous-
tic mode, in Fig. 7(d), we plot the ratio of the amplitude
of the oscillation for both spin components. We see that
for the new mode, displayed in red, this ratio is negative
and approaches —1 in the long-wavelength limit. This
means that the density of the two spin components os-
cillates in anti-phase. Therefore, this mode was labeled
before as a spin-plasmon because this means that the car-
rier density does not oscillate, but it is rather the spin
of the carriers that forms an oscillating pattern [44]. As
a consequence of the carrier density oscillation being in
anti-phase for each spin component, the mode is nearly
charge neutral. Inspecting the w;(g) mode in panel (d)
shows that the two spin-components oscillate in-phase
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FIG. 7: (Color online) (a) The plasmon dispersion as a func-
tion of wave vector for p-type ML-MoS; at T'= 0 K as shown
in Fig. 6(d). (b) The absorption spectral function as a func-
tion of energy w for fixed wavevectors and the absorption spec-
tral function A(g,w2(q)) (dashed line) for the linear acoustic
plasmon w2(g). The solid and dashed arrows correspond to
the weakly damped linear acoustic plasmon and undamped
charge plasmon energies for fixed wavevectors. (c¢) Plasmon
oscillator strength of the undamped plasmon mode w1(q). (d)
Ratio of the plasmon oscillation amplitudes for the two spin
components for the the two plasmon modes as indicated.

for small frequency, but then cross-over to an oscillation
in anti-phase. At this crossing point, the amplitude of
the oscillation in the spin-down hole liquid is zero, and
hence, the plasmon is spin-polarized.

D. Valley polarized three-component system

In Fig. 8, we show the plasmonic behaviour of an un-
doped ML-MoS> sheet with a photo-excited carrier den-
sity Ant = 5 x 10* em™2 by right-handed circularly
polarized light at zero temperature. In Fig. 1(d), the
band structure and carrier occupation are shown. In this
system, free carriers exist only in the K valley thanks to
the valley-dependent photo-excitation. In the K’ valley,
no free carriers exist and, therefore, no plasmon propa-
gation is possible.

This system can be regarded as a three-component sys-
tem. Indeed, only one spin valence band is depleted by
the photo-excitation, generating a single hole liquid, but
because of very fast spin relaxation in the conduction
band, both spin bands are occupied. This generates two
independent free carrier liquids. For this system, the en-
ergy loss function in the (¢-w) plane is shown in Fig. 8(a)
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FIG. 8: (Color online) (a) The energy loss function and

(b) plasmons dispersion as a function of wave vector for
an undoped ML-MoS; with a photo-excited carrier density
Ant =5 x 10" em™2 by a right-handed circularly polarized
optical pumping. (¢) The corresponding plasmon decay rate
as a function of plasmon energy. (e)-(f) are the zoom in of
the black block areas in (c)-(d). (d) The plasmon oscilla-
tor strength of the undamped plasmon wi(g) as a function of
plasmon energy. (g) The absorption spectral function of the
weakly damped linear acoustic plasmon model w2 (gq).

and the plasmon dispersion as a function of ¢ is shown in
Fig. 8(b). The plasmon branch shows up clearly in Fig.
8(a) and corresponds to an undamped charge plasmon
mode. In Fig. 8(b), we can see that there exist now in
total three plasmon modes in three regions divided by the
upper boundaries of the intra-band PHES for the three
components. These additional modes are responsible for
the increased energy loss in that region in the ¢ —w plane.
The corresponding plasmon decay rates are shown in Fig.
8(c) and show that the new plasmon modes have indeed
a finite lifetime. The undamped charge plasmon mode
w1(q), however has zero decay rate.

In the small ¢ limit, there is a weakly damped linear
acoustic plasmon mode which we label by ws(q). To show
this mode more clearly, in Figs. 8(e)-(f) we show a zoom
of the black box in Figs. 8(b)-(c). Fig. 8(d) shows that
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FIG. 9: (Color online) (a) The plasmon dispersion within
the 2DPB model of a photo-excited undoped ML-MoS,. The
carrier density An* = 5 x 10" e¢m™? is induced by right
handed circularly polarized light pumping. (b) The oscillation
ratio between the spin-up conduction subband at the K valley
and the spin-up valence subband at the K valley (solid lines)
and between the spin-down conduction subband at the K
valley and the spin-up valence subband at K valley (dashed
lines). The black and red curves correspond to the results of
plasmon modes w1 (q) and w2(q), respectively.

the plasmon oscillator strength for wq(q) increases first
and then decreases to zero. For the weakly damped lin-
ear acoustic plasmon mode ws(g) in the small ¢ regime,
the plasmon decay rate and the strength of its absorp-
tion spectral function increase with increasing plasmon
energy.

In Sec. 11 C, we obtained the polarization function for
each valley and spin subsystem of the MDF model which
contains the contribution from both the intra-band tran-
sitions within the conduction and valence bands and the
inter-band transitions between the conduction and va-
lence bands. Thus, we cannot directly calculate the plas-
mon oscillation ratio of the different subband components
through Eq. (32) with the polarization function of the
MDF model for a photo-excited system. Instead, we re-
sort to the description of the system with a 2DPB model.

In Fig. 9, we show the plasmon dispersion and plasmon
oscillation ratio for the corresponding situation shown in
Fig. 8 but now with the 2DPB model. We find that the
plasmon dispersion of 2DPB model in Fig. 9(a) coincides
with the results in Fig. 8(e). Within the 2DPB model,
we can calculate the ratio’s of the amplitude of oscillation
in three different components considered in this system.
In Fig. 9(b), we show these oscillation ratios as a func-
tion of the photon frequency. In these calculations, the
amplitude of the oscillation is calculated with respect to
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the amplitude of the valence band component. For the
undamped plasmon mode wy(q), the spin-up and spin-
down components in the conduction band and the spin-
up component in valence band at K valley oscillate in
phase. Both electron components have an equally large
oscillation. For the linear plasmon mode w2 (q), however,
the oscillation ratio between the conduction band and va-
lence band is negative so the oscillation is in anti-phase.
In the low-¢ limit, the summation of the oscillation ra-
tio for the acoustic plasmon mode wy(q) with the spin-
up and down conduction subbands is equal to —1. This
means that the strength of the oscillation in both electron
components is also nearly equal, but in anti-phase with
the hole liquid. This type of anti-phase behavior was
noted before in spin-polarized 2D electron systems[44].
Now, however, the weakly damped linear plasmon is not
charge neutral since the anti-phase oscillations occur in
oppositely charged liquids of electrons and holes.

E. Four-component system

We end the analysis with the discussion of a four-
component system. As shown in Fig. 1(e), such a system
can be created when a p-type ML-MoS, is pumped with
circularly polarized light. This will excite electrons in one
valley into the conduction band. As the spin relaxation
time is very small [13, 42], the quasi equilibrium formed
in the system consists of an electron pocket in one valley,
but with electrons of two spin types with the same Fermi
level, and two pockets of holes distributed over the two
valleys with different Fermi level.

We assume that the p-type doped ML-MoSs has an ini-
tial hole density n, = 1 x 10" ¢cm~2. The photo-excited
carrier density is Ant = 5 x 10! em~2, which is in-
duced by right-handed circularly polarized optical pump-
ing. The energy loss function in Fig. 10(a) shows the
typical plasmon pole corresponding to the wi (¢) mode as
in the previous systems. In Figs. 10(b) and (e) we, how-
ever, find that there exist three new plasmon branches
for large photon energy, and two new acoustic modes in
the long-wavelength limit. As before, these new modes
appear in regions of the intra-band continuum where only
some of the components are subject to Landau damping.
The quantification of the importance of Landau damping
is shown by the decay rate calculated in panels (¢) and
(f) where it is shown that, remarkably, the acoustic ws(q)
mode is more stable than the acoustic wy(g) mode even
though it can be found deeper in the intra-band electron-
hole continuum. Furthermore, as shown in panel (g), the
w3(g) mode is more pronounced in the spectral function
than the wo(g), so one expects the former to be more
easily excited. Finally, the oscillator strength calculated
in panel (d) of Fig. 10 shows no qualitative differences
due to the presence of the new modes in the intra-band
continuum. This means that these modes are the con-
sequence of a redistribution of spectral weight inside the
continuum rather than getting it from the regular plas-
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FIG. 10: (Color online) (a) The energy loss function and (b)
the plasmon dispersion as a function of wave vector for a
photo-excited p-type doped ML-MoS2 with initial hole den-
sity nn, = 1 x 10" cm™2 and a photo-excited carrier density
Ant =5x 10" cm™? induced by pumping with right-handed
circularly polarized light. (c) The corresponding plasmon de-
cay rate as a function of plasmon energy. (e) and (f) are the
zoom of the black boxes in (b) and (c). (d) The plasmon oscil-
lator strength of the undamped plasmon wi(q) as a function
of plasmon energy. (g) The absorption spectral function of
the two weakly damped linear acoustic plasmon modes.

mon.

In Fig. 11, we plot the plasmon dispersion and the os-
cillation ratio between the different components for the
long-wavelength acoustic modes discussed in the previ-
ous paragraph. For these results, we investigated the
system within the 2DPB model. We find the same long-
wavelength modes as before as we show in panel (a).

In panel (b), we calculate the ratio between the am-
plitudes of the different components in the system for
the three different plasmon modes. The solid curves de-
note the ratio between the amplitude of the oscillations in
the spin-up electron pocket and the spin-up hole pocket
in the K valley. The results show that the w;(g) mode
consists of in-phase oscillations, while for the two other
modes the oscillations are in anti-phase. The dashed
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FIG. 11: (Color online) (a) The zero-temperature plasmon
dispersion within the 2DPB model of an optically pumped p-
type doped ML-MoS; with a initial hole density n, = 1x 102
cm™? and a photo-excited carrier density An™ = 5 x 10!
cm™? realized trough pumping with right-handed polarized
light. (b) The ratio of the oscillation amplitudes in the spin-
up conduction subband and the spin-up valence subband at
K valley (solid lines), the ratio between the spin-down con-
duction subband and the spin-up valence subband at K valley
(dashed lines) and the ratio between the spin-down valence
subband at K’ valley and the spin-up valence subband at K
valley (dotted lines). The black, red and blue curves corre-
spond to the results of the plasmon modes w1(q), w2(gq) and
ws3(q), respectively.

curves in the same panel denote the ratio of the oscil-
lation amplitude between the spin-down electron pocket
and the hole pocket in the K-valley. For this, we find
similar results as before, rendering the w(g) mode in-
phase, while the wy(¢) and w3(g) modes are in anti-phase.
Notice, however, that since we are now considering oscil-
lations in the density of oppositely charged particles, it
is the in-phased plasmon that compensate each others
charged oscillation. Finally, the dotted curves show the
ratio between the hole pockets in both valleys. Notice
that, peculiarly, the ws(g) mode is completely in-phase
and that the amplitude for both components is the same
in this case. The w;(q) is also in-phase, as before, and
the ws(g) mode is in anti-phase.

IV. CONCLUSIONS

In this study, we examined the plasmonic response of a
multi-component system. We took as a platform a ML-
MoS; system subjected to circularly polarized light. We
have shown that this system is capable of supporting mul-
tiple plasmon modes and we have quantified the effect of
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circular optical pumping within a Boltzmann framework.

We found that all platforms support a long-wavelength
/4 plasmon branch at zero Kelvin. As temperature in-
creases, we have shown that for an electron-doped sys-
tem, the plasmon dispersion is strongly affected, while
for a hole-doped system this mode is much more stable.

The main influence of having multiple components in
the system is the appearance of new plasmonic modes
that are partly damped. We found that for an n-
component system, n — 1 new plasmon modes appear.
These new modes manifest themselves in the long-
wavelength limit as acoustic modes with a linear dis-
persion and are in a local minimum of the intra-band
continuum. To evaluate their stability, we have calcu-
lated the decay rate for each of these modes and found
that although they lie in the intra-band continuum, their
lifetime is considerable. For larger wave vectors, we
found that the multi-component system also supports
new modes in regions where only some of the compo-
nents are subject to Landau damping of the collective
oscillation.

We evaluated the character of the new modes by inves-
tigating the ratios of the amplitudes of the collective den-
sity oscillations of the different components. We found
that the oscillation for the regular ,/g-mode is in-phase,
while for the new acoustic modes anti-phase oscillation
is possible. Finally, we evaluated the spectral function,
showing how the acoustic modes can be identified.

The characteristic energy scale for plasmon modes
in ML-MoSs covers not only the infrared but also the
THz bandwidth, especially for the low frequency weakly
damped linear acoustic plasmon modes. These proper-
ties make ML-MoSs a promising platform for plasmonic
applications in the infrared and THz frequency regime.
The theoretical investigations in this paper will help to
guide the experimental search for new plasmon modes in
ML-MoSs systems.
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APPENDIX: ANALYTICAL EXPRESSION OF
POLARIZATION FUNCTION

We use w and k as dimensionless variables to represent
hw and atk for notational simplification. For zero doping,
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the polarization function for spin s band at ¢ valley is [28]

IS8 ( UJ)_* q2 Ags q2_w2_4Ags
0,7=0\D W) == 71— 53 £ — 2 42 — w2
w? — ¢® +4A?2
0 — W TT TR
X { (¢ — w) arccos q27w2+4A2
(vw? — 2A¢)
—0(w—¢q)In 5 ¢+ 28, }}
w? — g% — 44|
PE2,0(w? — g% — 4A2)
—if 16a2t2|w? — ¢2|1/2 7’ (44)
where 22, = 2 — 22, and s = /|1 + 4A2%,/(¢*> — w?)].

For finite doping (A = + for n-type doping and A = —
for p-type doping), the polarization function for the spin
s band at ¢ valley is

R w, 7
3% _(q,w) = — 2W52t2 167a2t2|q2 — w2|1/2
ZG>( -) = iG> (Y4)s 1A
Ge(y-) — iG> (y+), 2A
Ge(y+) + G<(y-), 3A
Ge(y-) -G ( +); 4A
x §Gx(ys) — G (y-), 1B
G>(y+) +iG ( =), 2B
G (y+) — Go(~y-) —inzl,, 3B
G (y+) + G (—y-) —inzl,, 4B
Go(y+) — Go(y-). 5B
(45)

where y1 = (2ul, £ w)/q, and

Go(x) = x(2?, — 2?)/? + (22, — 2) arccos (z/2.5),
G (x) = 2(2? — 22)"/% + (22, — 2)arccosh(z/z.s),
Go(z) = z(2® 4+ 22)V? + (=22, — 2)arcsinh(z /).

The regions defining the polarization function in Eq.
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FIG. 12: (Color online) The different regions with different
expressions for the polarization function in Eq. (45). Here we
have set Acs = 0.8u§‘5.

(45) are defined as

1A ww < udy = [(ky — a)” + AL)Y2,

2A T ué‘s + (k55 — )%+ A?s]l/z <w
< —ud, + [(ksy +a)® + A%

w < —u, + [(ksy — @) + AZ)2,

P—ud 4 (kS + 92 + AL <w <,

1q < 2k55, [@F H4AAL)V? < w
<ud, + (k55 — ) + AZ)Y7,

:ug\s + (kS5 — 9%+ Afs]l/2 <w
<ud + [(ksy +0)* + AL

w > udy + [(k§y +a)® + ALY,

g > 2kSh, [ + 4Ags]1/2 <w
<ud, + (k55 —)? + A%]2,

5B g <w < [¢®+ 4A?$]1/2.

1 (- A2 2
where the Fermi vector k3% = /[ul,[? — AZ,.

The polarization function for ML-MoS, calculated us-
ing the 2DPB model, Eq. (12), can be written as

fi(q,w) = 115 (q,w),

SsA

3A
4A
1B

2B

3B
4B

(46)

where

FUESR) — F(Bfirq)
w+ ESy — Eppq T 10

I (qw) = 3 (47)

k

At zero temperature, the real and imaginary part of the
polarization function Hi\s,Tzo (q,w) can be written sepa-
rately as [35, 39]

akss s
£ 30 AR 1)

B A
Rell§’;_o(q,w) = — ) [1
a=+

2ma’t?

N 1} 0, — Acy),

and
- A akss
Il o (q,w) = — 27ra§28t2 %0(1 —|v5%1?)
a=%
X V=g POl - Ac),  (48)
where @), = \E§F| — X¢s7/2, the Fermi vector l%;% =
2A¢(u), — Ags), and
A
vy = w~<is - ~q<s ’ (49)
ak3e 2k3p

At zero temperature and in the low-¢ approximation,
the charge plasmon dispersion of ML-MoSs within the
2DPB model is

- - - 1/2
Gola) = [¢%a (@ — AL — Ag)/ (mereo)]
Ass
(50)
At finite temperature, the full-q polarization function
is given by

oo ITTSS ~
ﬁgs ( S — d‘u’ H)\,T:O(qvw)‘E;F:#/
AT qawvﬂ)\) TV -
—oo 4kpT cosh?[(fi§, — p')/2kgT)
<O A2 A, G

where 1§ is the chemical potential for conduction or va-
lence subband which can be obtained through Eq. (4).
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