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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 MoS2 (ML-MoS2) systems. The layers number

and stacking order can affect the electronic structure and optical property of graphene

system. ML-MoS2 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-MoS2 can be an interesting material for valleytronics and

spintronics. The artificial manipulation of SOC in ML-MoS2 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 σN0 =

Nπe2/(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-MoS2. 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,
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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-MoS2 in frequency tunable devices

working in infrared and THz range.

(3) The interband optical conductivity of ML-MoS2 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-MoS2 un-

der RPA with and without the circularly polarized optical pumping. The plasmons of the

multi-component ML-MoS2 system has been calculated with the massive Dirac fermion

(MDF) and two dimensional parabolic band (2DPB) models. The charge plasmon mode

in ML-MoS2 is similar to a traditional 2D electron gas. More interesting, novel weakly

damped linear acoustic plasmons could be observed in a multi-component ML-MoS2 sys-

tem. This study further elucidates the physical mechanism of different plasmon modes

in ML-MoS2 system.

(5) Considering a ML-MoS2 layer placed on a SiO2 wafer, we calculate the intrinsic

optical phonon and substrate surface optical phonon coupled plasmon-phonon modes

in ML-MoS2. 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-MoS2.

The study in this thesis shows that multilayer graphene and ML-MoS2 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 MoS2; 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 potentiële toepassingen voortbrengen. In deze thesis voeren we een studie

uit naar de opto-elektronische eigenschappen van grafeen multilagen en monolaag MoS2

(ML-MoS2). Het aantal lagen en de wijze van stapeling kan de elektronische en optische

eigenschappen van grafeen bëınvloeden. ML-MoS2 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-MoS2 meer en meer beschouwd wordt

als mogelijke kandidaat voor valleitronica en spintronica. SBK in ML-MoS2 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 coëfficiënt van monolaag en multi-

laag grafeen zijn berekend en met elkaar vergeleken. De universele conductiviteit σN0 =

Nπe2/(2h) voor een N -laag grafeen systeem in het visuele deel van het spectrum is gever-

ifieerd. Voor N ≥ 3 wordt een mini bandkloof gëınduceerd 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 variëren 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-
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pen van n- en p-type ML-MoS2. 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 variëren. Deze studie zorgt voor een theoretische basis voor de toepassing van ML-

MoS2 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-MoS2 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 bëınvloeden.

(4) We onderzoeken de dynamische dielektrische functie en plasmonen in ML-MoS2

binnen de WFB met en zonder circulair gepolariseerd licht. De plasmonen van het multi-

component ML-MoS2 systeem zijn berekend met een model van massieve Dirac Fermionen

en een twee-dimensionaal parabolisch band model. De geladen plasmon tak in ML-

MoS2 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-MoS2 systemen. Deze studie legt verder ook het fysische karakter

bloot van verschillende plasmon modi in ML-MoS2 systemen.

(5) We beschouwen een ML-MoS2 laag geplaatst op een SiO2 wafer. We berekenen

de intrinsieke optische fononen en de substraatafhankelijke oppervlakte optische fonen die

gekoppeld zijn aan plasmon-fonon modi in ML-MoS2. 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-MoS2.

Het onderzoek in deze thesis toont aan dat grafeen multilagen en ML-MoS2 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 MoS2; Rashba Spin-lane coupling; optische

conductiviteit; plasmonen
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á�´<a?1)�¹ÄÚ)¹�Ä:§á�Æ�uÐé<a)�å�JpÚ�

¬�uÐå�
Ã�Ô'�íÄ�^"  #Eâ´3Äu#á�uy�cJe�)

�"#á�Ú#ì�(�ïÄ�Øä?ÚÚuÐ´íÄ��<a�¬Øä?Ú�Ä

å"và�ÔnÆ�ïÄK´íÄ��á�+�ØäuÐ?Ú¿&ÄÙÔnÅ�9

Sº�Ä:"

và�ÔnÆ´8cÔnÆuÐ���Æ�©|��[1]§´Äu�NÔnÆ[2] Ú

��NÔnÆ�Æ�uÐå5¿�Ù§Æ�XzÆ!á�Æ!B��ÆEâ�Æ�+

�u)���£ã�fÚ©fºÝá�>fU�(�9�«Ôn5���Æ�"3

L��A�cp§và�ÔnÆ�uÐ¤�5�¤Jr?
�¬�C�¿¦<a�)

¹�ªu)
�UE/�Cz"3X8F~^���«p�E>f�¬XO�Å!Ã

ÅÚ>³�ÑlØmvà�+�Øä�M#Úâ»"ØØ´3�8�´�5§và�

ÔnÆÑ´�Lk]Ô5Ú�äk�¬)�íÄå�+�"�3I[ÔÑþ§\�

éù�+��Ý\Ú\rù�Æ��uÐU4��r?·I3p�EÚó§Eâ�¡

�uÐ§¿�U3ò5�IS¿�¥Ó++k/ "

3 20V¥�§��N�Æ�ïÄ�,�M§Ù¥���B´ p-n(Ú¬N+

�u²"Äu p-n(�>f��X8Ñy3<�F~)¹¥���¡¡"3 1947c

{IÔnÆ[n¶!��4ÚÙ.îu²�¬N+ (�ã 1.1)§¿u 1956c¼�ì�

�ÔnÆø§K´ 20 V����E¤Ò��" ¯¤±�§y��EUC<�)

ã 1.1: n¶���4!Ù.îu²�Ä�¬N+�E�¬

1
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ã 1.2: CPU ¥¬N+êþ��m�Cz'X±9��½n�[Ü

¹�ª���¤ÒÒ´Äu¬N+8¤z�¡��)"3C 40cp§O�Ål �

�ã.ÅìC¤X8<�F~)¹¥7Ø���óä§Ó�&EÏLpé���×�

�DÂ"�dÓ�§^�EâÚõxNEâ�ØäuÐ�´LXz�<�F~)¹"

3ùA�c�uÐ�¥§��½n��·^uO�Å¥
?nì (Central Processing

Unit; CPU) �uÐ5Æ"50cc§=A�úi (Intel Corp.) �M©<��{� · �
� (Gordon Moore)éO�Å�¡�uÐJÑýóµ3ü d�ØC��ÿ§7�¡�

O�?n5Uòz� 18−24��B¬���[3]"ã 1.2�Ñ
C 40c��mpO�Å

¥
?nì¥¬N+êþ��m�Cz'XÚ��½n��[Ü"��½n���

�«
��N&E�E��×�uÐ�5Æ"

,�X�m�í£§<�uy��½n¿ØUÃ�Ï�A^u8cÄu7á�

���N�¡�E"Ï�ÉÔn5Æ���§�¬N+�º���v
���ÿ§�

�>6�¬N+�>4 (transistor gate)±9¬N+��z»4 (gate oxide)�m�å

lò¬�~�C"Ïd§¬N+¥òu)>f¤£y� (electrons drift)"XJ�)


ù«�¹§¬N+3ó�L§¥ò¬����5"ïÄL²§DÚ�7Ä¬N+�º

�Ã{�u 5 B�"8c½¡þpà�¡¥¬N+�ó²®²��
 14 B�"Ï

2
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ã 1.3: 7á�zÔ��N|�A¬N+ (MOSFETs) �ì�(�«¿ã[6]"�>Ø¤�)�>

³UC
�.�¥�16fßÝÏdU
��4Ú¦4�m�>6

§��½n¤ý«�O�3�5��Ac��ò��´¶"�
íÄ>f&E+�

�Øä?Ú�M#§<�òA�c�òY��½Æ�Ï"M÷3Äu#á��k?¬

N+ì�þ"

1.1 DDDÚÚÚ������>>>fffííí

��>fí (two dimensional electron gas; 2DEG)�ù�Vg´d Fowler§Fang§

HowardÚ Stiles3 1966cÄgJÑ�[4]"��´�á�¥>fU3 x-y²¡þ?1$

Ä3 z��þÉ���³|����¹e>fAÏ1��Ôn�.þ�½Â"Ó�§

éu p-.�,á�¥äkaq1���ÇK�¡����ÇíN (two dimensional hole

gas; 2DHG)"Ï~5`§3��NÉ�!!��N�¬�¥Ú�±L¡�>f�±L

yÑO��>fí�1�[5]"

�~����>fí´7á�zÔ��N|�A¬N+ (metal oxide semiconduc-

tor filed effect transistor; MOSFETs) ¥�>f�"ã 1.3 �Ñ
 MOSFETs ì��(

�«¿ã[6]"lã 1.3¥�±w�§�¬N+ó�3�.�ª�§�z>4�e¡�>

f���3��N-�zÔ�.¡�.�§ÏU�~Ð�Óâ3�½�U?þ"Cq

�5w§�k�$�U?�>fÓâ§Ï>f3R���þ�$Ä�±��Ñ"�

dÓ�§>fU
3²1.¡Sgd$Ä§Ïd´O���XÚ"

Ù§¢y��>fí��{Xp>f[£Ç¬N+ (high electron mobility transis-

tors; HEMTs) ÚÝ/þf²"HEMTs´|^ü«��Ná��É�(5ò>f�½

3n�.þf²¥"HEMTs¥�Û��>fULyÑ' MOSFETs�p�[£Ç"d

ü«ØÓB�°Ýá�|¤��C�m(��É�(.¡U
ò>f�½3Ý/�þ

f²¥"ÀJØÓ�á�ÚÜ7�¤©�±gd����>fí¥�16fßÝ"�

�Ve��p��NÔnÆ�%ÇuÐé·�&¢ÚïÄ$�>fíXÚ�Uå�

ÃãkXã��K�"
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ã 1.4: GaAs-GaAlAs þf²�(�«¿ã[6]"(a) R�u²¡ z ���þfzU?ÚÅ¼ê"

(b) >fU?�Uþ�²¡Å¥�Cz'X"3«~¥=k�$�f��>fÓâ

8c®²U
¤õ��Äu Si Ú GaAs �p�þþf²§Ù¥16f3���

m���$Ä´þfz�"ã 1.4 �Ñ
þf²�(�«¿ã"3�{ü��¹e§

du��ÄÙ¥�>f½�Ç3þf² (x-y) ²¡þ�$Ä§ÏLyÑgdþf

âf�A5"Ï§XÚ¥�U?d (x-y) ²¡þ�Å¥ k‖ L«§Ó� z ��þd

lÑ�ê j = 1, 2 · · · L«"Xã 1.4 ¤«§þf²¥���U?Ìd�X�kXØ

Ó j �ê���fU�|¤"�âÄ��þfåÆ�n§f�U?�.àkXUþ'

X Ej = ~2j2/(2ma2)Ù¥ a´þf²�°Ý"� av
���ÿ§�±¦�ü��$

fU��m�Uþmå'²¡S$Ä�ÄU��õ"3ù«�¹e§�k�$�f�

�>fÓâ¿�§��>fUþ��ûu��Å¥ k‖"duXÚ¥�>fvkv
�

Uþ-u��p�f�þ§ÏÏLþf²�±k��¢y��>fí"

��>fíÓ��±3�±�L¡��">f�±3�±�L¡gd£Ä§Ó�

k����� 1 eV�³^{�>f��±SÜ*Ñ"3ù«�¹e§�±��«�>

Ö�Ý3 109 cm−2 þ?���>fíXÚ[6]"

1982c§F�ÔnÆ[ T. AndoéDÚ��>fí�ïÄyG9Ù>f5��


XÚ5�o([5]"

1.2 ###...������>>>fffíííááá���

�X 2004c�$L�·5�uy[7]§ü�f���á�¤ä��ÕAÔn5�-

å
<�é#.��ü�f�á�&¢�Ã¦9�"�DÚ��>fíá�I�AÏ

��{Úá�(�¦�3 z���)�������³5½¦16f3��²¡S$

ÄØÓ§#.��>fíá�Ï~´dü�f�½ö�ê�fê�÷X²¡Ðm��

�á�"du²¡�Gá�U,�(�§Ù3²¡	��í½Ù§ý�Ná���>

¦�á���äk��>fíá��ÔnA5¿�ÙU�(��ÔnA5É�á�|

¤��!�fü�(��K��~�§¦�ùaá�äk2,�uÐ�m"
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energy storage. �ese �ndings have led to the 
search for other two-dimensional materials. 
Advances in synthesis have allowed larger and 
larger quantities of graphene to be grown and 

investment has been provided. (�e European 

©
 B
U
M
B
A
S
O
R
/
IS
T
O
C
K
/
T
H
IN
K
ST
O
C
K

ã 1.5: �$L¬N��f(�«¿ã

g�$L�uy��§Ù§#.�ü�f���>fíá�X7L (silicene)[8]§

÷L (germanene)[9]§âL (stanene)[10]§LÞ7á1zÔ (transitional metal dichalco-

genides; TMDCs)[11]§Ú�$L-LÞ7á1zÔEÜ(�[12] �á���Uuy��#

.��>fíá�ù�[xOV
�õ#�¤
§¿�ÍX<�3#á��²�eé

e��p5U>fì�!1Æì�Ú1>fì�?1ïÄ"

1.2.1 ���$$$LLL���uuuyyy999ÙÙÙ���555���

�$L´d%�f;��ü�3��8�·�¬�¥�ü�%�f� (Xã 1.5

¤«)"�$L´�ïÙ§�Ý%á�X"��LVL!��%B�+±9n��

$�Ä:(�"nØþé�$L�ïÄ®²?1
� 70 c[13–15]"@3 80 õcc§

LandauÚ Peierls @�î����¬Ná�du9åÆ�Ø½5Ï´Ø�3

�[16, 17]"ù�*:�5q� Mermin¤ÿÐ[18]§¿��þ¢�uy¤|±"3���

��ã�mS§ü�f����á��@�´Ø�3�"�� 2004c K. S. Novoselov

Ú A. K. Geim¤õ���Ñü��$L[7]§¿Ïd�#Ñ��z¼� 2010c�ì�

�ÔnÆø"

1.2.1.1 ;;;åååPPP{{{eee���$$$LLL���>>>fff(((���

Xã 1.6¤«§�$L¥�%�fü�38�¬X(�þ"ù«(��±w�z�

��kXü�%�f�n�/¬�§Ù¬�¥þ�±�¤

a1 =

(
3a

2
,

√
3a

2

)
, a2 =

(
3a

2
,−
√

3a

2

)
, (1.1)

Ù¥%-%�f�m�må� a ≈ 1.42 Å"¬����¥�

b1 =

(
2π

3a
,
2
√

3π

3a

)
,b2 =

(
2π

3a
,−2
√

3π

3a

)
. (1.2)
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ã 1.6: �$L�·�(�¬�±9Ùp�«[19]"�ã: �$L�¬�(�§Ù¥ a1 Ú a2 ´¬�

Ä¥§Ó� δi (i=1,2,3) ´�C�¥þ"mã: �¬�(��éA�Ùp�«§Ù¥ K Ú K′ :

�).�I¤3� �

�$LÔn¥���´ü�3Ùp�«¥� K:Ú K′ :"§�3Äþ�m¥� 

�©O´

K =

(
2π

3a
,

2π

3
√

3a

)
,K′ =

(
2π

3a
,− 2π

3
√

3a

)
. (1.3)

3¢�m¥n��C�%�f�Å¥©O�

δ1 =

(
a

2
,

√
3a

2

)
, δ2 =

(
a

2
,−
√

3a

2

)
, δ3 = (−a, 0). (1.4)

XJ��Ä�$L¥�>fU��C���fa�§d��;åPM�îþ��

H = −t
∑

i,j,s

(
a†i,sbj,s + b†j,sai,s

)
, (1.5)

Ù¥ ai,s(a
†
i,s)L«3f¬� A� ri ?�« (�))��g^� s�>f§ b†j,s(bj,s)L«

3f¬� B� rj ?�) (�«)��g^� s�>f§t = 3.16 eV´�C��a�U

þ"dþª¥M�îþí�Ñ�UþÚÑ'X�[13]

E±(k) = ±t
√

1 + 4 cos2

(√
3a

2
ky

)
+ 4 cos

(
3a

2
kx

)
cos

(√
3a

2
ky

)
, (1.6)

Ù¥��KÒ©O�L¤�U?NC���Úd�"

3ã 1.7(a)¥§�Ñ
úª (1.6)¥¤�Ñ��$LU�ÚÑ'Xã"�$L3$

Uþ?�ÚÑ'X�±ÏLéúª (1.6)¥�U�(�3 K½ K′ :??1Ðm��"

�Å¥l K½ K′ :m©ÿþ�§�±���$L�$UþUÌ�[13]

E±(k) = ±~vF|k|, (1.7)

Ù¥¤��Ý vF = 3at/2 ' 1 × 106 m/s§´1�� 1/300"ã 1.7(b)¥�).�I=

´úª (1.7)¤�Ñ�¤�U?NC�$UþUÌ"
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Energy
Energy Energy

KK’

0

Conduction ban  

Vanlence band

Conduction band

V  band

Dirac point

a

b

K’

F

K

F

ã 1.7: (a) �$L¥¤�U?NC�U�(�Ú (b) 3 K :Ú K′ :�����Úd���5)

.�IÚÑ'X[20]

ü��$L�ïÄX»X¸§õ��$L�ïÄ�Ó��É'5"õ��$L�

ü��$L�wÍ�A:´31áÂþ"3x1��S§õ��$L¥zO\���

�$L�§1áÂB¬O\ 2.3% (Xã 1.8¤«)" �XEâ�uÐ§¢�þ��p�

þ!�¡È�õ��$L®²¤��U"3õ��$L¥§�~��æ÷gS� ABC

Ú ABæ÷"æ÷gS¬4��K��$L�>f(�A5[22]§Ó����K�õ�

�$L�Ù§Ôn5�"õ��$L�ïÄò¬?�Úr?�$L+��ïÄ¿|^

ã 1.8: �f��$L¬N�1ÆL�ã[21]" (A) ü��$LÚV��$L�1ÆL�ì¡"

(B) ¢�ÿþü��$L�ß�ÌXê (�%�)§n���).�-¤�f�ß�Ç (ùÚ

�) T = (1 + 0.5πα)−2 (α = e2/~c ≈ 1/137) ÚnØO��$L�ß�Ç (ùÚ�)"S�ã�Ñ


õ��$Lß�Xê�X�$L�ê�Cz§z��$LáÂ�� 2.3% �1
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Ù�ê�N�A55·Au�«A^+�"

1.2.1.2 ���$$$LLL���uuuÐÐÐyyyGGGÚÚÚAAA^̂̂cccµµµ

�$Ll 2004c�ª¡�y3ØLâ 13c�m§3dÏm§�$L�ïÄ¼

�
��uÐ"�$L�ïÄ®²l�Ä:�ÔnA5ïÄÿÐ�#á�!#Eâ�

¢SA^+�¥���¡¡"3C
c5��ï9:¥§�$L��ÓâX�Ø%

� ���"3C
c§¥I!{I!î³!F�!¸I�¯õI[Ú/«Ñé�$

L�ïÄÝ\
�þ�]7|±§Ñ�
õ�|±�üÚïÄÉ±Oy"3lcc§

.þ=k3{I�A[�.úi (X Angstron Materials, Vorbeck Materials Ú XG

Sciences�)U
)��þ��¡È�$L�"l@±�§A�[�$L�Eè�3

.��S�)§Ø=U)��¡È��$L��U�EÑó�?��¡È!p�þ

�$L��"·I��$LïÄ�,åÚ'��§�uÐ�Ý4¯§kX�©ã��

då`³"���J�´§¥I�$Ló�)�Uå�uÐ�,�M"@3 2014c�

�ÿ§�$L�Ú�$L���c�þÒ©O��
 400ëÚ 110,000 m2[23]"

3�c§Äu�$L±9�$LB�(��A^cµÌ�8¥3±eA��¡"

(1) �$L1>fÆ+�µÄu�$L�ß²ÚR5�>��§pªÇ¬N+�"

=<{ÚM�{�uÐ¦�ò�$LA^u�¡È>fì�¤��U"Chhowalla�

<[24] JÑ
�«k���{§(�þ!���/�È§ÏL���z�$L����

$L��§ÙþÝ���±lü���¡È�õ�"ÏÙ1>5��±3A�êþ

?���S?1N!§¦��$LU4ädå�A^3R5Úß²���N½�7á

þ"gl 2007cm©§�$L¬N+���ã��uÐ[25]"�-<<����´y¢


�$L MOSFETsäk 100 GHz���ªÇ§�$LB�� MOSFETsäk`É�

m'5U§±93ºÜ�>Øe�$L MOSFETs¥p� 20,000 cm2 V−1s−1 �Ï�[

£Ç"¦+8cò�$L¢SA^3Ü6�¬N+�3�
(J§ù�+��%Çu

ÐE�ÍX<�Øä�?1&¢ÚM#"

(2) �$L1fÆµ1&ÿì!1N�ìÚ�â[u)ì�"�$L3��1��

��áÂ� 2.3% �1"du�|{l�A§�$L��m�[1áÂUÉ�¤�U

?�k�N!"�$L�"�YA�¦�ÙUáÂé°ªÇ��S�1f§Xlb

	1��â[Å"ù
A5¦��$L1&ÿìkXé°�1�A«�"�$L¥�

p16f[£Ç�±¢y1)16f&Ò�¯�J�§�±#N34p��°��S

?1ö�"�c§�$L1&ÿì|^7á-�$L.¡�Û�³�Cz5Jl1)1

6f[26]"1N�ì�¡>1N�ì§§´�ålÚp�1Ï&�����'�Ü©"

1N�ì�`É5U�±ÏL|^�$LU
3�°ªã��SáÂ�þ�\�1¿

�kX�¯��A�m5��"�
¢yù�8�§�±ÏL��°Ä>Ø5N��

$L¥�m�[�1)16f"�±¢y3Cù	��SkX�L 1 GHz �$1�

Ý�°[27]"�â[Eâ�%ÇuÐ¦��â[�¤���ïÄ9:"ïÄL²ü�

8
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½õ��$L��3�¦-1�ì�e§Ù¥�1)16fU
�\�¿�)�â[

Å[28]"

(3) >f<M^�>h$µ3L���Acm�<>fÆÏL�Ep5d'�>f

>´ÚDaì�>fó���·5uÐME
Å�"=Iù�dA�Æ�ïÄ<
3

�C���ïÄó�¥��
òp>�5!pÝR5!��þÚíd��$Lh$�

<A^3�B��Ã�ÏÕ��þ[29]"

(4) Äu�$L�©l��µÏL�kB����$L�5��©l��JÆ@®

3<���m�nØ�[O�¥�Ñ"Král �[30] ÏL©fÄåÆ�[uy¹kB�

���$LkXéYÜlfpÝ�ÀJ5ÏLÇ"Jiang�[31] ÏL©fÄåÆ�y¢

kX�½�É���õ��$LUk��ò CO2 l N2 ¥©lÑ5§¿��C�¢�

uy�Î[32]"

(5) �$L3)Ô��þ�A^µ�$L¤ä���X�A5¦Ù3)ÔA^þ4

ädå"�$Läk���'L¡È!zÆ?�XÝÚ´uõUz��U¦�Ù�±

kÅ¬A^u�Ô4x"ÙÕA�åÆ5��±A^u|�ó§Ú2)�Æ"�$L

���þÝ!�>�A5Ú¤ä��rÝ�(Ü¦Ù¤�)Ô©f3ß�>º¤�¥

�n�|±Ä.[33]"Ó�zÆõUz�$L�UA^u¯��Ú�(¯Ý�ÿþì�§

¿U
&ÿ�X��)Ô©fXÄ:0!ÿ�U!Éù�xÚ NDA[34]"

(6) �$L;Uì�µ�$L�lf>³Ú�$L�?>Nì"XÛò�$LA^

u�lf>³�2��?1
ïÄ"éuDÚ�û�z�lf>³§ÙÒ4Ï~ÉX

�f�>5�(6"3>4���¥\\�$Ú%ç��U
�Ñù�¯K"äk

¡G/���$LØ=�±��k?��>W��U^�u#.Ø-�(�½öY�

.�B�EÜá�(�[35]"ù
#/�ò��>�Ç�O\§¿U
�Ï�Ñ�lf

>³$õÇ�Ý'���"�?>Nì´Äu;�Uþ�>zÆV�>N"ù«k?

ì� (��lf>³�')¤ä��`É�Ç5UÌ�´Äu·>;�>U§¿�d¹

5(á��p'L¡È�>4->)�.¡�B�>Ö©l¤û½"�$L´ù«A^

��ZÀJ§§kX�p�S�>�!�¢y�g½Â(�!ûÐ�F�z5Úp§

½5"�cÄu�$L�>zÆV�>Nì�.[36] Ú+X>Nì¥>Nþ±9Uþ

ÚõÇ�Ý�¡�ïÄ"

(7) Daì+�µ�$Lá�duäk�p�'L¡ÈÚÕA�>fA5§Xp

[£ÇÚ$>fD(§ÏU^�Daá�"¦^Äu�$L�DaìU
&ÿ�þ

���zÆÔ!)Ô©fÚíN½�ð[37]"�$LDaì���`³´§�õ��õ

UzA5"ü�ì��±�^�õ�Ý�&ÿ (~X§Aå!íN�¸!ØåÚ^|)"

lù��Ýþ5`§�$L�õõUDaì+�Jø
ÕAÅ¬"�XØäO���

pª�¤?>fì��uÐ§ù��Daì7òé�·Ü��ªA^3Nõ�¬�

¥"
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ã 1.9: ü��1z���f(�«¿ã[38]"(�ã) ºÜÀ�Ú (mã) ��ý¡À�

1.2.2 üüü���LLLÞÞÞ777ááá111zzzÔÔÔ

3�Æ Ø©�ïÄ¥§Ì�éü�LÞ7á1zÔ���ü��1z��1>

5�?1
nØþ�ïÄ"�1z� (MoS2)3�SÏLér��d�(Ü§Ù3�

���m´ÏLf�����då�(Ü�"duù���G(�A:§�1z�Ï

~�2��A^u�NdwJ!�h\�ø1xzJ!;�á�Ú�Y�>³�+�"

ü�LÞ7á1zÔkX38�¬X¥dLÞ7á�f�Y3ü�1x�f�¥m

�(�[38] (Xã 1.9¤«)"

1.2.2.1 üüü���LLLÞÞÞ777ááá111zzzÔÔÔ���>>>fff(((���

¯¤±�§duX��$Lvk�Y§Ïd^�$L�E�|�A¬N+ØUk

��?1m'N!¿kXé$�m''"�,3�$L¥�±ÏL|^B�(�!z

ÆõUzÚ�V��$L\��r>|5¢y�Y"�´ù
�{ò\�XÚ�E,

5Úü$16f[£Ç"ü��1z��ü�LÞ7á1zÔX��á�kX��

����Y (Xã 1.10¤«)§�±¤��©kcå�¬N+Ú1>ì�á�"Ó�ü

��1z��kXu�F1�UåÚé� �1��ÀJ5áÂA5[38, 39]"

NõLÞ7á1zÔ�U�(�kX�q�A5§ùQ�±ÏL1�5�nÚ;

åPCq����±ÏLØÓ�1Ì©Ûóä��"Ï~5`§MoX2 ÚWX2 zÜ

Ô´��N§ NbX2 Ú TaX2 zÜÔK´7á
[11]"3 Γ-:§��á�kXm��Y"

3ü���ÿ�YK¬£Ä� K:Ó�LyÑ���Y"�1z�¥�U�(�Ï�

êCz´Ï�þf���AÚ1�f� pz ;����f� d;��m,z�UC"

éu�1z�§�Ý�¼nØ (DFT) O�L²3 K :���>f�Ì�´d��f

10
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ã 1.10: ü��1z��U�(�[40]

þÛ�� d ;�¤�z"du��f� �3 S-Mo-S n²£�(��¥m§Ï�

�>f��é���É�mÍÜ�K�"�´§3 Γ-:NC�>f�´d1�fþ�

�� pz ;�Ú��fþ d;��|Ü�z"Ïd§��1z���êu)UC��

ÿ§3 K:NC���-f�A�´ØC��YKd Γ-:?�m��YC¤���

���Y"�X�ê�~�§¤k� MoX2 ÚWX2 zÜÔ�@�kX�q�dm��

Y������Y�=C§Ó��Y�Uþ��3 1.1-1.9 eV���S"lã 1.10¥

��±w�§ü��1z�3d�¥kX���g^-;�ÍÜ�^§¦�3d�¥�

)
���g^-;�3�"

1.2.2.2 üüü���LLLÞÞÞ777ááá111zzzÔÔÔ���AAA^̂̂cccµµµ

ü��1z�ÏÙÕA��*(�Ún!z5�l3¯õ+�Pk2,�A^

cµ"Ò3�C§�Æ[ïÄÑ
Äuü��1z�� 1 nm|�A¬N+[41]"ù?�

Ú�ÍX<�ép5U|�A¬N+�ïÄ¿���½n�òYJø
j¢��ÆÄ

:"du8cÄu7��N�B>fì���E®�CnØ4�§ü��1z�d

u¤ä��ÕA`³¦Ù4kÏ"��7¤��5�û½5��Ná�"

ü��1z���#uy�q�«��á�áÚXÃê<éÙ?1ïÄÚM#"

�c§LÞ7á1zÔ�A^cµÌ�8¥3±eA��¡"

(1) LÞ7á1zÔ>fÆµKisÚÜ�ö��
Ä�Äuü��1z��ºÜ

»4¬N+¿LyÑ4Z�>6m'' (∼ 108)Ú¿§epu 200 cm2 V−1s−1 �[£

Ç[42]"kXp0>~êºÜ»4Úü�WSe2 ¹5Ï�� p-.|�A¬N+kX 106

�m''Ú�� 250 cm2 V−1s−1 ��Ç[£Ç[43]"��LÞ7á1zÔ3CÏU¢y

��«A^��´p5UR5>fÆ"ü��1z��åÆÿÁL²§kX 30�ug
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�rÝÓ�3��cU
«É 11%�C/"ù«ÕA�5U¦��1z�¤�kX�

prÝ���Ná���¿U¤��©k|�R5�."

(2) 1>fÆµÒ31>fì��¡�A^5w§ü��1z�Ø=�A^uR5

á�!ß²>4!1&ÿì!u1�4+!�g>³!|�A¬N+!Daì�+�§

�3kÅu1�4+!>�;�+�cµ1²[44]"1>fÆì�´U�)!&ÿ!

�1p�K�½��1�>fì�"R5�Úß²�1>fì�3��U>³!�B

�>f��Úß²w«ìþC��5��"��N�>fU�(�¬��K�§�

áÂÚu�1f�Uå"éu�ü�LÞ7á1zÔùa����Y��N§�1f

�Uþpu�Y�§1fU�©B$��áÂ½öu�"duü�LÞ7á1zÔ´

���Y��NÓ�kX�f�?�þÝ§Ï3R5Úß²1>fÆþkX4äd

å�A^d�"LÞ7á1zÔ3/¥þkX´L�;þ"Ó�Ù3��1��S�

���Y¦¦�¤�����U>³¥4Z�1áÂá�"ÏLÞ7á1zÔ31

Ï>fÆÚ1&ÿì¥�±��Nõ�A^">�u1Ú1F1´u1>fÆA^¥

�ü«�Å�"ü�LÞ7á1zÔduäk���YÏ�±��u1�A^u

u1ì�¥"

(3) '���´§ü�LÞ1zÔá�duÙÕA�g^Ú�A5§¦Ù¤�U

A^ug^>fÆÚ�>fÆ�n�á�[38, 39]"

3�5Ac¥§ü��1z��ïÄ�í?I�?�ÚJp)��5�Ú���

p�þ�¬�ó²"�X�¬)�Eâ�ØäJp§�5�õ�<ò?\ù�-<,

¯�ïÄ+�"

1.3 ���âââ[[[111ÌÌÌÆÆÆ

�â[Ë� (Terahertz, THz, 1 THz=1012 Hz∼1 ps∼300 µm∼ 4.1 meV)´ªÇ�

�3�ÅÚù	�ml 0.1 THz� 10 THz«��>^Ë�Å">^Å¥ªÇ!Å�Ú

Uþ�m���'X�

ν =
ω

2π
=
c

λ
, λ =

2π~c
E

.

�â[Å��¡� T��§3>^ÅÌ¥kX�©��/ "�â[ªã1U


Bß�Ü!7á9Ù¦��ÔN�§Ïd�~·^uS�uÿ�¡�A^"�â[

Å?u>fÆÚ1fÆïÄ�LÞ«�"·��,wØ��â[Å§�´·��±a

ÉÙD4�9þÏ�§Ú�ù	Ë�?3�C��1Ì«�"g,�)��â[Ë�

¿÷·�F~)¹���¡¡"�´§3�â[Åãù�+�E´·���
)�>

^ÅÌ"ù´Ï�8c3k��ÚB$��â[Ë�Ú&ÿìþE,�3EâJK"

ù�+��EâJK��
¤¡��/�â[�Y0 (Xã 1.11 ¥�>^ÅÌ¤«)"

8c§�â[Eâ�?u��uÐ��Ï[45]"2004c{I Technology Review,�ò

�â[Eâ��UC�5.���Eâ��"F�u 2005cò�â[��/I[|

Î��:ÔÑ8I0Ä "
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ã 1.11: >^ÅÌÚ�â[�Y[46]

�â[Eâ�uÐÌ�8¥3�â[Ë�±9�â[&ÿì[47]"�â[Ë�

Ì��)±eA«"(1) gd>f-1ì (free-electron lasers; FELs)§FELsÏL\�

>f5¢y�â[-1Ë�"\�>f3^|e�±Ï5�$Ä§�>f��Ý�C

1��§>f3âÔ[å��^eÏLguË��)�â[Ë�"(2) íN-1ì§í

N-1ì��n�ÏL��z%-1ì?11"Ë¿3©f�Ä½=ÄU?�m/¤

âfê�=Ï�)É-Ë��â[1"(3) ý�>fÆ�â[§£^+´Äu>f

3^|¥£^��É-Ë���nó�3Î�9�â[Åã�;.ý�>fÆì�"

(4) �â[��Nþf?é-1ì (quantum cascade laser; QCL)§QCL´�k>fë

��ü4.-1ì§Ù¥>flpUþ��[�$U?�¿��Xu��â[1f"

(5) 1>��â[§��¦-1ì�3>4�m�1>�á��§1)16f3>

|�°Äe�\�Ó��)�â[óÀ"(6) ��Å��ì (backward wave oscillator;

BWO)§�¡�Å+§d>flu��>få3^|�åeÏL7á1»úÅ(��§

>f�~�¿�)�â[Ë�"du>f$Ä��Ú�)��â[Ë���§Ïd

�¡��Å+"(7) ñ¼��ì§|^K�©>{�A (negative differential resistance;

NDR)5�)�â[Å"

�â[Å�&ÿ�{Ì��)XeA«"(1) Fp�C�1Ì¤§Ù�n´Äuò

��ÖZ�¤§�±ÿþù	��â[��é°�ªÌ��"(2) �â[��1Ì§´

�«k���â[&ÿ�{"3�â[Ë�&ÿ¥§ò�¦-1©¤üå§�å��

�â[Ë�§,	�å��ëì"��â[Åì�3�¬þ�§á�S×��)>

f-�Çé¿/¤�'u�â[óÀ>|�1>6"ÏLUC&ÿ1å��mò´B�

13
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±���â[Ë�>|��m�Cz"(3) 	�ª&ÿ{§	�ª&ÿ{�±&ÿ>|

��Ì!� ÚªÇ�&Ò§äkÀÃ5Ð!�OUåû!&D'�ÚSÜD($�

A:";.�	�ª&ÿìk���â[&ÿìÚ9>fË�ì"(4) �â[��Nþ

f²&ÿì (quantum-well photodetector§QWP)§|^ GaAs/AlGaAs þf:Ú7á

ü>f¬N+�ÍÜ¦�áÂ��1f¬k�þ�>fÏLþf:§Ï���O\


&ÿ(¯Ý"�Xá�)�EâÚì�ó²�Jp�â[ QWPì��uÐò?�

Ú��íÄ"

8c�â[�ïÄØ==8¥3�â[Ú&ÿEâ§Ó�<�®²ò�â[E

â�ïÄ8¥3p�Ï&!1f1ÌÆ!�â[¤�!�â[SuÚ�Æ�ä�+�

p"�â[ïÄ�,åòØä\r<�é�â[+��@�¿?�Úrzé�â[Å

�|^"

1.4 ggg^̂̂-;;;���ÍÍÍÜÜÜ���ppp���^̂̂

g^>fÆ´ïÄXÛö�Ú|^ì�¥>f�g^gdÝ"§�uÐå©

u 1988 c Fert Ú Gruenberg �g©Ouy�ã^{�A (giant magneto-resistive§

GMR)[48, 49]"C
c5g^>fÆ���uÐ§¦�g^-;�ÍÜ�A�5�5

É�<��'5"g^-;�ÍÜJø
�«#���>fg^gdÝ��{§Úå


�«#Û��'Ôny�§Xg^¿��A!g^|�A¬N+�"DattaÚ Das

3 20 V"JÑ�Äu>|N�g^-;�ÍÜ�g^|�A¬N+[50] ¦� Rashba

g^-;�ÍÜ�A3>|N�g^þfì�¥Ók�©��/ "

g^-;�3�´�á�NX¥M�îþ¥Ñy��5�§Ï~d»�(��ü

é¡ (structure inversion asymmetry, SIA) � Rashba �AÚ»�¬N�üé¡ (bulk

inversion asymmetry, BIA)� Dresselhaus�A¤��[51]"

g^-;�ÍÜ´�«�éØ�A§�â�éØ�n§3á�¥>f�Uþ¬Ï�

g^-;�ÍÜ��^�)?�">f3$ÄL§¥§Ùg^¬aÉ�$Ä>|¤�

)�aA^|§Ï¬�)���	g^-;��^M�îþ�"ÏL Dirac�§�±

��[52]

HSO = − ~
4m2c2

[∇V (r)× p] · σ̂, (1.8)

Ù¥ m´>fk��þ§p = −i~∇´Äþ�Î§σ̂ = (σ̂x, σ̂y, σ̂z)´�|g^Ý
"

1.4.1 Rashba ggg^̂̂-;;;���ÍÍÍÜÜÜ

E. I. RashbaÄkÚ\
 Rashbag^-;�ÍÜ�p�^Å�[53]"3g^|�A¬

N+¥§¥m��±w�´��>fí"3TXÚ¥� Rashbag^-;�ÍÜM�î

þ�±��

HR(k) = αR(σ̂xky − σ̂ykx), (1.9)
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k x

k yE(k)

ã 1.12: Rashba g^-;�ÍÜe�g^3�U�(�«¿ã[52]"Ù¥�ÞL«ØÓg^��g

^��

Ù¥ αR ´ Rashbag^-;�ÍÜëê§��>|k'ÏUÏL��R�u��²¡

��>Ø5?1N�"3gd��>fí¥§�	\þ Rashbag^-;�ÍÜ�^�§

�±��Uþ���

Es(k) =
~2k2

2m
+ sαRk, (1.10)

±9éA���Å¼ê

ψs(k) =
1√
2

(
1

−iseiθ

)
eik·r, (1.11)

Ù¥ θ´ kÚ x¶�m�Y�§Ó�XÚ�g^���

〈σ̂〉k = 〈ψs(k)|σ̂|ψs(k)〉 = (−s sin θ, s cos θ, 0). (1.12)

Xã 1.12 ¤«§3 Rashba �Ae>f�g^{¿��m"�âg^�ê s �±½Â

g^�þÚ�e�ü|Uþ©�f�"�âúª (1.12)�±w�3 Rashbag^-;�

ÍÜeg^©�U��g^��´3��²¡S�¿�R�uÅ¥���§�ØÓg

^3�f�kX���g^��"

1.4.2 Dressalhaus ggg^̂̂-;;;���ÍÍÍÜÜÜ

G. Dresselhaus XÚ�ïÄ
 Dresselhaus g^-;�ÍÜÅ�[54]"�Ü©��N

ÑäkØä�N�üé¡�ð ¶¬�(�½öY ¶¬�(�"ù«N�üØé

¡5¬����¥u)g^3�"3ù«�¹e§o�M�îþ¥¬Ñy���	

� Dresselhausg^-;�ÍÜ�"3��NX¥§Dresselhausg^-;�ÍÜM�îþ

Ï~��

HD(k) = αD(σ̂yky − σ̂xkx), (1.13)
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yk

0

E−

E+

xk0

 

 

 

 

 

 

 

 

ã 1.13: 3�k Dressalhaus g^-;�ÍÜ�^e��>fí3�½Uþ��¡þØÓg^�þ

�g^��[52]

3gd��>fí¥§�	\þ Dressalhaus g^-;�ÍÜ�^�§�±��Uþ�

��

Es(k) =
~2k2

2m
+ sαDk, (1.14)

±9éA���Å¼ê

ψs(k) =
1√
2

(
1

−se−iθ

)
eik·r. (1.15)

Ó�XÚ�g^���

〈σ̂〉k = 〈ψs(k)|σ̂|ψs(k)〉 = (−s cos θ, s sin θ, 0). (1.16)

ÏLúª (1.14) �±uy§3�k Dresselhaus g^-;�ÍÜ�^e�gd��>f

íkX��k Rashbag^-;�ÍÜ�^e�Ó�UþÚÑ'X"�´ÏLúª (1.16)

�±w�§ü�XÚ¥�g^��g^��kXé��ØÓ (Xã 1.13¤«)"

1.5 ���lll---���111fffÆÆÆ

�l-� (plasmon) ´�lf���þf"Ò�(f´¬�åÆ�Ä�þfz�

Ô§�l-��±�w�´�lf���Oâf"�l-�´gd>fí�8N�Ý

��"31ª«�§�l-��±Ú1fu)ÍÜl�),�«Oâf: �l4z

-� (plasmon polariton)"L¡�l-� (surface plasmon; SP) K´�Û�3á�L

¡����l-�§§�1u)ÍÜ��¬�)L¡�l4z-� (surface plasmon

polariton; SPP)"

��l-��'�y��m©dWood3 1902c��[55]§¦uyû�1»1Ì¥

�1�3Øþ!�©Ù§�´vkéù�WoodÉ~y��ÑÜn�)º"3�� 40
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c��§Fano[56] 3 1941 cnØþ�«
Wood É~´d37á.L¡Ømä�-u

äk����Äþ� Sommerfeld .�>^Å¤���§ù´ØU� Rayleigh Cq

nØ¤£ã�"Ritchie[57] 3 1957 ¢�þ*ÿ�pU>fBL7á�¡��)
Uþ

��áÂ¿JÑ
7áSÜ>f�Ýp�ÅÄ�7á�lfNVg§¿×�� Powell

Ú Swan3¢�þ¤y¢[58]"3 1960c§SternÚ Farrellé¢y7áL¡>^Å�ª

���^�?1
ïÄ¿JÑL¡�l-����Vg[59]"Otto[60] Ú Kretschmann[61]

æ^P~�����{�g¢y
3��1«��L¡�l-��-u"l���

����'u�l-�y��nØÒïáå5
"�XCc5á�ÆÚì�(�ó²

�ØäuÐ§�5�õ�Ú�l-��'�ÛÉ¢�y���)r?
��#�+�

�uÐ§ùB´�l-�1fÆ (plasmonics)"

�l-�1fÆ���B1fÆ¥����§´8c%ÇuÐ�4äcµ�ï

Ä+���[62]"�l-�1fÆÌ�´ïÄ1Å�þ?�>^|±97á.¡½�B

7á(�¥>^ÅÚgd>f��p�^�)�ÛÉ1ÆA5§ù«ÕA��p�^

ò��æÅ�º��1ÆC|Or�A§�)1�É~ß�!OráÂ�"�l-�

1fÆ3p�Ýêâ�;!�©E¤�!�©EÇB�1�!1O�!��U>³!

)ÔDaì±9Kò�á���¡kX��A^cµ[63]"8cÄu�$L��l-

�1fÆ��
�v�uÐ[64, 65]§���'�#.��>fíá��l-�A5�

��·�?�Ú�ïÄ"

1.6 ���ØØØ©©©���MMM###555!!!ïïïÄÄÄ¿¿¿ÂÂÂÚÚÚïïïÄÄÄSSSNNN

�Æ Ø©¥�ïÄÌ�ávuCc5#,uÐå5�#.��>fíá��$

LÚü��1z�"g 2004c�$L�uy±5§&¢�f�?���á�¤�8c

á�+�ïÄ¥���©��ïÄ��"ü�LÞ7á1zÔ´�a�~;.��

��Y��Ná�"éùü«á��ïÄ¢y
lÃ�þ).�-¤�f�k�þ).

�-¤�fïÄ�CX"éá�1>A5�nØïÄU&ÄÚýÿá�31Æ!1>f

Æì�þ�A^cµ"�$Lá�duäkÃ�Y½����Y(�¦�Ù3$ªÇ

«�kX�©AÏ�1�AA5"ü��1z�dug^-;�ÍÜ��^¦�Ù3

$ªÇ��S�kX�*�1áÂ�A"��>fíá�kX(Æ��l-��ªÏ

Ù�l-���ªÇ�±3�°�ªÌ��SÉ�16fßÝ�N�"ïÄ�$L

á�Úü�LÞ7á1zÔ�1áÂA5±9�l-�A5U�ùü«á�31ÆÚ

1>fÆþ�A^�enØÄ:"

8c§éõ��$LXÚ1>5��ïÄ®²'���§cÙNy3é1>��

O�þ"3éõó�¥§õ��$L�>f(�Ú1>A5®�<�¤ïÄ"�´8
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111���ÙÙÙ ïïïÄÄÄ���{{{ÚÚÚÄÄÄ���nnnØØØ

3O�á�XÚ�1>��§��Ì�kü«�{"�«´|^¤��7½n

Ú�²;À�[ù�§¤�Ñ�²ï�§{§,�«´ÏL�5�AnØ���È

�úª (Kubo formula)"Ï~5`ùü«�{¤���(J´���"3nØïÄ

XÚ�8N-u�A�§Ï~æ^�5�AnØµeeÃ5K�Cq (random phase

approximation; RPA)e�0>¼ê5O��l-�!±9XÚéUþ�áÂ�",	

��±ÏL¦)ð�d��§|[62] ��{5O�XÚ��l-�ÚÑ'X"ù«�{

Ï~^uO�äkE,(��á�XÚ"3O���XÚ��l-�A5�§Ï~

·�æ^¦) RPA0>¼ê��{"3ù�Ù¥§Ì�0�
�Ø©¥¤æ^�O�

1>�Ú�l-��ª�nØÄ:"

2.1 ���²²²;;;ÀÀÀ���[[[ùùù���§§§999²²²ïïï���§§§{{{

2.1.1 ÀÀÀ���[[[ùùù���§§§

À�[ù�§ (Boltzmann transport equation) ´d´��F·À�[ùu 1872 c

JÑ���£ã�9åÆ²ïG��9åÆXÚÚO1�� �©�§"

39åÆ²ïe§>fÓâU? E(k)�VÇd¤�-).�©Ù¼ê�Ñ[66]

f(k) =
1

e(E(k)−µ)/kBT + 1
, (2.1)

Ù¥ T ´XÚ�§Ý!µ´XÚ¥>f�zÆ³!kB ´À�[ù~ê"¤�-).�©

Ù¼ê��±�¤Uþ©Ù�/ª f(E(k))"

�	|�6�^3�¬þ��ÿ (>|§^|§½ö§Ý|)§>f�©ÙlÙ

²ïG�e�¤�-).�¼ê©ÙG�þ�6Ä"Ï~þ½Â6Ä��©Ù¼ê

� f(r,k, t)§§Ø
�ûu>fÅ¥ k§Ó���ûu>f��m�I rÚ�m t"Ï

LU�¥16f��²;ÄåÆ§��3�m t? (r,k):�>f3�m t+ dt�$Ä

� (r + vkdt,k + Fdt/~):?§Ó�k

vk =
1

~
∂E(k)

∂k
;
~k
dt

= F, (2.2)

Ù¥ FL«	|�^316fþ�å"3$ÄL§¥§-EL§�UE¤3��m¥

>fêþCz�À�Ç [∂f/∂t]coll"�â Liouville½n§�±��Xe�©Ù¼ê

f(r + vkdt,k + (F/~)dt, t+ dt) ≡ f(r,k, t) +

[
∂f

∂t

]

coll

dt. (2.3)
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éþª��>Ü©��?�V?êÐm§�±��À�[ùÑ$�§[1, 66]

∂f

∂r
· v +

∂f

∂k
· F
~

+
∂f

∂t
=

[
∂f

∂t

]

coll

, (2.4)

Ù¥ ∂f/∂rÚ ∂f/∂k ©OL« ∇rf Ú ∇kf"

Ñ$nØ¥��'���¡´-E�"� f l9²ï©Ù f0 � £é���ÿ§

Ï~�±b�d-E¤�� f �UCÇ�'u £���

[
∂f

∂t

]

coll

= −f − f0

τ
, (2.5)

Ù¥ τ ´'ÇXê¿�¡�µþ�m"��5` τ = τ(k, r) �ûuUþ E(k) Ú 

� r§Ï~�w�´���²��ëê"3UþµþCq¥§úª (2.4)�±�¤

∂f

∂r
· v +

∂f

∂k
· F
~

+
∂f

∂t
= −f − f0

τ
. (2.6)

2.1.2 ¤¤¤������777½½½ÆÆÆ

�Ä��±Ï5�>fXÚ§üâf�M�þ� H0(k), >fXÚ�Uþ���

Ú��Å¼ê©O� ψλ(k) Ú Eλ(k)§Ù¥ λ ´U��êL«��Úd�"�XÚ

3	\�>^|¥§XÚ�M�þ�±lÃ	|e�M�þ H0 ÏLòÄþ ~k O�
� ~k + eA(t)��§Ù¥ A(t)´1|�¥³"3¥Õ5�e§3	\>^|¥XÚ�

M�îþ�±��

H(k) = H0(k + eA(t)/~). (2.7)

3f	\>^|�6��^e§Ï~�±�Ñþª¥��5�>^|pg�"�Äî

Å²¡>^Å�ªÇ� ω§>^|�¥³�

A(t) = A0e
−iωt + A0e

iωt, (2.8)

Ù¥ A0 = E0/ω§E0 ´1|�>|rÝ"M�îþ¥��6��±��

H ′(t) = H ′(e−iωt + eiωt), (2.9)

Ù¥ H ′ ´�K A(t)�pg��¹��6��Ø¹�Xê"ÏL¤��7½Æ§�±

��>fl |λ,k〉�ÏL>f-1f�p�^Ñ�� |λ′,k′〉��>f�[VÇ�[67, 68]

W∓
λλ′(k,k

′) =
2π

~
|〈λ′,k′|H ′|λ,k〉|2δ(Eλ′(k′)− Eλ(k)∓ ~ω), (2.10)

Ù¥ delta¼ê¥� ∓©O�LáÂ/u���Uþ� ~ω �1f"
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2.1.3 111>>>������UUUþþþ²²²ïïï���§§§

3	\>^|��^e§¤�-).�©Ù¼ê��mÃ'�>fÉ�	|��^

®²3-E�¥�Ä"3��Ä1áÂ��¹e§úª (2.4)¥�À�[ù�§�±�

�

∂fλ
∂t

=

[
∂fλ
∂t

]

coll

=
∑

λ′,k′

[W−
λ′λ(k

′,k)fλ′(k
′)(1− fλ(k))

−W−
λλ′(k,k

′)fλ(k)(1− fλ′(k′))], (2.11)

éþªü>¦± gs
∑

λ,kEλ(k)�±��áÂ1f�UþáÂõÇ

P− =gs
∑

λ,λ′

∑

k,k′

[Eλ′(k
′)− Eλ(k)]W−

λλ′(k,k
′)fλ(k)(1− fλ′(k′))

=gs~ω
∑

λ,λ′

∑

k,k′

W−
λλ′(k,k

′)fλ(k)(1− fλ′(k′)), (2.12)

Ù¥ gs ´g^{¿�ê"dUþáÂõÇÚ>|rÝ�'X
[66, 69, 70] �±��1>�

σ(ω) = P−(ω)/(2E2
0). (2.13)

ù��ÿ�1>��±��

σ(ω) =
gs~ω
2E2

0

∑

λ,λ′

∑

k,k′

W−
λλ′(k,k

′)fλ(Eλ(k))[1− fλ′(Eλ′(k′))]. (2.14)

Ù¥ fλ(Eλ(k)) = (e(Eλ(k)−µλ)/kBT +1)−1 ���½d�¥�¤�-).�©Ù¼ê§µλ �

XÚ¥>f½�Ç�zÆ³"

XJÓ��ÄXÚ3	\>^|¥�1fu�§�§ (2.11)¥AT\þ1fu�

���

∂fλ
∂t

=
∑

λ′,k′

[W−
λ′λ(k

′,k)fλ′(k
′)(1− fλ(k))−W−

λλ′(k,k
′)fλ(k)(1− fλ′(k′))

+W+
λ′λ(k

′,k)fλ′(k
′)(1− fλ(k))−W+

λλ′(k,k
′)fλ(k)(1− fλ′(k′))]. (2.15)

ÏL'XW−
λλ′(k,k

′) = W+
λ′λ(k

′,k)§o�UþáÂõÇ�±��

P = P− + P+ =gs~ω
∑

λ,λ′

∑

k,k′

W−
λλ′(k,k

′)(fλ(k)− fλ′(k′)), (2.16)

Ó�1>��±��

σ(ω) =
gs~ω
2E2

0

∑

λ,λ′

∑

k,k′

W−
λλ′(k,k

′)[fλ(Eλ(k))− fλ′(Eλ′(k′))]. (2.17)
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duguË��Ï~´�~��§úª (2.17) Úúª (2.14) Ï~´�d�"ùpI

��Ñ�´§3O���Ø�Ä1)16f�X>f½�ÇXÚ§�±?¿¦^ú

ª (2.14)½úª (2.17)¿�K¤�-).�©Ù¼ê�e�IÚ�¦^��XÚ>f�

¤�-).�©Ù¼ê"XJ3O��L§¥�Ä1)16f�ßÝ§KXÚ¥Ó��

3>fÚ�Çü«16f"��Úd�¥>f�¤�-).�©Ù©OÄu��¥>f

�zÆ³Úd�¥�Ç�zÆ³5©O£ã"3�½�1)16fßÝe§Ï~AØ

�ÄguË��¿¦^úª (2.14)?11>��O�"XJ¦^úª (2.17)§K3O�

L§¥¬Ñy1fUþ�16fßÝ�Ø��§3O�L§¥1>�¬Ñy���K

��¹"

XJ�¡��Ä1)16f�ßÝÚË�|�ªÇÚrÝ§�±Cq�ÏL��

�½�µþ�m¿¦^UþµþCq5£ã1)16f�ÏL>f-(f!>f-1f�

�p�^�µþL§"3d�§XeÀ�[ùÑ$�§�m>ò�)ü�Ü©¿k

∂fλ
∂t

=
∑

λ′,k′

[W−
λ′λ(k

′,k) +W−
λλ′(k,k

′)](fλ′(k
′)− fλ(k))− fλ(k)− fλ0(k)

τ
, (2.18)

þªm>1���1)16f�)ÇÚ1���1)16fµþÑ�Ç"3XÚ��

½�O²ï��§��S�[é��Úd�S�16fêØ��z§éþªü>¦

± gs
∑

k§²L�n��±��

∂ne
∂t

=
∂nh
∂t

=gs
∑

k,k′

W−
−+(k,k′)[f−(k)− f+(k′)]− ∆n

τ
= 0. (2.19)

ÏLþª§�±��Ë�|�rÝÚªÇ�1)16fßÝ�'X"��XÚ>fÚ

�Ç�ßÝ�'X�

ne/h = n0
e/h + ∆n. (2.20)

,�ÏL16fÅð½n

ne/h =
1

(2π)2

∑

s

∫
dk2δλ,−1 + λ[e(Eλ(k)−µλ)/kBT + 1]−1, (2.21)

�±��16fßÝÚ>f/�ÇzÆ³�'X"òúª (2.19)Úúª (2.21)éá?1

gU¦)§B���1)16fßÝ"úª (2.19)¥m>�1�Ü©´1)16f�

�)�Ç§Ï¦±z�1)16f�)�áÂ�Uþ ~ω �B´XÚ�1áÂõÇ"
u´�m�[¤�z�1>��

σ(ω) =
gs~ω
2E2

0

∑

k,k′

W−
−+(k,k′)[f−(E−(k))− f+(E+(k′))]. (2.22)

þª�(J�úª (2.17)¥�Ó"
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2.2 ���555���AAAnnnØØØ

�5�AnØ�Ä��n§´dÈ��Î (R. Kubo)u 1964cÄk�Ñ[71]§�2

��¦^uõâfXÚ¥Ñ$A5�nØO�"

����

)XÚ�ÔnA5§Ï~æ^	\,«	\6ÄXÚ§,�*ÿX

Ú�Ônþ�X	\6Ä�Cz[72, 73]"<�ÏLïÄ	\6ÄÚÔn�A�'X�±

��XÚ�ÔnA5"�¤�ÄXÚ�M�îþ� H �ÙUþ���Ú��Å¼ê©

O� En Ú φn"-	|���6Ä¤�z�N\M�îþ�� H ′(t)"

3	|�6e�Å½��§�

i~
∂ψ

∂t
= [H +H ′(t)]ψ, (2.23)

-¹�Å¼ê ψ = e−iHt/~ϕ(t)§2ò ψ �\þª§�±��

∂ϕ

∂t
=

1

i~
eiHt/~H ′(t)e−iHt/~ϕ. (2.24)

duXÚ7L÷v ϕt→−∞ = φm§K��� ϕ(t) = φm+ 1
i~

∫ t
−∞ e

iHt′/~H ′(t′)e−iHt
′/~ϕdt′"

e3XÚ¥ÏLÔnþ A5*ÿ	|��A§K�Î A3�m t���Ï"�

Ā =

∫
ψ†Aψdτ =

∫
ϕ†eiHt/~Ae−iHt/~ϕdτ (2.25)

ÏLé ϕ(t)?1g·S���{§�±¦�Ù°(� H ′(t′)�g�5��)� ϕ(t) =

φm + 1
i~

∫ t
−∞ e

iHt′/~H ′(t′)e−iHt
′/~φmdt

′"�\þª¿Ñ� H ′(t′)��g��±��

Ā = 〈m|A|m〉+
1

i~

∫ t

−∞
dt′〈m|[Ã(t), H̃ ′(t′)]|m〉, (2.26)

Ù¥ Ã(t) = eiHt
′/~Ae−iHt

′/~ Ó� H̃ ′(t′) = eiHt
′/~H ′(t′)e−iHt

′/~"

3*ÿþ��AAT´ Ā �ÚO²þ�§O� 〈A〉t =
∑

mWmĀ§Ù¥Wm ´

3 φm ��VÇ"ÏXÚåÆþ AÚO²þ��UC�

∆A = 〈A〉t − 〈A〉t=−∞ =
1

i~

∫ t

−∞
dt′〈[Ã(t), H̃ ′(t′)]〉, (2.27)

Ù¥ ∆A´	|��A§ 〈A〉t=−∞ ´Ã	|� A�ÚO²þ�"

XJ	|���ªÇ� ω �k��é��P~Ç η§K	|N\�M�îþ�±

b��

H ′(t) = Be(−iω+η)t, (2.28)

Ù¥ B ��Î"�±��3	|e��A�±��

∆A =
1

i~

∫ ∞

−∞
dt′θ(t− t′)〈[Ã(t), B̃(t′)]〉e(−iω+η)t′ , (2.29)

25



�H�ÆÆ¬Æ Ø©

Ù¥ B̃(t′) = eiHt/~Be−iHt/~ � θ(t − t′) ´�F¼ê"lþª�±��	|��AÚ	
|6Ä¤�5'X"

XJ½Âí´��¼ê GR(t− t′) =
1

i~
θ(t− t′)〈[Ã(t), B̃(t′)]〉§þª�±��

∆A =

∫ ∞

−∞
dt′GR(t− t′)e(−iω+η)t′ . (2.30)

é GR(t)�Fp�C���

GR(ω) =

∫ ∞

−∞
dtGR(t)e(iω−η)t, (2.31)

Ù¥ η → 0+ ´Ã¡�þ"ÏL�úª (2.29)�é'§�±��

∆A = GR(ω)e(−iω+η)t. (2.32)

þª`²3�5��S	|��A ∆A Ú	|6Ä H ′(t) kX�Ó��m�6Cz'

X"XÚ�k'Ônþ¬�X	\6Ä±�ÓªÇCz"

k
ÔnþX>fí¥�>6�Ý�Î±9�ÝåÏ�Î3Ã	|�¹e�ÚO

²þ��""Ïéuù
ÔnþkXe'X

i〈Ȧ〉t = (iω + η)〈A〉t. (2.33)

2.3 >>>������ Kubo úúúªªª

�Ä3�>âfXÚ3	\>^|¥§>^|ò¬�)��>6§>�K´>

6é>|��5�AXê"Ï~5`>�3�mÚ�mþ´�Û��§�X3 r:�

m t?>6 j�ûu3 r′ :�>|rÝ

jα(r, t) =

∫
dr′
∑

β

σαβ(r, r′;ω)Eβ(r′)e−iωt, (2.34)

Ù¥ σαβ(r, r′;ω)´£ã3 êα ���>6é êβ ��	\�6>|�A�>�Üþ"Ï

~·�éNá�½ö¬Ná��þ!>�a,�"d��>�´��Iþ"ùp·�

k��Üþ�e�I§>6�Ý�Î�±�¤

ĵtot(r) = ĵ(r) + ĵdia(r) (2.35)

Ù¥

ĵ(r) = − e

2m

∑

i

[piδ(r− ri) + δ(r− ri)pi],

ĵdia(r) = −n(r)e2

m
A(r); n(r) =

∑

i

δ(r− ri). (2.36)
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3¥Õ5�e§>^|�>|rÝ EÚ¥³ AkXe'X

E(r, t) = −∂A(r, t)

∂t
= iωA(r, t). (2.37)

d	\>^|¤Úå�M�îþ¥�N\�6�Cq�	\>^|��5��

H ′(t) = −
∫
drĵ(r) ·A(r)e−iωt =

i

ω

∫
drĵ(r) · E(r)e−iωt. (2.38)

ÏXÚ�>��±��

σαβ(r, r′;ω) =
ie2n(r)

mω
δ(r− r′)δαβ +

1

~ω

∫ t

−∞
dt′ei(ω+iη)(t−t′)〈[ĵα(r, t), ĵβ(r′, t′)]〉 (2.39)

Ù¥ η → 0´�
�y t = −∞�	|�6�"�Ã¡�þ"
þª¥�´'u�m�É t− t′ �¼ê"XJ^ù��m�É5��mÈ©�O�

� t− t′ → t§�±��

σαβ(r, r′;ω) =
ie2n(r)

mω
δ(r− r′)δαβ +

1

~ω

∫ ∞

0

dtei(ω+iη)t〈[ĵα(r, t), ĵβ(r′, 0)]〉 (2.40)

éþª��mFp�C���§�±��

σαβ(q, ω) =
ie2n(r)

mω
δαβ +

1

~ω

∫ ∞

0

dtei(ω+iη)t〈[ĵ†α(q, t), ĵβ(q, 0)]〉 (2.41)

þª=�~^>�� Kuboúª[74, 75]"

3þ!á���¹e§>�úª (2.40)�±��

σαβ(ω) =
ie2n

mω
δαβ +

1

~ω

∫ ∞

0

dtei(ω+iη)t〈[ĵα(t), ĵβ(0)]〉. (2.42)

7á½ö��Ná�Ï~�±�~Ð�^Ã�p�^�¤�XÚ5Cq£

ã"XÚo�M�îþ´��>f�üâfM�îþ�Ú
∑

iH0(i)"üâf���

� H0|n〉 = En|n〉��B|�Ä�§Ó�>6�Î�±��

ĵα(t) =
∑

nm

〈n|ĵα|m〉c†ncmei(En−Em)t/~, (2.43)

éu�p�^XÚ¦^�Ó����Ä�§Ó�3 t = 0��ÿE,kX�Ó��ÎL

�/ª§�´°Ü��m>6�Îv�{UY²(��Ñ"�
¦) Kubo úª§3

Ã�p�^Cqe�úª¥§I�Xe'X[75]

trρ̂([c†ncp, c
†
qcm]) = δmpδnq(fn − fm),

trρ̂(c†ncmc
†
pcq]) = δmpδnqfn(1− fm) + δnmδpqfnfp, (2.44)
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Ù¥ tr ´¦,$�Î� fn = (e(En−µ)/kBT + 1)−1 ´¤�-).�©Ù¼ê"ÏLþª§

�±�� Kubo-Greenwood>�úª[75, 76]

σαβ(ω) =
ie2n

mω
δαβ + i~

∑

nm

fn − fm
Em − En

〈n|ĵα|m〉〈m|ĵβ|n〉
~(ω + iη) + En − Em

=
ie2n

mω
δαβ +

ie2

ω

∑

nm

fn − fm
~(ω + iη) + En − Em

〈n|v̂α|m〉〈m|v̂β|n〉, (2.45)

Ù¥�Ý�Î v̂α = ~−1∂H/∂kα"

2.4 ÃÃÃ555KKK���CCCqqq (RPA)

Ã5K�CqÏ~kü«í��ª[74, 77]µ�«´ÏLgU�ÄåÆ�§�{[78]§

,�«K´��¼êÚ¤ùã{[79]"e¡�Ñ
ÄåÆ�§{�Ä�í�6§[72, 73]"

3v��.e�p�^>fí3�gþfzM�îþ�±L«�µ

H =
∑

ks

EkC
+
ksCks +

1

2

∑

q(q 6=0)

∑

kk′

∑

ss′

V (q)C+
k+q,sC

+
k′−q,s′Ck′,s′Ck,s, (2.46)

Ù¥ C+
k Ú Ck ©O��)Ú�«�Î§V (q)´¥Õ�p�^�Fp�C�Xê"

½Âü�>f-�Çé�-u�Î

ρ+
kq ≡ C+

k+qCk, (2.47)

L«ò k�þ���>f-u� k + q�þÓ��)��>f-�Çé"�p�^>f

XÚ¥��O>f-�Çé�-u´�pÍÜ�§�Î ρ+
kq Ú ρkq �°Ü�$Ä�§�

−iρ̇+
kq = [H, ρ+

kq]; −iρ̇kq = [H, ρkq]. (2.48)

�ÝåÏ�Î ρ+
q =

∑
k ρ

+
kq ´oÄþ� ~q�¤k>f-�Çé�U\"

3Ã�p�^��¹e V (q) = 0§ù�ÿ ρ+
kq ����§�

−iρ̇+
kq = [H, ρ+

kq] = ~ωkqρ
+
kq, (2.49)

Ù¥ ~ωkq = Ek+q − Ek ´Uþ���"3�p�^�>fXÚe§Kk

[H, ρ+
kq] = (Ek+q − Ek)ωρ+

kq +
1

2

∑

q′(q′ 6=0)

V (q′){[ρq′ , ρ+
kq]ρq′ + ρ+

q′ [ρq′ , ρ
+
kq]}, (2.50)
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Ù¥ [ρq′ , ρ
+
kq] = C+

k+q−q′Ck − C+
k+qCk+q′"�n�ò q′ = q Ú q′ 6= q �©lm5§þ

ª�±��

[H, ρ+
kq] =(Ek+q − Ek)ρ+

kq

+
1

2
V (q){

∑

k′

ρ+
k′q(C+

k Ck − C+
k+qCk+q)

+ (C+
k Ck − C+

k+qCk+q

∑

k′

ρ+
k′q}

+
1

2

∑

q′(q′ 6=q)

V (q′){ρ+
q′(C

+
k+q−q′Ck − C+

k+qCk+q′)

+ (C+
k+q−q′Ck − C+

k+qCk+q′
∑

k′

ρ+
q′}, (2.51)

Ù¥1���Lgd$Ä§1���L¤käk�Ó q �>f−�ÇÍÜ�§1n�
K´äkØÓ q�>f−�ÇÍÜ��5�"�
òþªCq¦)§ò [ρq′ , ρ

+
kq]��

^Ä��²þ��O�±��

[ρq′ , ρ
+
kq] = 〈0|C+

k+q−q′Ck|0〉 − 〈0|C+
k+qCk+q′|0〉 = (fk − fk+q)δqq′ . (2.52)

òþã(J�\úª (2.51)§�±��þf$Ä�§3Ã5K�Cq (Random Phase

Approximation; RPA)e�)�[72, 73]

[H, ρ+
kq] = (Ek+q − Ek)ρ+

kq + V (q)(fk − fk+q)ρ+
q . (2.53)

2.5 RPA 000>>>¼¼¼êêê

3�Ä>fXÚé	|�A��ÿ§	|�N\M�îþ�±�¤

H ′(t) =
∑

i

Vex(ri)e
(−iω+η)t =

∑

q

Vex(q)
∑

i

eiq·rie(−iω+η)t =
∑

q

Vex(q)ρ+
q e

(−iω+η)t.

(2.54)

ù�ÿ ρ+
kq �þf$Ä�§A�¤

−iρ̇+
kq = [H, ρ+

kq] + [H ′(t), ρ+
kq]. (2.55)

3Ã5K�Cq (RPA)e

[H ′(t), ρ+
kq] =

∑

q′

Vex(q′)[ρ−q′ , ρ
+
kq] = Vex(−q)(fk − fk+q)e(−iω+η)t. (2.56)

òúª (2.56)�\úª (2.55)�±��

−iρ̇+
kq = ~ωkqρ

+
kq + (fk − fk+q)[Vex(−q)e(−iω+η)t + V (q)ρ+

q ]. (2.57)
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|^�5�A�(Ø i〈ρ̇+
kq〉t = (~ω + iη)〈ρ+

kq〉t ±9 〈ρ+
q 〉t =

∑
k〈ρ+

kq〉t éþª?1ÚO
²þ�±��

〈ρ+
q 〉t =

∑

k

〈ρ+
kq〉t =

∑

k

fk+q − fk
~ω + Ek+q − Ek + iη

)[Vex(−q)e(−iω+η)t + V (q)〈ρ+
q 〉t]. (2.58)

du 〈ρ+
q 〉t = 〈ρ−q〉t§�±��

〈ρq〉t =
∑

k

fk−q − fk
~ω + Ek−q − Ek + iη

)[Vex(q)e(−iω+η)t + V (−q)〈ρq〉t]. (2.59)

XÚo³U�Fp�C��	|³UÚéA�a)¶-³�Ú

Vall(q, t) = Vex(q)e(−iω+η)t + V (q)〈ρq〉t. (2.60)

Ï�±��

〈ρq〉t =
∑

k

fk−q − fk
~ω + Ek−q − Ek + iη

)Vall(q, t). (2.61)

òþüªÜ¿�±��

Vex(q, t)

Vall(q, t)
= 1− V (q)

∑

k

fk−q − fk
~ω + Ek−q − Ek + iη

, (2.62)

Ù¥ Vex(q, t) = Vex(q)e(−iω+η)t"

�â	|³Úo³U�'X§�±��¤½Â� RPA0>¼ê[6, 74]

εRPA(q, ω) = 1− V (q)Π(q, ω), (2.63)

Ù¥

Π(q, ω) =
∑

k

fk+q − fk
~ω + Ek+q − Ek + iη

, (2.64)

´�Ý-�Ý'é¼ê"

3Ï~���Úd�����.¥¿�Äg^§�±��XÚ� RPA0>¼ê�

εRPA(q, ω) = 1− vq
∑

s

∑

λλ′

∑

k

f sλ′k+q − f sλk
~ω + Es

λk+q − Es
λk + iη

Cs
λk,λ′k+q, (2.65)

Ù¥ vq ´à¥Õ³�Fp�CzXê¿� Cs
λk,λ′k+q = |〈k + q, λ′s|k, λs〉|2 ´ØÓ>f

�[Ï�¥¥Õ³�/GÏf"
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gl 2004c�$L�â»5�uy��[7]§duÙä��~`É�Ôn5�§�

X�~p�>f[£Ç§�~p�åÆrÝ§�~`É�9�Ç§1>5��§¦�

Äu�$L�#Ûì��ïÄ¤�
×�uÐ�+�"�c§Äu�$Lì��ß²

R5>fÆ´�©ÉÊ8�Eâ¿kXl�òUw«!>f��ß²��U>³�

�A^"�í/�$L/0>�.(�®²�y¢3b	�Cù	ªãäk'�p�1

ß�Xê"ù¦��$L�±O�Ï~^���â�zÔ (ITO) ß²>4[80, 81] 5�

��Ð��B¨� LED§LCD�ì�"�$LXÚ¥ÉN��1ß�Ç�±^5��

#.�äk°,�1Ú>N��°�1N�ì[82–84]"Ó�§Äu�$L�1&ÿì�

Ï�Ùäk��°�1Ì�°Ú�¯��A�m[85–87] É�2��'5"�$L�

��«S����á�§®²L²3�$LL¡NC�1)16fU
Úå4Ù(¯

�·>�>�"ÏL|^1��A[88]§¦��$L¤�AOäkcµ�pOÃ1&ÿ

á�",	§duäkÃ�Y���ÝÚpþf�Ç§�$L�@�´A^u1¯�

â[ (1012 Hz ½ THz) ì��#ÑÿÀá�"¢�þ®²y¢�$L3�â[Åã�

��1>��±éÐ�ÏL Drude�.?1£ã§`²�$L´a7á5��â[á

�[89]"��§ü�ÚV��$LXÚ3�â[��ù	ªãäk��r���51�

A§¦�Ù¤��A^u��51fÆÚ1>fÆì��`Éá�[90, 91]"

¯¤±�§ü�ÚV��$LäkÃ�Y���>f(�§ ABC-æ÷�n�

�$LK´kX�N��©�Y���N"éuõ��$L��§§�>f(�É�

�$L�êÚæ÷^S�r�K�"Ï§>fU�(��A5òU��K�ØÓ�

ê�$LXÚ�>ÆÚ1Æ5�"8c§$¤�Ú���p�þ�¡È�$L���

)�Ì�´ÏLzÆí��ÈEâ (chemical vapor deposition; CVD)5¢y[92]"Ï

LzÆí��È�{¤���Ì�´õ��$L�¬"C
c5§ØÓ�$LXÚ�

1ÆÚ1>5��2��?1
ïÄ"3nØþ§ØÓ�ê�$L�>fU�(�®

²�<�¤ïÄ[22, 93–97]"$§eü�Ú AB-æ÷õ��$L�1>�®²ÏLÈ�

úª��[98]§Ù¥ØÓ�$LXÚ1Æ5��ïÄ��Ì�8¥3b	��ù	«

�"¢�þ§©få	ò (molecular beam epitaxy; MBE))���$L3b	��â

[��S�1Æ5�®²�¢�ÿþ"Ó�õ��$LXÚ3ù	Ú�â[«��

pß�ÇI�®²�*ÿ�[100]"®²y¢�$L3��1ªãz��$L�Ê·1

>�� σ0 = πe2/(2h)[101, 102]"ü�!V�Ún��$L�éA�1ß�Xê©O��

� 97.7%§95.4%Ú 93.1%§�z��m�må��� 2.3%[21]"�dÓ�§ü��$

L3¿§eU*ÿ���3¥ù	��â[���1áÂI�[101, 102]"ù�ü��$

L¥1áÂI��°ÝÚ�Ý§AO´3áÂI��$ªÇ>�§É�§ÝÚ16f

ßÝr��K�"ù
uyL²�$LXÚ�±A^u	.�¸¥�ù	½ö�â[
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Ë�&ÿ"·��c�nØó�[103] L²3V��$L¥��±¼��â[1áÂI

�"

�c§ü�ÚV��$LXÚ�1Æ5�®²���Ð�ïÄ"�´éu�

ê N ≥ 3��$LXÚKïÄ���"�õêïÄõ��$LXÚ1Æ5��nØó

�Ì�8¥3b	�ù	Åã�áÂ¸Ú3��1��S�Ê·1>�[98]"3ù�ï

Ä¥§·�ÏL$Uk��U��.5ïÄü�Úõ��$LXÚéË�|�1�A"

�±½5���§3ù	��â[��S§�$L��ê�½¬é�$LXÚ�1Æ

5��)K�"Ïd§�Ñü�Úõ��$LXÚ�1>5�XÛÉ��$L�êÚ

æ÷gSCz½þ��Y´�~�¿��©k¿Â�[99]"ù´·�mÐù�nØï

Ä�Ì�8�"

3.1 üüü���ÚÚÚõõõ������$$$LLLXXXÚÚÚ���111>>>���

·��Ä30>�.X3 SiO2 �.þ x-y ²¡þ��$D3÷ x-�� ���

 �f1|e"1|�¥³� A(t) = F0 sin(2πνt)/(2πν)§Ù¥ F0 Ú ν ©O�1|�

>|rÝÚ1|�1fªÇ"3ù«�¹e�$L�1>�A�±ÏL�²;À�[

ù�§í�Ñ�²ï�§��[104]"ÏLù«�{§�±��o�Uþ=£ÇµP =
∑

λ,λ′ Pλλ′§Ù¥ λ = +1 �L��Ó� λ = −1 �Ld�§Pλλ′ = 4hν
∑

k′,k fλ(k)[1 −
fλ′(k

′)]Wλλ′(k,k
′) ´ØÓ�[Ï�¤Úå�Uþ=zÇ§Wλλ′(k,k

′)´d¤��7½

Æ¤���>f�[VÇ§fλ(k) ' fλ[Eλ(k)]´�$LXÚ¥16f�¤�-).�©

Ù¼ê"éu�é�f�1|e§1>��±ÏL σ(ν) = 2P/F 2
0 =

∑
λ,λ′ σλλ′(ν)O�

��"�dÓ�§�í/�$L/0>�.XÚ�1ß�Xê�±ÏLXeúª��[105]

Ti(ν) =

√
εi2
ε1

4(ε1ε0)2

|[(ε1εi2)1/2 + ε1]ε0 +
√
ε1σi(ν)/c|2 , (3.1)

Ù¥ σi(ν)´ i��$LXÚ3Ë�|ªÇ ν e�1>�§ε1 = 1Ú εi2 = εi∞ ©O´�

í�0>~êÚØÓXÚ¥�.�pªk�0>¼ê§c´ý�¥�1�"

3.1.1 üüü������$$$LLL

ü��$L¥3 π � K-:NC16f (>f½�Ç)�Ã�þ�).�-	�Oâ

f�±ÏL k · pM�îþ5£ã

Hm
0 =

(
0 ~v0k−

~v0k+ 0

)
, (3.2)

Ù¥ k± = kx ± iky = ke±iφ ¿� v0 = 106 m/s ´¤��Ý§k = (kx, ky)´16f�

Å¥§φ´ kÚ x-�I¶�m�Y�"ü��$L���Å¼êÚUþ���©O�

ψm
λk(r) = 21/2[eiφ, λ]eik·r Ú Em

λ (k) = λ~v0k§Ù¥ λ = +1 �L>fÚ λ = −1 �L�

Ç§3ùp��Å¼êL«¤1¥þ�/ª"
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L 3.1: ØÓ�ê�$LXÚ�U�(�ëê

ü� ABV�[106] ABCn�[95] ABõ�[97, 106] ABCõ�

v0 = 106 m/s a = 2.46 Å a = 2.46 Å a = 2.46 Å v0 = 106 m/s

ξ0 = 3.16 eV γ0 = 3.16 eV ξ0 = 3.16 eV γ1 = 0.502 eV

ξ1 = 0.39 eV γ1 = 0.502 eV ξ1 = 0.39 eV

ξ3 = 0.315 eV γ2 = −0.0171 eV ξ3 = 0.315 eV

γ3 = −0.377 eV η2 = −0.02 eV

γ4 = −0.099 eV η5 = 0.04 eV

γ5 = −0.0014 eV

éu��Úd�S��S�[§�±��

σm
λλ(ν) =

2σ0v
2
0

π2ν

τ

(2πντ)2 + 1

∫ ∞

0

dkkfλ[E
m
λ (k)]{1− fλ[Em

λ (k)]}, (3.3)

Ù¥ τ ´Uþµþ�m§Eτ = ~/τ ´>f��UþÐ°§� σ0 = πe2/(2h)"

éud�Ú���m��m�[§·�k σm
+−(ν) ' 0¿�

σm
−+(ν) = σ0f−(−hν/2)[1− f+(hν/2)]. (3.4)

3.1.2 AB-æææ÷÷÷VVV������$$$LLL

3�Ä
ØÓ��mÍÜ�^X�C�ÚgC��p�^e§V��$L¥16

f (>f½�Ç)3 π � K:NC�k�M�îþ�±��[113]

Hb
0 =

(
0 ~2k2

−/(2m
∗)− ~u3k+

~2k2
+/(2m

∗)− ~u3k− 0

)
, (3.5)

Ù¥ m∗ = ξ1/(2u
2
0)§ui =

√
3aξi/2~§p = ~k � a=2.46 Å"XL 3.1¤«§·�� ξ0 =

3.16 eV§ξ1 = 0.39 eV§ξ3 = 0.315 eV��V��$L¥;.�ÍÜ~ê[96, 106]"éA

�Å½��§�±ÏL)Û)��¿����� Eb
λ(k) = λA§Ù¥ A = [h2

a + h2
b −

2 cos(3φ)hahb]
1/2§ha = p2/(2m∗)� hb = pu3"éA�V��$L���Å¼ê�±�

�1¥þ�/ª ψb
λk(r) = 2−1/2[(hae

−2iφ − hbeiφ)/A, λ]eik·r§Ù¥ r = (x, y)"

éu��Úd�S��S�[§·��±��

σb
λλ(ν) =

4σ0

π3ν(m∗)2

τ

(2πντ)2 + 1

∫ π

0

dφ

∫ ∞

0

dkk

A2

× fλ[Eb
λ(k)]{1− fλ[Eb

λ(k)]}Gb
λλ(k, φ), (3.6)

Ù¥ Gb
λλ(k, φ) = [m∗u3(ha cos 2φ− hb cosφ) + ~k(hb cos 2φ− ha cosφ)]2"
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éu�m�[Ï�§·�k σb
+−(ν) ' 0Ú

σb
−+(ν) =

4σ0

π3ν(m∗)2

∫ π

0

dφ

∫ ∞

0

dkk

A2
[1− f+(hν/2)]

× f−(−hν/2)
τGb
−+(k, φ)

4τ 2(πν − A/~)2 + 1
, (3.7)

Ù¥ Gb
−+(k, φ) = [m∗u3(−ha sin 2φ− hb sinφ) + ~k(hb sin 2φ+ ha sinφ)]2"

3.1.3 ABC-æææ÷÷÷nnn������$$$LLL

ABC-æ÷n��$L¥16f (>f½�Ç)3 π-� K-:NC�$Uþk�M�

îþ�[95]

Ht
0 =

(
S1 S0~3k3

− + S2

S0~3k3
+ + S2 S1

)
, (3.8)

Ù¥ S0 = 33/2a3γ3
0/(8~3γ2

1)§S1 = γ5−3γ0γ4k
2a2/(2γ1)Ú S2 = γ2/2−3γ0γ3k

2a2/(2γ1)"

XL 3.1¤«§Ï^�a�Uþëê γ0 = 3.16 eV[95]§γ1 = 0.502 eV§γ2 = −0.0171 eV§

γ3 = −0.377 eV§γ4 = −0.099 eV§γ5 = −0.0014 eV"ÏL)Å½��§�±��Uþ

��� Et
λ(k) = S1 + λB Ù¥ B = [S2

0~6k6 + S2
2 + 2 cos(3φ)S0S2~3k3]1/2"éA���Å

¼ê�±��1¥þ�/ª ψt
λk(r) = 21/2[eiψ, λ]eik·r§Ù¥ eiψ = (S0~3k3e−3iφ + S2)/B

Ú r = (x, y)"

ÏLÀ�[ù�§���²ï�§9¤��7½Æ§��S�S�[é1>��

�z�

σt
++(ν) =

4σ0

π3~2ν

τ

(2πντ)2 + 1

∫ π

0

dφ

∫ ∞

0

dkk

B2
f+[Et

+(k)]

× {1− f+[Et
+(k)]}Gt

++(k, φ), (3.9)

Ù¥ Gt
++(k, φ) = [Q1B − 3S0~3k2(S0~3k3 cosφ + S2 cos 2φ) + (S0~3k3 cos 3φ + S2)Q2]2"

éud�S��S�[

σt
−−(ν) =

4σ0

π3~2ν

τ

(2πντ)2 + 1

∫ π

0

dφ

∫ ∞

0

dkk

B2
f−[Et

−(k)]

× {1− f−[Et
−(k)]}Gt

−−(k, φ), (3.10)

Ù¥ Gt
−−(k, φ) = [3S0~3k2(S0~3k3 cosφ+ S2 cos 2φ)− (S0~3k3 cos 3φ+ S2)Q2 +Q1B]2"

éu�m�[§�±�� σt
+−(ν) ' 0Ú

σt
−+(ν) =

2σ0τ

π2~2ν

∫ π

0

dφ

∫ ∞

0

dkk

B2
e−|τ(2πν−2B/~)|

× f−[Et
−(k)]{1− f+[Et

+(k)]}Gt
−+(k, φ), (3.11)

Ù¥ Gt
−+(k, φ) = [3S0~3k2(S0~3k3 sinφ− S2 sin 2φ)− S0Q2~3k3 sin 3φ]2"
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3.1.4 AB-æææ÷÷÷õõõ������$$$LLL

éu AB-æ÷ N -��$L��ê N ≥ 3§Ù>f(��M�îþ�±Cq�©)

¤dü�Ú AB-æ÷V��$L|¤�fXÚ¿�XÚo�1>��±w�´��f

XÚ�U\[96, 98, 106]"Ûê��õ��$L�¹��ü��$L.Ú (N − 1)/2 �V

��$L.�fXÚ§éuóê��õ��$LK�d N/2�V��$LfXÚ|

¤[97]"�·��'53�Å����1�A�§éuü�ÚV�fXÚk��$Uþ

�zM�îþ�±��[22, 97]

HM
AB =

(
qη2 v0~k−
v0~k+ qη5

)
, (3.12)

Ú

HBj
AB =

(
αjη2 −v2

0~2k2
−/(µjξ1)

−v2
0~2k2

+/(µjξ1) βjη2

)
, (3.13)

Ù¥ η2 = −0.02 eV§η5 = 0.04 eV§q = (1 − N)/(N + 1)§uj = 2 cos(κj)§κj =

π/2− jπ/(2N + 2)� j L«V�XÚ3ØÓ^�e��ê§

j =

{
1, 3, 5, · · · , N − 1, N = even,

2, 4, 6, · · · , N − 1, N = odd.
(3.14)

,	§éuóê N k αj = βj = [N cos(2κj) + 1]/(N + 1)"éuÛê N Kk αj =

[(N − 1) cos(2κj) + 2]/(N + 1)Ú βj = cos(2κj)
[96]"

éuü��$LfXÚ§éA�Uþ���Ú��Å¼ê�±©O��

EM
Nλ(k) =

q(η2 + η5)

2
+ λ

√
q2(η2 − η5)2

4
+ v2

0~2k2, (3.15)

Ú

ψMNλk(r) = NM
Nλ[R

M
Nλe

−iφ, 1]eik·r, (3.16)

Ù¥ RM
Nλ = v0~k/(EM

Nλ(k) − qη2) Ú NM
Nλ = [1 + (RM

Nλ)
2]−1/2"éuV��$LfX

Ú Bj§éA�Uþ���Ú��Å¼ê�±��

E
Bj
Nλ(k) =

η2(αj + βj)

2
+ λ

√
η2

2(αj − βj)2

4
+ v4

0~4k4/µ2
jξ

2
1 , (3.17)

Ú

ψ
Bj
Nλk(r) = NBj

Nλ[R
Bj
Nλe

−2iφ, 1]eik·r, (3.18)

Ù¥ R
Bj
Nλ = v2

0~2k2/[µjξ1(αjη2 − EBj
Nλ(k))]Ú NBj

Nλ = [1 + (R
Bj
Nλ)

2]−1/2"3�é�f��

 �1|e§16f-1f�p�^eáÂÑ�¤���ü�ÚV��$LfXÚ��

?Cqe½�>f�[VÇ©O�

WM
Nλλ′(k,k

′) =
2π

~

(
eF0v0

4πν

)2

|UM
Nλλ′(k)|2δk′,kδ[EM

Nλ′(k
′)− EM

Nλ(k)− hν], (3.19)
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Ù¥ |UM
Nλλ′(k)|2 = (NM

NλNM
Nλ′)

2[(RM
Nλ)

2 + (RM
Nλ′)

2 + 2 cos(2φ)RM
NλR

M
Nλ′ ]§Ú

W
Bj
Nλλ′(k,k

′) =
2π

~

(
eF0v

2
0~k

2πνµjξ1

)2

|UBj
Nλλ′(k)|2δk′,k

× δ[EBj
Nλ′(k

′)− EBj
Nλ(k)− hν], (3.20)

Ù¥ |UBj
Nλλ′(k)|2 = (NBj

NλN
Bj
Nλ′)

2[(R
Bj
Nλ)

2 + (R
Bj
Nλ′)

2 + 2 cos(2φ)R
Bj
NλR

Bj
Nλ′ ]"

éuÛê� AB-æ÷õ��$L§ü��$LfXÚ3��Úd�S��S�[

1>��

σMNλλ(ν) =
8σ0v

2
0

π2ν

τ

(2πντ)2 + 1

∫ ∞

0

dkk{1− fλ[EM
Nλ(k)]}

× fλ[EM
Nλ(k)](NM

Nλ)
4(RM

Nλ)
2. (3.21)

éu�m�[Ï�§Kk σMN+−(ν) ' 0Ú

σMN−+(ν) =2σ0(NM
N−NM

N+)2[(RM
N−)2 + (RM

N+)2]f−[EM
N−(k)]

× {1− f+[EM
N+(k)]}, (3.22)

Ù¥éuü��$LfXÚ¥\�ªÇ� ν �k k = [h2ν2 − q2(η2 − η5)2]1/2/(2v0~)"

éu AB-æ÷õ��$L¥� Bj fXÚ§��Úd�S�S�[�1>��

σ
Bj
Nλλ(ν) =

32σ0v
4
0~2

π2νµ2
jξ

2
1

τ

(2πντ)2 + 1

∫ ∞

0

dkk3fλ[E
Bj
Nλ(k)]

× {1− fλ[EBj
Nλ(k)]}(NBj

Nλ)
4(R

Bj
Nλ)

2. (3.23)

éu�m�[Ï�§Kk σ
Bj
N+−(ν) ' 0Ú

σ
Bj
N−+(ν) =4σ0(NBj

N−N
Bj
N+)2[(R

Bj
N−)2 + (R

Bj
N+)2]f−[E

Bj
N−(k)]

× {1− f+[E
Bj
N+(k)]}, (3.24)

Ù¥3 Bj V��$LfXÚ¥\�1fªÇ� ν ��ÿk k = {[h2ν2 − η2
2(αi −

βi)
2]µ2

jξ
2
1}1/4/(21/2v0~)"

3ò��fXÚ��zÜ¿��§N -� AB-æ÷õ��$LXÚo�1>��

σABN (ν) = δN,odd

∑

λ,λ′

σMNλλ′(ν) +
∑

j

∑

λ,λ′

σ
Bj
Nλλ′(ν). (3.25)

3.1.5 ABC-æææ÷÷÷õõõ������$$$LLL

ABC-æ÷ N -��$LXÚ3 N ≥ 3��±w�Ônþ¢y�Ã5��>fí�

k��$UþM�îþ�[22, 95]

HN
ABC =

vN0
γN−1

1

(
0 (~k−)N

(~k+)N 0

)
. (3.26)
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Radiation Frequency 

ã 3.1: 3§Ý T=300 K§>fßÝ ne = 1.5 × 1012 cm−2 Ú�ÇßÝ nh = 5 × 1011 cm−2 e§

ØÓ�[Ï�é1>���z"ü�§V�Ú ABC-æ÷n��$L�(J©O^ÉÚ§ùÚÚ7

Ú�L«"ùp§σi++ (:J�)§σi−− (:y�) Ú σi−+ (áy�) ©O´��S�S�[�z

�1>�§d�S�S�[�z�1>�±9ld�����m�[¤�z�1>�"¢�L«

o�1>�Ó� σ0 = πe2/(2h)

ABC-æ÷ N -��$LÃ5�ê� J = N éA���UþÚ��Å¼ê©O

� EJ
λ (k) = λ(v0~k)N/γN−1

1 Ú ψJλk(r) = 21/2[λ, eiNφ]eik·r"3� �f1|e§16

f-1f�p�^eáÂÑ�L§¥�?Cqe½�>f�[VÇ�

W J
λλ′(k,k

′) =
2π

~

(
eF0Nv

N
0 (~k)N−1

4πνγN−1
1

)2
1 + λλ′ cos(2φ)

2

× δk′,kδ[EJ
λ′(k

′)− EJ
λ (k)− hν]. (3.27)

�ìÓ��nØ�{O�1>�§éu ABC-æ÷ N -��$L��Úd�S�S�[

�1>��

σJλλ(ν) =
2σ0N

2v2N
0 ~2N−2

π2νγ2N−2
1

τ

(2πντ)2 + 1

∫ ∞

0

dkk2N−1

× fλ[EJ
λ (k)]{1− fλ[EJ

λ (k)]}. (3.28)

éu�m�[Ï�§Kk σJ+−(ν) ' 0Ú

σJ−+(ν) = Nσ0f−(−hν/2)[1− f+(hν/2)]. (3.29)

3.2 (((JJJÚÚÚ???ØØØ

3ù�ïÄ¥§·��Ä3V|e��>16f�>f�V|e�>fßÝ� n0"

3Ë�1|e§o�>fßÝ� ne = n0 + ∆ne§Ù¥ ∆ne ´1)>fßÝ§Ó�Ï
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ã 3.2: 3�½16fßÝ ne = 1.5× 1012 cm−2 Ú nh = 5× 1011 cm−2 ØÓ§Ý T=10 K (¢

�)§77 K (áy��)§150 K (J�)§Ú 300 K (:M¥�) e§1>� (þ¡�) Ú

1ß�Xê (e¡�) �Ë�|ªÇ�Cz"ü�!V�Ú ABC-æÈn��$LXÚ�(J©O

^ÉÚ!ùÚÚ7Ú�L«

L>ÖêÅð½n�±���Ç�ßÝ� nh = ∆ne"ü�!V�!Ú ABC-æ÷õ�

�$L���¥>f½d�¥�Ç�zÆ³ µiλ �±ÏL nie = g
∑

k f+[Ei
+(k)]Ú nih =

g
∑

k{1 − f−[Ei
−(k)]} ©O��§Ù¥ g = 4´g^Ú�{¿Ïf"éu AB-æ÷õ�

�$L§>fÚ�Ç�zÆ³�±ÏL nNe = g
∑

k{f+[EM
N+(k)]δN,odd +

∑
j f+[E

Bj
N+(k)]}

Ú nNh = g
∑

k

{
{1− f−[EM

N−(k)]}δN,odd +
∑

j{1− f−[E
Bj
N−(k)]}

}
©O��"

3O�1ß�Xê�L§¥§·��^ü�§V�Ú ABC-æ÷n��$LXÚ�

pª0>~ê©O� εm2 = 1.2§εb2 = 1.3Ú εt2 = 1.5§Ù¥O\
�$L��Ú0>�

.0>~ê�Ø��¤�)�K�[107]",	§p16fßÝ�$Lì�¥�Uþµþ

�m��� τ ∼ 1 ps[108]"Ï·�3ê�O�¥æ^ù�µþ�m�"3ê�O�¥§

·�3Eâþ�1�16fßÝ 1× 1012 cm−2 þ?þÀ��$L�16fßÝ[109]"

3ã 3.1¥§·��Ñ
3�½>fßÝ nie Ú�ÇßÝ nih e§3§Ý T=300 K

�§ü�!V�Ú ABC-æ÷n��$L¥ØÓ>f�[Ï�é1>���z"�±
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��Xe�A5" (i)3n«�$LXÚ¥§l���d���m�[é ν > 20 THz

ªã�1áÂ�Ì��z§�S�[K¬E¤$ªã«��1áÂ" (ii)éuü

�!V�Ú ABC-æ÷n��$LXÚ§©O3 ν > 130 THz§ν > 100 THzÚ ν > 70

THz«�S�1>�ÉË�|ªÇ ν �K�é�§,©O3 ν < 130 THz§ν < 100

THzÚ ν < 70 THzªÇ«�KÉ�ªÇ ν r��K�"�±w�§3 ABC-æ÷n�

�$L¥3ªÇ 3.6 THz?�±w������áÂ¸"ù��áÂ¸´d ABC-æ÷

n��$L¥��Úd��m�Øé¡5Úå�"(iii)�±uy3pªÇã§n«�

$LXÚ�1>�©O´� σm
0 = πe2/(2h)§σb

0 = πe2/hÚ σt
0 = 3πe2/(2h) �Ê·~

ê"ùy¢õ��$LXÚ¥z��$L�Ê·1>�� πe2/(2h)"(iv)���´§

3 1−100 THzªÇ��S§�±3n«�$LXÚ¥w�1áÂI�"Xã 3.1¤«§

ù
1áÂI�´dI�ØÓUþ��m�[Ú�S�[áÂÏ���Ó�^Úå�"

(v)�X�$L�ê�O\§1áÂI�¬Ñyù£¿�Uw��ÄÚ�p�1áÂI

�"

ã 3.2 �Ñ
n«�$LXÚ¥1>�Ú1ß�Xê3�½16fßÝ¿3ØÓ

§Ýe�XË�|ªÇ�Cz"�±w�§3pª«� σi(ν)Ú Ti(ν)A�Ø�ªÇ ν

Ú§Ý�CzCz"ù
A�Úü��$L3¢�þ�uy��[21]"3�ù	Ú�

â[ªã«��±w�1áÂI�¿� σi(ν)Ú Ti(ν)Ó�É�§Ýé��K�"ù�

Ú¢�þü��$L[101] ÚV��$L[110] �(J���"3�½�>f/�ÇßÝe§

·���>fXÚ¥>f/�Ç�zÆ³U�X§Ý�O\~�/O\"Ïd§X

ã 3.2¤«§3 Moss-Burstein�A[111] �K�e§1áÂI��áÂ>ò�X§Ý�

O\�pª«�7£"éuü��$L§1áÂI��°Ý�X§Ý�,p~�"

3V�Ú ABC-æ÷n��$LXÚ¥§1áÂI��pÝÚ°Ý�X§Ý�O\

~�"3�$�§Ýe§Uw��°Ú���1áÂI�¿�31áÂ�>�kX�

²w��ä"ù�ü��$LXÚ�¢�(J�Î[101]"3 ABC-æ÷n��$L3 3.6

THz?��áÂ¸� �Ø�§ÝCz¿�áÂ¸�rÝ�X§Ý�O\~f"

ã 3.3�Ñ
3�½§Ý� T=300 KÚ�ÇßÝ� nh �§ØÓ>fßÝ ne en

«�$LXÚ�1>�Ú���éA�1ß�Xê�XªÇ�Cz'X"éu30>

�.þ��$L§\��� (K)� ØUò0>�.S�>f (�Ç)@ØÑ¿5\�

�$L�¥"u´�$L�¥�>fßÝ�±ÏL�>Ø5?1N![112]"	\�>Ø

é�$LXÚ>f(�5��K�®²3nØþ?1
ïÄ[113, 114]"ÏLã 3.3·�u

y3pª«�§n«�$LXÚ¥�1>�ØÉªÇ ν �K�¿�É>fßÝ�K�

�Ó�é�"3 2−150 THz �ªÇ��S�±*w�1áÂI�"ABC-æ÷n��

$L¥3 3.6 THz?�áÂ¸� �Ø�>fßÝUC¿�áÂ¸�rÝ�X>f

ßÝ�O\~f"Ï~5`§��¥>f�zÆ³U�>fßÝ�O\O\"Ï

d§Xã 3.3¤«§�X>fßÝ�O\1áÂI�ò7£�pUþ«�"�±w�Ø

Ó�$LXÚ1áÂI���Ý�X>fßÝO\O\"3�p�>fßÝe�±
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w�1áÂI��>�äk�kb��ä"ù
ïÄ(JL²ü�!V�Ú ABC-æ÷

n��$LXÚ1áÂI��°ÝÚpÝ�±ÏL	\�>Ø�/ª�>fßÝ?1

k��N!"

ã 3.4 �Ñ
3�½16fßÝÚØÓ§Ýe§ AB-æ÷õ��$LXÚ1>�

�Ë�|ªÇ�Cz"�±w�3��1ªãS�Ê·1>�´dØÓk�$Uþf

XÚ¤�z�¿� AB-æ÷õ��$L¥�z�é1>���z� πe2/(2h)"3n�!

o�ÚÊ� AB-æ÷�$L¥�±w�ù	��â[ªã�1áÂI�"3�$�§

Ýe�±���°Ú���1áÂI�¿�1áÂI�¬�X�$L�ê�O\ù

£"�X§Ý�ü$§1áÂI��¬u)ù£"

3ã 3.4(a) Ú (c) ¥§�±3 AB-æ÷Ê�Ún��$L¥w�ü�áÂ>"ù


áÂ>´d AB-æ÷Ûê��$L¥��\�YE¤�"3ã 3.4(b)¥vkáÂ>

´Ï�óê� AB-æÈõ��$L�fXÚ´Ã�Y�"ù
A5�±lúª (3.15)
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Radiation Frequency  (THz) 

ã 3.3: 1>� (þ¡�) Ú1ß�Xê (e¡�) 3�½§Ý T=300 K Ú�ÇßÝ nh = 5× 1011

cm−2 ØÓ>fßÝ ne = 1 × 1012 cm−2 (¢�)§ne = 1.5 × 1012cm−2 (áy��)§ne =

2× 1012 cm−2 (J�)§Ú ne = 2.5× 1012 cm−2 (:M¥�) e�XË�|ªÇ ν �Cz"ü

�!V�Ú ABC-æ÷n��$L�(J©O^ÉÚ!ùÚÚ7Ú��L«
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Úúª (3.17)¥wÑ" AB-æ÷n��$kü��\�Y E3
g1 = 0.03 eVÚ E3

g2 = 0.01

eV©OéAü�3 7.3 THzÚ 2.4 THz?�áÂ>"éu AB-æ÷Ê��$Kkn�

�\�Y E5
g1 = 0.04 eV§E5

g2 = 0.01 eVÚ E5
g3 = 3.33"cü��\�Y©OéA 9.7

THz Ú 2.4 THz ?�áÂ>"3$ªÇ�� ν < 1 THz§�m�[¤���z�~�

Ï3ã 3.4(a)¥wØ�1n��\�Y¤���áÂ>"ùpÓ�uy1áÂ>�p

Ý�X§ÝO\þ,",	§I��Ñ�´�Y�áÂ>Ú1áÂI��áÂ>Ø

Ó"1áÂI��áÂ>´d¤�U?NC�>f�[¤���"lã 3.4¥§·��

±w� AB-æ÷õ��$L¥�\�YÚå�1áÂ>?31áÂI����S"

0

1

2

3

4

5

0

1

2

3

4

5

1 10 100
0

1

2

3

4

5

2.4 THz

9.7 THz

 

 

 

O
pt

ic
al

 c
on

du
ct

an
ce

 
/

0

(a)

(b)

 

 O
pt

ic
al

 c
on

du
ct

an
ce

 
/

0

 
 

(c)
2.4 THz

 O
pt

ic
al

 c
on

du
ct

an
ce

 
/

0

 

 

Radiation Frequency  (THz) 

7.3 THz

ã 3.4: 3�½16fßÝ ne = 1.5× 1012 cm−2 Ú nh = 5× 1011 cm−2§ØÓ§Ý T=10 K (¢

�)§77 K (áy��)§150 K (J�)§Ú 300 K (:M¥�) e§AB-æ÷õ��$L

¥1>��Ë�ªÇ ν �Cz"ã¥©O� AB-æÈÊ� (a§7Ú�)§o� (b§ùÚ�)§

Ún� (c§ÉÚ�) �(J
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3�C���ó�¥§Hao[98] O�
 AB-æ÷õ��$L3��1Ì��S�1

>�"ùpI��Ñ�´©z [98]�ïÄÄu�U��M�îþ�.¿���
�$

L��êXÛK�Cù	�b	«máÂ¸�êþ"3©z [98]¥§Cù	��S�

áÂ¸´d K:NC$UþfXÚ�pUþfXÚ�m�1áÂ�[¤���"b

	��S�áÂ¸KÚM:NC��¿ÅÛ:k'"3��ïÄ¥§·�ÏLk��

$UþM�îþ�.5ïÄ�$LXÚéË�|�1�A§Ó���±��ù	��

â[��S�1Æ5�",	§·�y¢
 AB-æÈõ��$LXÚ¥3��1��

S�Ê·1>�´d$UþfXÚ¤�z�"·�uy�$L��êU
k��K�

ã 3.4¥ AB-æÈõ��$L¥�1áÂI��/G! �Ú°Ý9�Ý"

ã 3.5 �Ñ
 ABC-æ÷õ��$LXÚ¥1>�3�½16fßÝØÓ§Ýe

�XªÇ�Cz'X"ABC-æ÷ N -��$L3pªã�Ê·1>�� Nπe2/(2h)"

ABC-æ÷õ��$L3$ªãÓ��31áÂI�"3ã 3.5¥§�±w��X�$

L�ê N �O\½ö§Ý�ü$§1áÂI�ò�$ªãù£"Ó�§1áÂI��

°ÝÚ�Ý�X�$L�ê N �O\~�",	§·�uyã 3.5¥�1áÂI�

�ã 3.4 ¥�1áÂI�kØÓ�A�" i) ØÓu AB-æ÷õ��$LkXõ��$

UþfXÚ§ABC-æ÷õ��$L�k��k�$UþfXÚ"Ï§� ABC-æ÷

õ��$L�'§3 AB-æ÷õ��$L¥�±w��é�\´L�1áÂI�(�"

ii) � AB-æ÷õ��$L�'§3�Ó��$L�êe ABC-æ÷õ��$kX�Ä

�1áÂI�"AB-æ÷õ��$L¥1áÂI���Ý' ABC-æ÷õ��$L¥�

��" iv) 3$§e§3 ABC-æ÷õ��$L¥kXÉ§ÝÚ�$L�êu)£Ä�

\²w�1áÂI�"ù
(JL²õ��$LXÚ�æ÷gSÓ�éù	��â[

�°��S�1>A5kX��K�"

ù�ïÄ�(JL²3��1Ì��S§õ��$LXÚ�1áÂrÝ�X�$

L��êO\O\"3ù	��â[«�§3 AB-Ú ABC-æ÷�ü�Úõ��$

LXÚ¥�±w�1áÂI�"�X�$L�ê�O\�±w�1áÂI��ù£"

ù
k�5����Ì��Ôn�Ï´ü�Úõ��$LXÚkXØÓ�>fU�(

�"ùU��ØÓ�$LXÚäk÷vÄþÚUþÅð½Æ1áÂ�[Ñ��ØÓ�

��Ý"ù
nØuyL²�$LXÚ�1>A5�±�N!¿�Ø=�±ÏLUC

§ÝÚ>fßÝ5N!Ó�UÏLÀJØÓ��$L�êÚæ÷gS5?1N!"

3.3 ���ÙÙÙ���(((

3ù�ïÄ¥§·�^�@{ü�nØ�{5ïÄü�Úõ��$LXÚ3 AB-

Ú ABC-æ÷^Se�1>5�"·�ïÄ
�í/�$L/0>�.XÚ¥§Ý!>

fßÝ!æ÷gSÚ�$L�êé1>�/1ß�Xê�K�"lnØþy¢
 N -�

�$LXÚ3pª��S�1>�´��Ê·�~ê σN0 = Nπe2/(2h)§�A�ØÉ

§Ý!>fßÝÚæ÷^S�K�"ùL²z��$Lépªã1>���z´��
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ã 3.5: ABC-æ÷õ��$LXÚ3�½�16fßÝ ne = 1.5 × 1012 cm−2 Ú nh = 5 × 1011

cm−2 ØÓ§Ý T=10 K (¢�)§77 K (áy��)§150 K (J�)§Ú 300 K (:M¥

�) e1>��ªÇ�Cz'X"ã¥©O�n� (ÉÚ�)§o� (ùÚ�) ÚÊ� (7Ú

�) �$L�(J

Ê·� σ0 = πe2/(2h)"3pªã§ü�!V�Ú ABC-æ÷n��$LéA�1ß�

Xê©O��� 97.7%§95.4%Ú 93.1%§ù�¢�(J�Î[21]"·��ïÄ(JL²

3 AB-Ú ABC-æ÷�ü�Úõ��$LXÚ¥�33 0.2−150 THzË�ªÇ��S

�1áÂI�"3ù	��â[«�a Drude �.�1>�Ú�éA�pß�Xê

I�®²3¢�þ��y¢[89, 100]"�ê��$LXÚ¥�1áÂI�´d�m�[

Ú�S�[Ï�¤I��ØÓ�[UþÚå�"ù
1áÂI���ÝÚ°Ý§c

Ù´3$ªÇ«��áÂ>§É�§Ý!>fßÝ!æ÷^SÚ�$L�ê�r�K

�"3 ABC-æ÷n��$L¥�3��3 3.6 THz?��áÂ¸"ù��áÂ¸� 

�Ø�§ÝÚ>fßÝ�CzUC§�´§�rÝ�X§Ý�ü$½ö>fßÝ�

O\~�"éukXÛê�� AB-æ÷õ��$L§�3d�\�Y¤Úå�áÂ

>"áÂ>�êþÚ ��ûu�$L��ê N ¿�É§Ý�K�é�§�´áÂ>

�rÝ�X§Ý�O\Or"3�$�§ÝÚ/½ö���>fßÝe§·��±

3�$LXÚ¥�1áÂI�>�w�1áÂ²w���"AB-æ÷ N -��$L¥�

1áÂI�' ABC-æ÷ N -��$L¥�1áÂI��°Ú��"�X�$L�ê�

O\§1áÂI�u)ù£¿�1áÂI��°Ý~�"ù
nØïÄ(JL² AB-

Ú ABC-æ÷�ü�Úõ��$L3ù	��â[ªãkXNõÕA�5�"ù
ÕA

�5��±�^5A^3ù	½ö�â[1>ì�þ"
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This chapter corresponds to the published paper /Infrared to terahertz absorption

window in mono- and multi-layer graphene systems0in Appendix D.
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111oooÙÙÙ Rashba ggg^̂̂-;;;���ÍÍÍÜÜÜeeeüüü������111zzz���ùùù			������âââ[[[ÅÅÅããã

���111>>>���

�f�þÝ��á��uymM
�#�ïÄ+�"ùaá�U�©äkcµ

�A^ue��p5UB�>fì�þ[7]"�C§#.��á�Xü�LÞ7á1

zÔ MX2 (M=Mo, W, Nb, Ta, Ti, Ú X=S, Se, Te) ®²���Ñ5"ùa��á�

´7á�f�Y3ü�1x�f�²¡¥mÏL X-M-X /ª�ïÑ��G(�á

�[115–117]"LÞ7á1zÔ (TMDCs)kX���*��Y"Ó�§��Ydõ�(�

�m��YC�ü�(�����Y[11]"~X§�1z�3¬Ná�¥äk 1.29 eV

�m��Y3ü�(�¥Ø���pé¡: K Ú K′ ?KkX�� 1.90 eV ���

�Y[116, 118]"

glü��1z�Ägl¢�þÏLÅ�©l��Ñ5[116, 119]§duÙä��

©k��Ú��>fÆÚ1Æ5��<�?1
2��ïÄ"�C§Äuü�

�1z��|�A¬N+�y¢3~§eäkp� 108 �m''¿�äk�u 200

cm2/(Vs) �>f[£Ç[42, 120, 121]"Ù§Äu�1z��>f��Xí¯&ÿì[122]§

1>¬N+§p�AÝ�1&ÿì[123]§$�u1�4+ (LEDs)[124] ®²3¢�þ�¢

y"�c§éü��1z��ïÄ®²¤�3>fÆ!1ÆÚ1>fÆþ4ädå¿

×�uÐ�ïÄ+�"

ü��1z��>fU�(��±ÏL k·pnØ5O�[125, 126]"ØÓu�$L¥

�Ã�þ�).�-¤�f (MDF)§ü�LÞ7á1zÔ�>f��±�£ã�k�þ

�).�-¤�f"d	§<�uyü��1z�¥�3S�g^-;�ÍÜ (SOC) ¦

ü��1z�¥��Úd�S�)g^3�¿kX���g^��[125, 127]"3�C�

��ïÄó�¥ Li�[128] O�
ü��1z�Sdld�����m�[¤�z�3

��1��S�1>�"ü��1z�¥�8N-u§~X§�l-�Ú¥Õ¶-Ó

�®²�ïÄÚ?Ø[129]"ü�LÞ7á1zÔ¥�r�S�g^-;�ÍÜ¦�g^

Ú��gdÝu)ÍÜ§ùL²ü�LÞ7á1zÔU¤�A^u�>fÆÚg^>

fÆ4äcµ�á�[38, 39, 130, 131]"

é��NB�(�¥16fg^ÄåÆ�N�´g^>fÆïÄ¥���K

¿�Ù�±d Rashba �AÏLR�>|ég^-;�ÍÜ�N�5¢y[132, 133]"D

Ú����N�1Æ5�X8N-u[134, 135]Ú1>�[136, 138–140] ®²�ïÄ¿�Ð«


 Rashba�AXÛK�ÄuDÚ����Ná�g^>fÆì��1Æ5�"ù
ï

ÄL² Rashba�AUr��K��l-��ªÚ$ªÇÅã�1Ì"

���>|R��^uü��1z���¡þ�§�m�üé¡��»§Ó��

â Kane-Mele �.[141]§M�îþ¥òO\�� Rashba g^-;�ÍÜ�"Ïd§g
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^þfê ŝz òØ2´��Ðþfê
[141–143] ¿�g^3�>f��m�>f�[C�

�U"ùò¦·�U*ÿ��c®²3DÚ��>fí¥uy�g^�'�1Æy

�[134–140]"3ü��1z�¥§ü«g^ÍÜÅ�Ó�u)�^§Ó��±ýÏ3Ù

¥Uuyk��g^1Æ�A",	§8õu Rashbag^-;�ÍÜÉ	\>|��

N5§�¦��±éù
�A?1mÚ'�N�",	§��±ÏL3�1z�L¡

�ÈØÓ�f��{5Or Rashbag^-;�ÍÜrÝ§ù«�{®²3�,7��

$L[144]Ú Bi2Se3(001)[145] L¡�y¢"

Rashbag^-;�ÍÜé�$L1Æ5��K�®²�ïÄ[146–149]"ïÄL

² Rashba �AUr��K��$L�1Æ5�"3 Rashba g^-;�ÍÜ��^

e§�$L�1>��LyÑáÂ¸ÚÛ§ù´dØÓg^3���m��m1

áÂ�[¤���[148, 149]"ü��1z�3$Uþ��kX�Ô�.�U�ù�kX

�5ÚÑ'X��$LØÓ"�
éü��1z�á�XÚk��\�
)¿&¢§

�ò53ó�3$Uþªã¢Sì�¥�A^§ïÄ Rashba�A3K�ü��1z�

1>5�¥å���^´�~k7��"

Ø
�þé�1z��nØïÄ�	§�1z��1ÆÚÑ$5�Ó�3¢�þ

�2��ïÄ[38, 39, 42, 116, 118, 120, 121, 131]"�´ù
ó�Ì�8¥3ïÄd��Úd�

�m��m�[¤���3��1��>^Ì�1>5�"3ù�ïÄ¥§·��±

ýÿd Rashba�A¤���g^-�=�[Uéü��1z�3ù	��â[Åã�

1>�AkX��K�"â·�¤�§8c3dÅã1Ì��Séü��1z��

1>5��ïÄ�~�"3ù�«�§S�g^-;�ÍÜÚ Rashbag^-;�ÍÜU

é1>�A5�å��~���^"Ï·���ïÄü��1z�3 Rashba g

^-;�ÍÜ�^e3� �Ú� �Ë�|e�1>�A5"ÏLO��S�[Ú�

m�[��z§·�ïÄ
 n-.Ú p-.�, (ÏLzÆ�,½\�� Ø5UC16

fßÝ)!§ÝÚ Rashbag^;�ÍÜrÝé�1z�1>��K�"·�ÏL\þ


 Kane-Meleg^-;�ÍÜ��� 4 × 4Ý
M�î5O�ü��1z��>fU�

(�"

4.1 üüü������111zzz���333 Rashba ggg^̂̂-;;;���ÍÍÍÜÜÜeee���>>>fff(((���

3ù�ïÄ¥§·��Ä3 x-y²¡0>�.X�z7þ�ü��1z�[150, 151]"

3$U«�§ü��1z�¥�>Ö16f (>f½�Ç) 3 K(K′) :NC3 Rashba

g^-;�ÍÜe�k� k · pM�îþ�±��[125, 127, 128, 142, 143]

Ĥς =[at(ςkxσ̂x + kyσ̂y) +
∆

2
σ̂z]⊗ Î + ςγv

Î − σ̂z
2
⊗ ŝz

+ γR(ςσ̂x ⊗ ŝy − σ̂y ⊗ ŝx), (4.1)

Ù¥ σ̂i Ú ŝi ´©OL«�g^Úg^��|Ý
" Î ´ 2 × 2�ü Ý
¿� ς = ±
´L« K(K′)-����ê"þãM�îþ3ÄuÅ¼ê Ψ+ = {ψA↑, ψA↓, ψB↑, ψB↓}T
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1oÙ Rashba g^-;�ÍÜeü��1z�ù	��â[Åã�1>�

L 4.1: d1�5�nO���ØÓü�LÞ7á1zÔá��U�(�ëê[125]

¬�~ê a �Y ∆ �[~ê t g^-;�ÍÜ~ê 2γv

MoS2 3.193 Å 1.66 eV 1.10 eV 150 meV

WS2 3.197 Å 1.79 eV 1.37 eV 430 meV

MoSe2 3.313 Å 1.47 eV 1.94 eV 180 meV

WSe2 3.110 Å 1.60 eV 1.19 eV 460 meV

Ú Ψ− = {ψA↓, ψA↑, ψB↓, ψB↑}T eü���M�îþ�±©O��

Ĥς =




∆/2 0 ςatk−ς 0

0 ∆/2 2iγR ςatk−ς

ςatkς −2iγR γv −∆/2 0

0 ςatkς 0 −γv −∆/2



, (4.2)

Ù¥ k = (kx, ky) ´Å¥§k± = kx ± iky = ke±iφ"L 4.1 �Ñ
ü�LÞ7á1zÔ

�U�(�ëê§éuü��1z�§a = 3.193 Å´¬�~ê§t = 1.1 eV´a�ë

ê[125]§S�g^-;�ÍÜëê 2γv = 150 meV ´3vk Rashba g^-;�ÍÜed

�º�g^3�[125, 152]§∆ = 1.66 eV´·�3O�¥�^���Úd�m����

Y[125, 127, 128]§γR ´�±�>|N�� Rashbag^-;�ÍÜëê¿�UÏL ab initio

O�½ö¢�[Ü��"Kormányos�[153] ��
ü��.¥ü��1z�� Rashba

ëê αR = 0.033 eÅ2Ez[V/Å]"éA�·��o��.K´ γR = 0.0078 eÅEz[V/Å]§

Ù¥ØÓ�.e Rashba ëê�éA'X γR = αR∆/(2at) �±ÏL©z [154] ¥��

¿�ùp Ez ´R�>|rÝ"3ùpAO�Ñ Rashba �AØ=�±ÏL���>

ØN�§�UÏL�,�f�ÃãOr¿�®²3�$L¥¢y[144]"~X§��

� RashbaÍÜrÝ 72 meV®²3 EuO�.þ�ü��Áz�¥uy[155]"

ÏLþã�M�îþ�±Ó�£ãÑ��Úd�3 Rashba �Ae�g^�"ü�

�1z�3� K(K′) NCéA�Å½��§�±ÏL)Û{��¿���Uþ´é�

z�§

ε4 − A2ε
2 + A1ε+ A0 = 0, (4.3)

��§Ù¥

A0 = (∆2/4 + a2t2k2)2 + γ2
R∆(∆ + 2γv)−∆2γ2

v/4,

A1 = ∆γ2
v − 4γvγ

2
R,

Ú

A2 = ∆2/2 + 2a2t2k2 + 4γ2
R + γ2

v .
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UþÚÑ'X εk,ξ = εk,λυ �±ÏLþªog�§�Ï^)Û)��
[156]"ùp·�½Â

oþfê ξ = (ς, λ, s)§Ù¥ λ = ±L«��/d�§s = ±´g^�êÓ� ς L«��

ê"·�Ï~5^�ê v = ςs = ±5L«�/g^�é¡5"

éu��3 K(K′)�NC>f�éA�Uþ��¼ê�

|k, ξ〉 = ψξ(k, r) = Nλv(k)[cξ1, c
ξ
2, c

ξ
3, c

ξ
4]eik·r. (4.4)

úª (4.4)L«�1¥þ�/ª�Ù¥��¼ê��ü����

cξ1 =− 2iγRa
2t2k2

−ς , c
ξ
2 = ςatk−ςb

λv
1 ,

cξ3 =− 2iςγRatk−ςb
λv
0 , c

ξ
4 = bλv

0 b
λv
2 ,

¿�

bλv
1 =ε2

k,λv − γvεk,λv + ∆(2γv −∆)/4− a2t2k2,

bλv
2 =bλv

1 − 4γ2
R, b

λv
0 = εk,λv −∆/2.

8�zXê Nλv(k) �� Nλv(k) = 1/
√
hλv§Ù¥ hλv = 4γ2

Ra
2t2k2[a2t2k2 + (bλv

0 )2] +

a2t2k2(bλv
1 )2 + (bλv

0 b
λv
2 )2"

4.2 üüü������111zzz���333 Rashba ���AAAeee���111>>>���

3ù�ïÄ¥§·�ÏLIO�È�úª (Kubo formula)5O�ü��1z��

1>�[74, 157]

σαβ(q, ω) = i
e2ni
mω

δαβ +
1

ω

∫ ∞

0

dteiω̃t〈[j†α(q, t), jβ(q, 0)]〉, (4.5)

Ù¥éu��XÚ (α, β)=(x, y)§jα(q, t)´>6�Ý�Î§ω̃ = ω + iη (η → 0+)¿

� ni ´��¥>f½d�¥�Ç�>Ö�Ý"3ùp7L�Ñúª (4.5)¥�1��

´_^�[157]"3ùp·�·�Ì�O�1>��¢Ü§,ù�Ø��zÏ�3k�

1ªÇeù�´X{�JÜ"

31Æ4� q → 0e§3\�1fªÇ� ω eü��1z�XÚ�Ä�1>��

±�¤ Kubo-Greenwood�/ª[76, 157]

σαβ(ω) =
ie2

ω

∑

ξ′,ξ

∑

k′,k

〈k, ξ|v̂ςα|k′, ξ′〉〈k′, ξ′|v̂ςβ|k, ξ〉
f(εk,ξ)− f(εk′,ξ′)

εk,ξ − εk′,ξ′ + ~(ω + iη)
, (4.6)

Ù¥�Ý�Î v̂ςα = ~−1∂Ĥς/∂kα§η = τ−1§τ ´Ñ$µþ�m§f(εk,ξ) = f(εk,λv) =

{exp[(εk,λv − µλ)/(kBT )] + 1}−1 ´¤�-).�©Ù¼ê� µλ ´>f½�Ç�zÆ³§

T L«§Ý"I��Ñ�´·�¦^��µþ�m~ê5?1�e5�O�§3ùp
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1oÙ Rashba g^-;�ÍÜeü��1z�ù	��â[Åã�1>�

¿vkäN�ÄA½�Ñ�Å�"�C§ü��1z���S�[1>��Ó��O

�[158]§©z [159]¥?Ø
,�Ñ�éµþ�m�K�"

3� ς �p�1>��±��

σςxx(ω) =
ie2

ω

∑

λ′v′,λv

∑

k′,k

wxxλ′v′,λv(k′,k)
f(εk,λv)− f(εk′,λ′v′)

εk,λv − εk′,λ′v′ + ~(ω + iη)
, (4.7)

Ù¥

wxxλ′v′,λv(k′,k) =
a4t4k2[p2 + r2 + 2pr cos(2φ)]

~2hλvhλ′v′
δk,k′ ,

�

p =bλ
′v′

0 (4γ2
Ra

2t2k2 + bλv
1 b

λ′v′
2 ),

r =bλv
0 (4γ2

Ra
2t2k2 + bλ

′v′
1 bλv

2 ).

Ó�§3 ς ��î�½/¿�01>�´

σςxy(ω) =
iςe2

ω

∑

λ′v′,λv

∑

k′,k

wxy,ςλ′v′,λv(k′,k)
f(εk,λv)− f(εk′,λ′v′)

εk,λv − εk′,λ′v′ + ~(ω + iη)
, (4.8)

Ù¥

wxy,ςλ′v′,λv(k′,k) =
a4t4k2

~2

i(p2 − r2) + 2ςpr sin(2φ)

hλvhλ′v′
δk,k′ .

3 η → 0+ 4�e§þãúª¥�Ì�� (P)Ú).�-��©��±��©lÏL/

Ïu).��ª

limη→0+
1

x+ iη
= P(

1

x
)− iπδ(x). (4.9)

Ïd, ü��1z��1>��±�©¤¢ÜÚJÜ"3 ς �§p�1>��¢ÜÚ¿

�1>��JÜ©OL«�Xe/ª

Re σςxx(ω) =
∑

λ′v′,λv

Re σλvλ′v′
xx,ς (ω), (4.10)

Ù¥

Re σλvλ′v′
xx,ς (ω) =

∫ ∞

0

dk
e2a4t4k3

2~3ω

(p2 + r2)

hλvhλ′v′
[f(εk,λv)− f(εk,λv + ~ω)]δ[ω − ωλ′v′λv (k)],

Ó�

Im σςxy(ω) =
∑

λ′v′,λv

Im σλvλ′v′
xy,ς (ω), (4.11)
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Ù¥

Im σλvλ′v′
xy,ς (ω) =ς

∫ ∞

0

dk
e2a4t4k3

2~3ω

(p2 − r2)

hλνhλ′v′
[f(εk,λv)− f(εk,λv + ~ω)]δ[ω − ωλ′v′λv (k)],

Ù¥úª (4.7)−(4.8) ¥ cos(2φ)Ú sin(2φ)é�Ý φ�È©©O�"§Ó� ωλ
′v′
λv (k) =

(εk,λ′v′ − εk,λv)/~´�[L§¥Ð�Ú"�ÚUþªÇ��"

XÚo�1>�´ü���z�Ú

σαβ(ω) =
∑

ς=±

σςαβ(ω). (4.12)

úª (4.10) L²éuØÓ�p�1>��¢Ü´���"ù¿�Xp�1>

��¢Ü�±�� Re σxx(ω) = gvRe σςxx(ω)§Ù¥ gv = 2 ´{¿Ïf"éuî�

>��JÜ§úª (4.11) w«Ù3ØÓ����´ÉÎÒ ς UC�K�"~X§

Im σλνλ
′ν′

xy,+ (ω) = −Im σλνλ
′ν′

xy,− (ω)§L²XÚ´��é¡�"ùL²XÚo�¿�>

��JÜ�"§Ï�ü����z�p-�
"

Ï~5`§éu\�� �1�áÂ���±dp�>��¢Ü5L«"éu�

½1ªÇeXÚéum^� �1 (+)Ú�^� �1 (−)�1�A§3� �1|

e ς �¥1>�¥�1áÂÜ©�±L«�[128]

Re σς±(ω) = Re σςxx(ω)∓ Im σςxy(ω). (4.13)

Ïd§�
O�éË�|�1áÂ§·�=I�O�úª (4.10)¥p�1>��¢Ü

Úúª (4.11)¥¿�>��JÜ"

4.3 (((JJJ���???ØØØ

3ù�ïÄ¥§·��Ä n-.Ú p-.ü��1z�3�é�f�ù	��â[Ë

�|e�1>�A§Ï¤^���5�AnØ´k��[6, 74]"Ó�3Ë�|e>f

½�Ç�ßÝØ¬k���Cz"ù´Ï�ü��1z�¥����Y³�
1-u

>f-�Çé��)"ùL²38c�ïÄ¥�I��Ä��½d�S��S>f�[§

~X (λ = λ′)��¹e"n-.�¬¥>f½ p-.�¬¥�Ç�zÆ³ µλ �±©OÏL

16fêÅð½n5û½

ne = gv
∑

λ=+,v=±

∑

k

f(εk,λv), (4.14)

Ú

nh = gv
∑

λ=−,v=±

∑

k

[1− f(εk,λv)]. (4.15)
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1oÙ Rashba g^-;�ÍÜeü��1z�ù	��â[Åã�1>�

(a)

n-type

Conduction band

 s=-1 K'K
s=+1

EF

Valence band

p-type I

K'K

EF

(b)

p-type II

K'K

EF

(c)

ã 4.1: ü��1z�U�(��«¿ãÚ3ü���U�1�[Ï�"(a) n-.�¬§(b) p-. I

ü��1z��¬Ù¥¤�U? EF 3ü�g^3�d�º:�¥m§(c) p-. II ü��1z��

¬Ù¥¤�U? EF 3 v = − g^3�d�f�º:�e"�U�1áÂ�[Ï�d χvv′ L«

�
�¤1>��ê�O�§·�3O�g^-�=�[�z�L§¥æ^>f�

g^µþ�m τ espin=3 psÚ�Ç�g^µþ�m τhspin=200 ps[160]"éug^ØC�gd

16fáÂ§Uþµþ�m�� τc= 0.5 ps[161]"3Uþ¶þCqe§�±¦^âÔ[

©Ù¼ê: δ(E) → (Eτ/π)/(E2 + E2
τ )5O�úª (4.10)Ú (4.11)¥���©¼ê§Ù

¥ Eτ = ~/τ ´>f��òÐ°Ý[162]"ùpI��Ñ�´Uþ¶þ�m´���ªÇ

Cz�ëê�´3ê�O�¥Ï~�½���~ê[163]"úª (4.10)Ú (4.11)L«�1

>��±ÏLIO� Gauss-Kronrod È©�{?1�È©�ê�O�[164] ��§Ó

�È©´U,Âñ�Ï�Ù¥�¤�-).�¼ê©ÙA5ÚUþÅð��©¼ê�â

Ô[©ÙA5"

3ã 4.1 ¥§�Ñ
ü��1z�3 K Ú K′ ��$Uþ>fU�(�ÚéA�

1�[Ï� χvv′"3ü��1z�¥§Xã 4.1¤«§S��g^-;�ÍÜ3��¥

E¤���g^3��´Úå
d�¥���g^3�",	§d�XÚ¥�g^þ

Úg^eÜ©´��ØÍÜ�§l¦���g^��f�m�>f�[´Ø�U�"

3�Ä
 Rashba�A�§NX�UÌ�´����K�§�´¦�ØÓU��>f�

´�«g^·Ü�"l¦�ã 4.1¥¤«�ØÓg^-3�f�m�>f�[C��

U"lc¡�?Ø��§p�¿�1>��ýé�´ØÉ��êK��"u´·�^

ÎÒ χvv′ 5L«l v�� v′ ��1áÂ�["3ùp·�½Â3Uþ�©E�g^3

�U�¥§Uþ$�f�^ v = −L«§Ó�Uþ�p�f�^ v = +L«"

ü��1z�´��N¿��±ÏLzÆ�,½\���>Ø�Ãã?1�,ß

Ý�N�[121, 167]"XJXÚ´>f�,�§~X§n-.ü��1z�§XÚ�1>��

±©mL«�3��Sug^ØCÚg^�=�[��z"Ïd§1>�´ã 4.1(a)

¥¤«�[Ï�¤��z�Ú"�Ãud�º���g^3�§p-.ü��1z��

1áÂ�[r���ûu�,�ßÝ"éu$�,��¹§3d�¥Uþ�$�g^

3����d>fÓâ"Ï§Xã 4.1(b)¤«§3ù�f�¥�gd16fáÂ´

��B��"XJ p-.�,�ßÝ���
§Xã 4.1(c)¤«§ù�Uþ�$�f�
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(a) n-type T=10 K
R=0.25 v

ne=2.5 1013cm-2

nh=5.0 1013cm-2nh=2.0 1013cm-2(b) p-type I  

   (THz) 

 

(c) p-type II  

 

 (THz) 

ã 4.2: 3k�§ÝØÓ�,a.Ú�,ßÝe§ØÓ�[Ï�ép�1>�¢Ü��z"3

ã (a)-(c) ¥ØÓ�[Ï�é1>���zéAuã 3.1 ¥��[Ï�"Ó�§çÚ¢� χ ¤L

«�´¤k�[Ï�¤��z�Ú"ùp§σ0 = e2/(4~)§ã¥�^éê�IX

SK�±k�S�[��zÜ©"�
(½XÚ�1áÂ§X3c���!¥¤J�§

I�O�1>��¢Ü"Ï§ÏL¢�þéØÓ�,ßÝeXÚ1áÂ�ÿþ§Ó

�U
(½úª (4.12)-(4.13)¥¤½Â�1>�"

3ã 4.2 ¥§�Ñ
�½>fßÝ ne e n-.ü��1z�Ú�½�ÇßÝ nh

e p-. I/II ü��1z�3§Ý T = 10 K � γR = 0.25γv �ØÓ>f�[Ï�é1

>���z"�±w� n-. (p-.)ü��1z��1>�dã 4.1¥¤«�g^ØC

�[Úg^�=�[Ó��z"du K Ú K′ �m�é¡'X§ã 4.2 ¥ØÓ�é1

>���z´�Ó�Ø
ØÓ�¥Uþ�pÚ�$�f�©OkXØÓ�g^�ê"

3ã 4.2(b)¥§gd16fáÂ��3uUþ�p�g^©Ef�¥§Uþ�$�

g^©Ef�¥K´Xã 4.1(b) ¥¤«���Óâ"Ïd§3 p-. II ü��1z�

¥��S�['���éA� p-. II �¬é1>�kX�õ��z"ù�:�±l

ã 4.2(b)-(c)¥é�Ù�w�"Ó�§·��±w� p-.�¬¥3 v = +f�¥�gd

16fáÂé1>���z'3 v = −f�¥��z�"�dÓ�§3 n-.�¬¥K

�¹��"éu�S�[§Ì�u)3$ªÇ�«�§Uþµþ�m�ªÇ�CzØ

´ér"ïÄL²3 InP¥§$ªãSgd16fµþ�m�1ªÇ�Czé�[165]"

Ó� Rashba�Aégd16fµþ�m�K��é�ù´Ï� Rashba�AA�Øë

���S�[Ñ�Å�"Ï~5`§^ü�Uþµþ�m� Drude�.U�Ð�£ã

�S�[1>�[166]"

g^Åð��S�[¬Úå$ªã��â[1áÂ§g^�=�[K¬��

ã 4.2(a) ¥�°�áÂ¸Úã 4.2(b)-(c) ¥CqÝ/�áÂ1Ì" 3ã 4.2(a) ¥§o

�1>�3$ªãk��°�áÂ¸§Ó�o1>�3$ªã�XªÇ�~�Or§

LyÑaquÏ~� Drude�.�5�"3 3− 3.8 THz��S�°�áÂ¸´d��

¥���g^3�¤E¤�"áÂ¸�/G´d n-.�¬¥�[Uþ������

��"3ã 4.2(b)-(c)¥§o�1>��3pª«�k��áÂI�Ó�3$ªã�
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1oÙ Rashba g^-;�ÍÜeü��1z�ù	��â[Åã�1>�

o1>�Ó��ªÇ~�O\"Ó�3ã 4.2(b)-(c)¥CqÝ/�áÂI�3ªÇ�

� 34.5− 36 THzÚ 33.3− 35.5 THz´dd�¥���g^3�¤���"

ã 4.3 �Ñ
ü��1z�¥ü��3� �Ú� �1|eé1áÂ��z"

1>��¹dg^Åð�S�[¤�z�a DrudeÜ©Úg^�=�m�[¤�z�

���1áÂI�"3� �Ú� �1Ë�e§a DrudeÜ©´�Ó�§Ï�lú

ª (4.8)�±w��S�[é¿�>�JÜ��z�""X31 4.2!¥¤�ã§é�

 �1�1áÂ�p�1>��¢Ü Re σςxx ¤�'§¿�3ü��´���",§

é� �1�áÂÓ�É�¿�1>�JÜ Im σςxy �K�§¿�¿�1>��JÜ3

ü��´ ±���"Ïd§ØÓ�é� �1�áÂ´É��êK��"éuXÚé
�^Úm^� �1o�áÂ�A§σ− Ì�&ÿ K � σ+ Ì�&ÿ K′ �",	§

3ü���²þ�K�up�1>�"ù
k��uy�7D¥�uy��[162]"

ã 4.4 �Ñ
3�½16fßÝÚ γR ëê§ØÓ§Ýe n-.Ú p-. II ü��1

z�1>��Ë�|ªÇ�Cz'X"éu Rashbaëê γR = 0.25γv Ú§Ý T= 10 K

�§p-.�,�¬�±�@�´ p-. I� nh < 3.36× 1013 cm−2§Ó�¬C¤´ p-. II

� nh > 3.36 × 1013 cm−2"3ã 4.4(a) ¥§·�uy°áÂ¸�rÝ�X§ÝO\

~�¿�3~§e¬��"ã 4.4(b) ¥�1>��3~§ek��áÂ¸¿�3

$§ek��1áÂI�"3$§ T=10 K�§1áÂI��>�?k��r���

ä"·�5¿�3 36.1 THz ?��ä3§Ý�p��/e���3"3�p�§Ý

10-1

100

3 4 5 6 7
10-1

100
 

 Re xx

 Re 

 Re 

 Im xy

T=10 K
R=0.25

v

ne=5.0 1013cm-2

 

(a) K 

K' (b)

  (THz) 

  

 

ã 4.3: 3§Ý T=10 K§>fßÝ ne = 5 × 1013 cm−2 Ú Rashba ëê γR = 0.25γv �§� 

�1|e n-.ü�MoS2 ¥1>��áÂÜ©"(a) K �Ú (b) K′ ��(J"ã¥�^éê�

IX
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e§du¤�-).�©Ù�²w�^§ã 4.1(c)¥¤«��
>f#©Ù�¤�U

?±þ�>f�þ"Ï§>f�±Óâ v = −f�ºÜ��
>f�¿��±u)
d v = −�� v = +��>f�[",§� γR = 0.25γv �ü�d�f�º�Uþ

�éA�Ë�ªÇ� 36.1 THz"Ïd§36.1 THz´¤#N�g^�=�[���1�

[ªÇ"a DrudeÜ©�§Ýu)Czé�´Ï�3ê�O�¥�^
�Ó�Uþµ

þ�m" Ï~5`§·��±3�$�§Ýe31>�Ì¥���r�áÂ¸Ú�k

b�áÂI�"ÃØXÛ§·�uy3 p-.�¬¥�g^�=�[�)�1áÂE,

�±3¿§e*ÿ�"

ã 4.5¥�Ñ
3�½ Rashbaëê γR = 0.25γv Ú§Ý T= 10 K§ØÓ16fß

Ýe n-.Ú p-.ü��1z�1>��Ë�|ªÇ�Cz"éuü��1z�§n-.

Ú p-.�,��¬�±ÏL|�A¿ÏLØÓ�4Ú¦45¢y[121, 168]��,ßÝ

�±ÏL�>Ø5N�"Ï~§�±3�1z�¥���p�16fßÝ[121, 169]"u´

·�3ê�O�¥�16fßÝ�êþ?� 1013 cm−2"Xã 4.5¥¤«§n-.Ú p-.

�¬¥�S�[¤�z�1>��X16fßÝ�O\O\"�\k��´§·

�uy�X16fßÝ�O\§ã 4.5(a)¥�°áÂ¸7£�pªÇã§ã 4.5(b)¥

3 4 5 6 7

100

28 30 32 34 36 38 40 4210-2

10-1

 T=10 K
 T=77 K
 T=150 K
 T=300 K

R
e

xx
/

R=0.25 v

ne=5.0 1013cm-2

  (THz) 

 

 

(a)

R=0.25 v

nh=5.0 1013cm-2

(b)

   (THz) 

R
e

xx
/

 

36.1 THz

ã 4.4: �½�16fßÝÚ Rashba ëê3ØÓ§Ýep�1>��¢Ü�Ë�ªÇ�Cz"

(a) n-.Ú (b) p-.ü��1z�"ã¥�^éê�IX
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1oÙ Rashba g^-;�ÍÜeü��1z�ù	��â[Åã�1>�

�1áÂI�ù£�$ªÇã"3�½� RashbaëêÚ§Ýe§>f/�Ç3 n/p-.

�¬¥�zÆ³�16fßÝ�O\O\/~�"Ïd§du�|{l�A[170]§�

�g^�=�[¤I��Uþ�X n-/p-.�¬¥>f/�ÇßÝ�O\O\/~�"

ùÒ´��o�X16fßÝ�O\§n-.�¬¥�áÂ¸¬7£ p-.�¬¥1

áÂI�¬ù£"3ã 4.5(b) ¥§·�w�1áÂ3m>�>.3 36.1 THz  �?§

ùp 36.1 THz ´ù
�¹e#N���1�[ªÇ"Ø��S�[��z§·�u

y n-.�¬¥�áÂ¸Ú p-.�¬¥1áÂI��pÝÉ�16fßÝ�K�é�"

�§n-.�¬¥áÂ¸�°Ý�X>fßÝu)���Cz¿� p-.�¬¥1áÂ

I��°Ý��ÇßÝ�C�kXwÍ�Cz"ù
nØïÄ�(JL²ü��1z

�l�â[�ù	«��1áÂ�±ÏLUC16fßÝ��{5?1k��N!"

3ã 4.6 ¥§·��Ñ
ü��1z�3 Rashba g^-;�ÍÜ�^e�Ø

Ó Rashba ëê3 K �¥�$Uk�U�(�±9��Úd�¥g^3�f��m

�Uþ��Å¥�Cz"Ï~5`§��N¥� Rashbag^-;�ÍÜrÝ�±�>

|N![50, 132, 133]"3ã 4.6(b) ¥� K :NC§��¥�ü�g^3�f��m�U

1 2 3 4 5 6 7 810-2

10-1

100

101
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/

T=10 K
R=0.25

v
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(a)
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R
e

xx
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36.1 THz

ã 4.5: 3 Rashba ëê γR = 0.25γv Ú§Ý T= 10 K �§ØÓ16fßÝep�1>��¢Ü

�Ë�|ªÇ�Cz§Ù¥ n0 = 1× 1013 cm−2"(a) n-.Ú (b) n-.ü��1z��(J"ã¥

�^éê�IX
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?��XÅ¥½ Rashba ëê�O\O\"�X Rashba ëê�O\§U?�m�

Uþ�dCq��Ô��C¤Cq��5�"¿�3��� Rashba ëêe§�

±uy3 ka = 0 ?�g^-;�©���Y"3ã 4.6(c) ¥§� γR = 0.1γv, 0.25γv§

Ú 0.5γv �§�±w�ü�g^3�d�f�m�Uþ��XÅ¥�O\~�"

� γR = 0.75γv �§g^3�d�f��mUþ��XÅ¥�O\kO\����~

�"� γR = γv �§g^3�d�f��mUþ��XÅ¥�O\O\"·�u

yü��1z���U�(��±ÏL Rashba�A�����N!"ØÓ� Rashba

ëêe§3d�¥�±���\E,�g^3�fU�(�"

ã 4.7 �Ñ
 n-.Ú p-.ü��1z�3ØÓ Rashba ëêe1>��ªÇ�C

z"3���16fßÝe (~X 5 × 1013 cm−2)§·�uyd� v = − f�º:�
 �Ú n-/p-.ü��1z�¥>f/�Ç�zÆ³UØ� Rashbaëê�CzCz"

Ïd§éu p-.ü��1z���ÇßÝ� nh = 5 × 1013 cm−2§3ØÓëê γR e

�±���w�´ p-. II ü��1z�"3���16fßÝe§·�uy Rashba

ëêé¤�U?�K�´�±�Ñ�"�16fßÝ���§·�uy3 n-.�¬
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ã 4.6: (a) 3ØÓ Rashba ëêe§ü��1z�3 K ��$Uþk�U�(�"g^

þ (s = 1) Úg^e (s = −1) �f�©O^ùÚÚ7Ú��L«"(b) ��¥Ú (c) d�¥g

^3�f��m�Uþ�

56



1oÙ Rashba g^-;�ÍÜeü��1z�ù	��â[Åã�1>�

¥� Rashba ÍÜrÝ����ÿ¤�U?� Rashba ÍÜrÝ�O\�±ØC"�

X Rashba ÍÜrÝ�UYO\§¤�U?���~�"3 p-.$16fßÝ�¬

¥§¤�U?���X γR �O\�ú�~�"

3ã 4.7(a)-(b) ¥§·��±w� n-/p-.ü��1z�1>��a Drude Ü©

ØÉ γR ���K�"�X γR �O\§3ã 4.7(a) ¥�°áÂ¸u)7£¿�áÂ

¸�/G=C�áÂI�"Ó�§1áÂI��°Ý�X γR �O\O\¿�1

áÂI��pÝ� γR �Cz�é�"3ã 4.7(b) ¥Ó��±w�3ØÓ Rashba ë

êe�1>��¥�31áÂI��´1áÂI��°ÝÚpÝÉ� γR �K�

é�"lã 4.7(b) ¥�Ê|êâ�±w�§� γR = γv �kX�°�1áÂI�§

� γR = 0.75γv �kX�Ä�1áÂI�"ù«A5�±lã 4.6(c)¥��"·��±

w�3ã 4.7(b)¥ù
1áÂI��>.�ã 4.6(c)¥ ka = 0?�g^3�d�f�

m�U?�¿Ø�Î"ù¿�X3���ÇßÝÚ�$§Ýe§#Ng^�=�[�

1fUþ>.Ì�d3¤�U?NCÉ�¤�).�©Ù¤���Ç�1áÂ�[¤

û½"� γR = 0.75γv �§ã 4.6(c)¥�Ä�U?���
ã 4.7(b)¥�Ä�1áÂI

�¿�1áÂI�kX¹.�ºà"
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ã 4.7: 3�½§Ý T= 10 K Ú16fßÝ 5 × 1013 cm−2 e§ØÓ Rashba g^-;�ÍÜë

êe1>��¢Ü�XË�ªÇ�Cz"(a) n-.ü��1z�Ú (b) p-. II ü��1z��(

J"ã¥�^éê�IX
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ã 4.8: 3�½§ÝÚ16fßÝ§ØÓ Rashba Xêeg^�=�[¤�z�p�1>��¢

Ü�Ë�|ªÇ�Cz"ùp·�^ γ′v 5�O γv ��S�g^-;�ÍÜëê"ØÓS�g^-;

�ÍÜëê γ′v e (a-d) n-.Ú (e-h) p-.ü��1z��¬�(J"ã¥�^éê�IX

,	§3 Rashba �Aeü��1z�¥g^3����ÚDÚ��>fíXÚa

q"Ïd§ã 4.7(a)¥�(JÚDÚ��>fí¥�(Jaq[136–138]"dug^-;�

3�d�(��E,5§ã 4.7(b)¥1áÂI��pÝ� Rashbaëê�Czé�§ù

�:ÚDÚ��>fXÚké��«O"Ïd§�±o(��ØÓ�,a.ü��1

z��1>5��±ÏL Rashba�A?1k��N�"

�
�Ð�n)3 Rashba �Ae p-.�¬�1>�¥�1áÂI��pÝ

� Rashbaëê�K�é�ù«AÏ�y�§·�òïÄS�g^-;�ÍÜ¤å��

�^"�,S�g^-;�ÍÜëê γv ´��~ê�ØÉ	\>|UC§·�òÏ

LÀJØÓ�S�g^-;�ÍÜëê��ª5ïÄS�g^-;�ÍÜXÛû½ü�

�1z��1Æ5�"3ã 4.8¥§·��Ñ
3�½§ÝÚ16fßÝe§n-/p-.

�1z��¬¥g^�=�[é1>��z�Ë�|ªÇ�Cz"ùp§·�#½

Â γ′v �S�g^-;�ÍÜëê"ã 4.8(a) �Ñ
ã 4.7(a) ¥g^�=¤�z�1>

�Ü©"� Rashba ÍÜéf�§·��±w� n-.XÚ¥>fg^�=�[¤�z

Ü©�°ÝÚpÝ�X Rashba ÍÜrÝ�~�~�"lã 4.8(a)-(d) ¥�±wÑ§

3ØÓ γR ëêe§1>���A5ÉS�g^-;�ÍÜ�K��~�"ù:��

��É´dØÓ γ′v eg^3������Cz¤E¤�"lã 4.8(e)-(h)§·��±u

yXe�A�µ(i) 3���S�g^-;�ÍÜe (~X γ′v =75 meV§37.5 meV)§1

áÂI��pÝ� Rashba ëê�Czér" (ii) 3��� γ′v e§1áÂI��pÝ

�X Rashba ëê�Cz���Cz¿�ù
1>���/GÚ��éA� n-.�

¹eaq"(iii) 3vkS�g^;�ÍÜ��^e (γ′v = 0 meV)§ã 4.8(h)¥�1>
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1oÙ Rashba g^-;�ÍÜeü��1z�ù	��â[Åã�1>�

��Úã 4.8(d)¥�1>��A���"Ù¥[���É´dO�¥¤ÀJ�>

fÚ�ÇØÓ�µþÑ��m¤E¤�"Rashba�A�(�±K��m�[�µþ�

m"�´lã 4.8(d) Ú (h) �±w�§UþµþCq¥^��ØÓµþ�m�¬��

K�1áÂI��>.Ó�Ø¬é��g^�=�[¤�z�1>��k���K

�"���µþÑ��m¿�X���Ñ���òÐ§g^�=1>�ò�Cu�Å

1Æ4�e�(J"3ù�ïÄ¥§·�é3pªã«��g^�=�[¤�z�1

áÂÜ©�\a,�"3ù�«�§�S�[��zé�f"u´§·��±é�%

�@�3�ïÄê�O�¥^��Uþµþ�mU
éÐ�£ã3¤ïÄªã���

1áÂA5"Ïd§·��±w�S�g^-;�ÍÜU3K�ØÓ Rashbag^-;�

ÍÜëêe p-.ü��1z���1áÂÌå�é���^"3ü� MX2 ¥§S�

g^-;�ÍÜëêÚúª (4.1)¥Ù§�ëê�XØÓ MÚ X��Cz"Ï3ù	

��â[��SkXØÓªã��Ú/G�áÂI��Ó��±3 Rashba�AeÙ§

�ü�LÞ7á1zÔ¥*w�"

4.4 ���ÙÙÙ���(((

3ù�ïÄ¥§·�&¢
3 Rashba�Ae n-Ú p-.ü��1z�ù	��â

[Åã�1>A5"1>�ÏLIO�È�úªO���"ïÄ
Ë�|� ���§

§Ý§16fßÝÚ Rashbaëêé1>��K�"XÚo�1>��¹ØÓg^��

mØÓ�[Ï���z"·�Ó�ïÄ
S�g^-;�ÍÜ�^3 Rashba�Aeé

ü��1z�1>5��K�"�ïÄÌ��(ØXe"

3ü��1z�¥§gd16fáÂ�3u��ù	��â[��"g^�=�

[¤���°áÂ¸ÚáÂI�?3ù	��â[ªã"gd16fáÂÉ�Ë�|

 ���!§ÝÚ Rashbaëê�K�éf�´r��É�16fßÝ�K�"3� 

�1e§g^�=�[LyÑ��êÀJ5�1áÂ",§ØÓ��m1>��Ú

�up�1>�"3�$�§Ýe§�±w��r�áÂ¸½ö��ß�1áÂI�"

1áÂ¸Ú1áÂI�� �Ú°Ý�±k���16fßÝÚ RashbaëêN!"ù

L²ü��1z�3ù	��â[«�kX�°�1ª�A��"

3 Rashba�Ae§n-.ü��1z�1>��A��DÚ��>fíaq¿�S

�g^-;�ÍÜé p-.ü��1z��1>5�kX�r��K�"

·�uy n-Ú p-.ü��1z��1>A5�±�16fßÝÚ Rashbaëê?

1k��N!§ù¦�ü��1z�U¤�A^u1ÆÚ1>fÆ�~kdå�ù	

Ú�â[á�"�ïÄ¤��nØ(JkÏun)ü��1z��1Æ5�"·�Ï

"�nØïÄ¥�ýÿU
�¢�¤y¢"
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This chapter corresponds to the published paper /Infrared to terahertz optical

conductivity of n-type and p-type monolayer MoS2 in the presence of Rashba spin-orbit

coupling0in Appendix D.
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111ÊÊÊÙÙÙ Rashba ggg^̂̂-;;;���ÍÍÍÜÜÜeeeüüü������111zzz���333������111ÅÅÅããã������

���111áááÂÂÂ

3þ�Ù¥§·�?Ø
ü��1z�XÚ3 Rashbag^-;�ÍÜeÄu 4× 4

Ý
M�îþO����1>�"ÏLO�(J§·�
)� Rashbag^-;�ÍÜ

éü��1z�3$ªÇù	��â[ªãS�1>�/1áÂkX�~��K�"

d Rashba�AÚå
 n-.�¬¥�DÚ��>fXÚ3 Rashba�Ae�aq�ÕA

1áÂA5"Rashba�Aég^��ÍÜ�AU¦ØÓ�{¿g^f�¥�>fu)

1áÂ�m�[§Ï Rashba�AÓ�¬éü��1z�3pªã«��1áÂA5

�)K�"ÏLþ�Ù¥ 4 × 4Ý
M�îþ�.Ú3Ø�Ä Rashba�Ae 2 × 2Ý


M�îþ�.§3ù�Ù¥·�ïÄÚé'
 Rashba�A3��1«�éü��1

z�1�áÂ9�éA��[Ï��K�"

5.1 üüü������111zzz���333""" Rashba ggg^̂̂-;;;���ÍÍÍÜÜÜeee���>>>fff(((���

3ù�ïÄ¥§·��Ä3 x-y ²¡þ�ü��1z�§ü��1z�¥16

f (>f½�Ç)3 K(K′)-:NC�k�M�îþ�±��[125, 127]

Ĥς
0 =

(
∆/2 ςatk−ς

ςatkς −∆/2 + ςsγ

)
, (5.1)

Ù¥ k = (kx, ky)´16f�Å¥§k± = kx ± iky = ke±iφ§� φ´ kÚ x-¶�m�Y

�§ς = ±´ K(K′)����ê§g^�ê s = ±�Lg^þÚg^e�>f�§¬
�~ê a = 3.193 Å§a�ëê t = 1.1 eV§S�g^-;�ÍÜëê γ = 75 meV§∆�

u 1.66 eV´��Úd��m��Y"ùp·��¦^ v = ςs5£ã�Úg^3U�

(�¥�é¡5"ü��1z�3 K(K′)��éA�Å½��§�±k)Û)�Uþ

����

Eςs
λk = Ev

λk = vγ/2 + λ[a2t2k2 + ∆2
v]1/2, (5.2)

Ù¥ ∆v = (∆ − vγ)/2� λ = ±�L��Úd�"���éA�3��½d�¥16
f3 K(K′)����Å¼ê� |k, λςs〉�±©O��1¥þ�/ª

|k,+ςs〉 = [cos(ϑv
k/2), ς sin(ϑv

k/2)eiςφ]eik·r,

|k,−ςs〉 = [− sin(ϑv
k/2), ς cos(ϑv

k/2)eiςφ]eik·r, (5.3)

Ù¥

cosϑv
k =

∆v√
a2t2k2 + ∆2

v

, sinϑv
k =

atk√
a2t2k2 + ∆2

v

.
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5.2 üüü������111zzz���333ÃÃÃ Rashba ggg^̂̂-;;;���ÍÍÍÜÜÜeee���111>>>���

�Ä3f1|e¿��S�[é1)16fßÝ��z�~�§Ï3d?=�

Ä3X n-. (p-.)�,�¹e�ü��1z�"3ü��1z�¥��Úd�¥16

f�©Ù�±^Ó��¤�-).�©Ù¼ê5£ã"ÏLþ�Ù¥�úª�±��ü

��1z�3vk Rashba�Ae�1>��

σαβ(ω) =
igve

2

ω

∑

v=±

∑

λλ′

∑

k′,k

〈k, λςs|v̂ςα|k′, λ′ςs〉〈k′, λ′ςs|v̂ςβ|k, λςs〉
f(Ev

λk)− f(Ev
λ′k′)

Ev
λk − Ev

λ′k′ + ~(ω + iη)
,

(5.4)

Ù¥�Ý�Î v̂ςα = ~−1∂Ĥς
0/∂kα§gv = 2´�{¿Ïf§f(Ev

λk) = [e(Ev
λk−µλ)/kBT + 1]−1

�¤�-).�©Ù¼ê"

�Úg^�ê� v�fXÚ�p�1>��±��

σλvλ′v
xx,ς (ω) =

ie2

ω

∑

λ′λ

∑

k′,k

wxx,ςλ′v,λv(k′,k)
f(Ev

λk)− f(Ev
λ′k′)

Ev
λk − Ev

λ′k′ + ~(ω + iη)
, (5.5)

Ù¥

wxx,ςλ′v,λv(k′,k) = a2t2[cos4(ϑv
k/2) + sin4(ϑv

k/2)− sin2(ϑv
k) cos(2φ)/2]/~2δk,k′ .

Ó�§3�Úg^�ê� v�fXÚ�î�½/¿�01>��

σλvλ′v
xy,ς (ω) =

iςe2

ω

∑

λ′,λ

∑

k′,k

wxy,ςλ′v,λv(k′,k)
f(Ev

λk)− f(Ev
λ′k′)

Ev
λk − Ev

λ′k′ + ~(ω + iη)
, (5.6)

Ù¥

wxy,ςλ′v,λv(k′,k) = ia2t2[iς sin2(ϑv
k) sin(2φ)/2 + sin4(ϑv

k/2)− cos4(ϑv
k/2)]/~2δk,k′ .

3ùp§·���Ä3��1��S�1áÂ"�S�[3$ªÇ��¤�z�1á

Â�"ÏØ3�Ä����S"éudd������m>f�[§3�Úg^�

ê� v �fXÚ§ü��1z�¥p�1>��¢ÜÚ¿�1>��JÜ©O��X

e/ª

Re σ−v+v
xx,ς (ω) =

e2

16~

[
1 +

4∆2
v

~2ω2

]
θ(~ω − 2∆v)

[
f

(
vγ − ~ω

2

)
− f

(
vγ + ~ω

2

)]
, (5.7)

Ú

Im σ−v+v
xy,ς (ω) = − e2

16~
4ς∆v

~ω
θ(~ω − 2∆v)

[
f

(
vγ − ~ω

2

)
− f

(
vγ + ~ω

2

)]
. (5.8)

3� �1| (ρ = ±©OL«m^/�^� �)e§���ü��1z��1>��

Re σ−v+v
ρ,ς (ω) =

e2

16~

[
1 + ςρ

2∆v

~ω

]2

θ(~ω − 2∆v)

[
f

(
vγ − ~ω

2

)
− f

(
vγ + ~ω

2

)]
. (5.9)
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0.0

0.5

1.0
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2.0

 

(
)

0

(eV)

ne=1 1012 cm-2

T=10 K
(a) four band

R  R=  

(b) two band

 xx,   

 xx,

  xx

 

(
)

0

(eV)

ã 5.1: 3�½§Ý T= 10 K Ú>fßÝ 1× 1012 cm−2 e§�m�[¤�z1>� σλvλ
′v′

xx,ς �X

Ë�ªÇ�Cz"(a) 3o��.¥ γR → 0 �Ú (b) ���.¥ γR = 0 ��(J"σxx �ü�

�1z�¥ØÓfXÚ1>���z�Ú"ùp§σ0 = e2/(16~)

5.3 (((JJJ���???ØØØ

þ�!¥�nØúªL²ü��1z�XÚ¥�p�1>�ØÉ1| ����

K�"Ïd§3� �1|�-ue§ü��1z�XÚ��{¿Ø¬��»"Ó�

3ùp·��Äü��1z�3�f1|e�1�AÓ�XÚ¥1)16fßÝ3O

�1>���ÿ�±�Ñ"XÚ¥��¥>f½d�¥�Ç��zÆ³ µλ �±ÏL1

6fêÅð½n5û½

ne/h = gv
∑

v=±

∑

k

{δλ,−1 + λ[e(Ev
λk−µλ)/kBT + 1]−1}. (5.10)

Ó�3ê�O�¥3UþµþCqe3�Ä�m�[L§¥�Uþµþ�m τ = 5 ps

5O�þ�Ù¥úª (4.10)¥� δ ¼ê"

ã 5.1�Ñ
o�M�î�.3 RashbaÍÜëêªu"�¹eÚvk Rashba�

Ae��M�îþ�.O�����m�[¤�z�1>�"�±w�ã 5.1(a) Ú

ã 5.1(b) ¥�(J´���"3vk Rashba �Ae§�kg^�Ó�f��mUu

)1áÂ�["Ó��±w�3� �1e§1>�3ØÓ�¥��z�±�w�´

{¿�"3 K �§g^�þf�Úg^�ef�¤�z�1>��XUþ�O\

~�"dud�S���g^3�§3o�1>��¥¬Ñy��dØÓg^XÚ

3 ka = 0?�ØÓ�Y¤���1áÂ��"

ã 5.2¥�Ñ
3>fßÝ ne = 1 × 1012 cm−2!Rashbag^-;�ÍÜëê γR =

0.25γv!§Ý T = 10 K e§ü��1z�XÚ�ØÓ�m�[Ï�¤�z�1>�"
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1.5 2.0 2.5 3.0
0.0

0.5

1.0

 

 

(
)

0

(eV)

 xx,    xx,  

 xx,    xx,  
 xx, xx

ne cm-2

T

R  v

ã 5.2: 3�½§Ý T= 10 K!>fßÝ 1 × 1012 cm−2 ±9 Rashba g^-;�ÍÜëê γR =

0.25γve§�m�[¤�z1>� σλνλ
′ν′

xx,ς �XË�ªÇ�Cz"σxx,ς � ς �ØÓfXÚ¤�z1

>��Ú

1.5 1.6 1.7 1.8 1.9 2.0
0.0

0.5

1.0

1.5

2.0

R  v

 R  v

R  v

 R  v

 R  v

 R  v

 

 

(
)

0

(eV)

ne cm-2

T

ã 5.3: 3�½§Ý T= 10 K Ú>fßÝ 1× 1012 cm−2 e§ØÓ Rashba ëêe�m�[¤�

z�1>� σxx �XË�ªÇ�Cz

�±w�3 Rashba�A��^e§ld����ko�1áÂ>f�[Ï�"ù´d

u Rashba �Aég^��ÍÜ�^§¦�3ØÓg^©�f�m�>f�[¤�


�U"dud�S���g^©�§d v = −1d�f�� v = +1��f���[Ï

�3kX���1fUþ�âm©��z"éud�Óg^�êU����[¤�z
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1ÊÙ Rashba g^-;�ÍÜeü��1z�3��1Åã���1áÂ

�1>� σ−−+−
xx,ς Ú σ−+++

xx,ς §1>��XUþ�O\O\"éu>f�[L§¥ä

k��g^�ê��[Ï�§1>� σ−++−
xx,ς Ú σ−−++

xx,ς 3�Y?äk���,��XU

þ�O\~�"XÚo�1>��EkXdd�S��g^©�¤�����/

G"

ã 5.3 �Ñ
3�½§ÝÚ>fßÝe§ØÓ Rashba g^-;�ÍÜëêeXÚ

o�1>��XË�|Uþ�Cz"lã¥�±w�§Rashba�Aé�YNC�1

áÂkX�©��K�"3 Rashba ëêé���¹e§Rashba�Aé��XÚ

1>���K��~�"�X Rashba ëê�O\§o�1>��¬Ñy�m�

7£"�1�����1>���pÝ¬�X Rashba ëê�O\þ,"3�

�� Rashba ëêe§1>���/G�É� Rashba �A�K�"3pUþ«�§

Rashba�Aéo�1>��A�vkK�"ùL²§|^ Rashba�AÓ�Uéü

��1z��YNC�1Æ5�?1k��N!"

5.4 ���ÙÙÙ���(((

Rashba�AØ=�©r��K�ü��1z�XÚ3$ªÇ«��1áÂ§Ó�

¬é��1����m�[1áÂE¤K�"Rashba�Aég^��ÍÜ�^O\


1áÂ�[Ï��êþ"3 RashbaXê����¹e§Rashba�A�K�ØÓ1á

Â�[Ï�é1>���zéo�1áÂ/1>�vk²w�K�"3 RashbaXê

���§�X RashbaXê�O\§o�1>��¬u)7£�1>��¥1��

���pÝ¬O\"ù�ïÄL² Rashba�Aéü��1z�3�YNC�1Æ5�

kXk��N��^"
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�C§®²3¢�þ¤õ���Ñü�LÞ7á1zÔ MX2 (M=Mo§W§Nb§

Ta§Ti§Ú X=S§Se§Te)[116, 118] ¿�Ù#L�Ôn5�Úå
<�4��ïÄ,

�"ML-MX2 ´kX X-M-X (��¤�n�(�¿�7á�f��Y31x�f�

�¥m[115]"LÞ7á1zÔ3õ�(���ÿäkm��Y3ü�(���ÿä

k���Y[115, 116, 118]"¢�þy¢ü��1z�|�A¬N+äk~§e 108 �m

1'§[£Ç�u 200 cm2/(Vs) [41, 42, 120]"ü��1z�kX����G(�Ú�

*����Y§ù¦�§3B�>fÆ[42]§1>fÆ[171, 172]§g^>fÆÚ�>f

Æ[38, 39, 130, 131, 174] þ�A^4ädå"

éü� MX2 ÕA�1f-Ô��p�^¤�)1Æ5�X1F1[38, 39]!1>

�[128, 158, 173]§±9-f[175] Ún-f[176] ´L
·�éü� MX2 Ôn5��@�"�


�Ð�
)ü�LÞ7á1zÔ�d3A^§§��l-�A5�ïÄ�Ó��©

�"�l-�´��>Ö�8N-u"¦�3>fXÚ�Ä��A¥å��Ä��

�^¿�´�ï1Æ�á�[177, 178] ïÄ�Ä:"gl�f���á��$L�uy[7]§

ïÄL²��á�3�l-�Æì�[64] þkXã��A^cµ"Cc5�$L�l

-�1fÆ�ïÄcÙÉ�'5Ï�§�äkÕA��N5[178]§����l-�Æ

·[179]§ÚpÝ�>^Û�5[180]§¿��$L��l-�ÚÑ'XUk��l¥ù	

��â[ªã?1N![181]"�$LÚk�Y�$L�0>¼êÚ�l-�®²�ïÄ

¿�§��4z¼êk)Û)[182–184]"7D3Ã	|Úk	|e��l-�Ó��ï

Ä[185, 186]"Ã	|eü��1z��8N-u5��®�<�¤ïÄÚ?Ø[129, 187]"

du§��U�(�§Ã�þ).�-¤�f!k�þ).�-¤�fÚ��>f

íkXdâfm¥Õ�p�^¤�)�ØÓ�8N-u�AA5[182–184, 188]"ØÓu�

$L¥Ã�þ�).�-¤�f§ü��1z��±�£ã�kXérS�g^-;�

ÍÜ�k�þ).�-¤�f"¿�g^-;�ÍÜ�^¦g^�u)3�¿kX��

�g^��[125, 127]"�r�g^-;�ÍÜU�o²¡	�g^Ü©¦g^�ê¤�Ð

þfê",	§k�þ).�-¤�f¥����YU
¦ü��1z��$UþU

�(�¥���Úd�Ó�U�kXØÓ�Úg^�ê����Ô���.5?1£

ã[153]"ù�k��A�¦�ü��1z���l-�ÚÑ'XÚ�$LkXé��Ø

Ó[129, 182, 183]"¢Sþ§ü��1z�¥��l-�ÚÑ'X� ωq ∝ q1/2n1/2[129] �D

Ú��>fí�(Jaq§�$L¥��l-�ÚÑ'X� ωq ∝ q1/2n1/4§Ù¥ n

´16fßÝ"

ü��1z��1Æ�AÌ�d��¥�m¥).�:NC�>âf¤û½§~

X§?uUÌ¥ü�U�¥����>âf"CÏ�nØýÿÚ¢�ïÄ®²L²ü
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��1z�é� �1äk'�5��ÀJ5áÂ[38, 39, 125, 131]§ù¦�·��±3ü

��þN�>f"ù���5��±�|^5¢y�¿��A[174]"Ïd§ü��1

z�3ü��¥�16fßÝ�±ÏL1"Ë��{�k��N![174]"

ÏLù«Ãã§��1"Ë�L§U
¦�ü��1z��>fXÚ¤���X

ã 6.1 ¤«�õ|°XÚ"¯¢þ§ÏLld����"Ë���¥�>f§<��

±��ã 6.1(d)-(e) ¥¤«�dü«�p�^>f�N¤�¤�XÚ"�±ÏLéX

Ú	\ Ø��ª5UCXÚ�¤�U???�ÚW¿½����½d�§¦�3

ã 6.1(a)Ú (c)¥Ñy�	���|°"duü��1z�¥g^�´3��§���

	�gdÝòÑy"Xã 6.1(b)-(c)§ù´Ï��±¦¤�U?�BLz��¥ü�g

^d�f����½öÓ�BLü�g^d�f�"3ù�ó�¥§·�ïÄù
Ø

Óõ|°XÚ��l-��A§åã
)3�o�¹e#.�l-��ªUÑy¿£

ã¦��5�"

ü��1z�¥�õ|°¤�XÚ�y¢´�)ØÓ8N-u�A�ïÄ²�"

Ø
��þ�3u�p�^��¤�f�N¥Ï~��lf-��ª�	[6, 188]§·�

�uy3�Å4�e n-|°XÚU
|± n − 1�fP~�(Æ�ª"ù
�ªéA

uØÓ|°XÚ¥kXØÓ� �Ì���",	§éu���Å¥§·�Ó�uy

3áÂÌ«��3#��l-��ª"¿�§K�{Zu)3Ù¥�
|°XÚ¥§

ù¦�ù
�l-��ªäk�p�P~Ç"

ù�ó��(�Xe"1 6.1!¥�Ñ
£ãõ|°XÚ�l-�A5�nØ"3

1 6.1.1!¥§·��Ñ
ü��1z�3k�þ).�¤�fÚ���Ô��.e�

$UþU�(�¿��Ñ
§���ÓÚ�É5"31 6.1.2!¥§·��Ñ
��'

1áÂÝ¿�O�
3� �1|e1-uXÚ�16fßÝ"31 6.1.3!¥§·�

�ã
3k�§Ýe4z¼ê�O�ÚXÛ3Ã5K�CqeO�õ|°XÚ��l

-�"31 6.2!·��wÚ?Ø
ØÓõ|°XÚ�ê�O�(J"ü��1z�3

� �1|e�1áÂ31 6.2.1!¥�Ñ"31 6.2.2!¥§·�'�
 n-.ü��

1z�3k��þÚV��.e�(J"31 6.2.3!?Ø
k�§Ýe�g^4z

�|°XÚ"�4z�n|°Úo|°XÚ�(J31 6.2.4!Ú1 6.2.5!©O�Ñ"

��§Ì��(Ø31 6.3!¥?1
8B"

6.1 nnnØØØ���{{{

6.1.1 >>>fffUUU���(((���ÚÚÚ111666fffßßßÝÝÝ

�þ�Ù�M�îþ�.��§3ù�ïÄ¥§·��Ä3 x-y ²¡þ�ü��

1z�§ü��1z�¥16f (>f½�Ç)3 K(K′)-:NC�k�M�îþ�±�

�[125, 127]

Ĥς
0 =

(
∆/2 ςatk−ς

ςatkς −∆/2 + ςsγ

)
, (6.1)

68



18Ù � �1|"Ëeü��1z�¥�õ|°�l-�

(b)

k--
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k-+

+F
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+F
E+

+F

k+-

+F
k++

+F

spin down

k

K'E(k) E(k)

k

K
spin up

(a)

E+

-F

E+

+F

k++

-F

k+-

+F
k++

+F

spin down

 

k

K'E(k) E(k)

k

K
spin up

E-

-FE+

-F

E+

+F

k--

-F
k++

-F

k++

+F
k+-

+F

spin down

 

k

K'E(k) E(k)

k

K
spin up

k--

-F
k++

-F E-

-F
E+

-F

spin down

k

K'E(k) E(k)

k

K
spin up

(e)

(d)

(c)

E-

-F

k--

-F
k-+

-F

E+

-F

k++

-F
k+-

-F

spin down

 

k

K'E(k) E(k)

k

K
spin up

ã 6.1: ù�ïÄ¥�Ä�ØÓü��1z�XÚ3 K �(�ã)Ú K′ �(mã)�U�(�«¿

ã"ØÓôÚ�f��LØÓ�g^�ê"ÉÚÒKL«>fÓâ�ÚÒKL«�ÇÓâ"3

¡� (a)-(c) ¥==ÏL·> Ø5UCXÚ�¤�U?"3¡� (d)-(e) ¥§m^� �1|�

\3XÚþ?3 K �ò>fld�"Ë���"¤�Å¥ kςsλF Ú¤�U? EλF dúª (6.6)§

(6.8)-(6.9) Ú (6.14)-(6.15) �Ñ

Ù¥ k = (kx, ky) ´16f�Å¥, k± = kx ± iky = ke±iφ§� φ ´ k Ú x-¶�m�

Y�§ς = ±´ K(K′) ����ê§g^�ê s = ± �Lg^þÚg^e�>f�§
¬�~ê a = 3.193 Å§a�ëê t = 1.1 eV§S�g^;�ÍÜëê γ = 75 meV§
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∆ = 1.66 eV´��Úd��m��Y"ü��1z�3 K(K′)��éA�Å½��

§�±k)Û)�Uþ����

Eςs
λk = ςsγ/2 + λΛςs(k), (6.2)

Ù¥ Λςs(k) = [a2t2k2 + ∆2
ςs]

1/2§∆ςs = (∆− ςsγ)/2� λ = ±�L��Úd�"��é
A3��½d�¥16f3 K(K′)����Å¼ê� |k, λςs〉�±©O��1¥þ�
/ª

|k,+ςs〉 = [cos(ϑςsk /2), ς sin(ϑςsk /2)eiςφ]eik·r,

|k,−ςs〉 = [− sin(ϑςsk /2), ς cos(ϑςsk /2)eiςφ]eik·r, (6.3)

�

cosϑςsk =
∆ςs√

a2t2k2 + ∆2
ςs

, sinϑςsk =
atk√

a2t2k2 + ∆2
ςs

.

ü��1z3 ς ��>f (�Ç) �ßÝ nςλ (λ = + L«��Ú λ = − L«d�)

�±��

nςλ =
1

(2π)2

∑

s=±

∫
dk2[δλ,−1 + λfλ(E

ςs
λk)], (6.4)

Ù¥ fλ(E
ςs
λk) = [e(Eςsλk−µ

ς
λ)/kBT +1]−1 ´��/d�¥>f�¤�-).�©Ù¼ê¿� µςλ

´·��cïÄ¥1"ËO²ïXÚ¥3 ς ���¥>f½d�¥�Ç�zÆ³ (½ö

´3"§e�¤�U? Eς
λF)"

3§Ý T=0 K�, úª (6.4)�±�¤~��16fßÝÚ¤�Å¥�'X

nςλ =
∑

s=±

[kςsλF]2/(4π), (6.5)

Ù¥ kςsλF ´kXA½g^�ê sÚ��ê ς ��/d�f��¤�Å¥"

Xã 6.1¤«§�±|^¤�U?5�)äkØÓg^�16f�N"Xã 6.1(b)

¤«§3 p-.ü��1z�¥�¤�U??3Uþ�$�g^©�f��º:�þ�§

Uþ�$�d�f����>fÓâÓ��Ç�31��Uþ�p�d�f�¥?1

©Ù"Uþ�p�d�f���ÇßÝ� nς−"�¤�U?÷v Eς
−F ≥ −∆/2 − γ �§

éA�3 ς ���ÇßÝò÷v nς− ≤ (γ2 + ∆γ)/(2πa2t2) = 1.679× 1013 cm−2"d�§

3 ς �Uþ�p�1��d�f��¤�Å¥Ú¤�U?©O�

[kςs−F]2 = 4πnς−(ςs = 1),

Eς
−F = γ/2− [4πa2t2nς− + (∆− γ)2/4]1/2. (6.6)

�e5·�ò�Ä3ã 6.1(a)Úã 6.1(c)¥¤L«��/"|^g^�þÚg^

�ef�¤�Å¥�éA�¤�U?7L���'X§·��±��

Λς−(kς−λF)− Λς+(kς+λF) = ςλγ. (6.7)
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3ÏLòúª (6.5)Úúª (6.7)éá��§�±)Ñ [kςsλF]2 �)�

[kςsλF]2 = 2πnςλ + ςs

[
∆γ

2a2t2
− λ [∆2γ2 + 8πnςλa

2t2γ2]1/2

2a2t2

]
. (6.8)

Ïd§3"§e ς �16fßÝ� nςλ ��¤�U?�

Eς
λF = ςsγ/2 + λΛςs(kςsλF). (6.9)

3A½�>fU�©|�16fßÝÓ���±��

nςsλ =
nςλ
2

+ ςs

[
∆γ

8πa2t2
− λ[∆2γ2 + 8πnςλγ

2a2t2]1/2

8πa2t2

]
. (6.10)

Ó�§ü��1z�XÚ���Ý (density of states§DOS)�±ÏL��¼ê�JÜ

��

Dλ(E) =
∑

ςs

|E| − λςsγ/2
2πa2t2

θ[|E| − λςsγ/2−∆ςs]. (6.11)

�16fßÝé$�§�±éúª (6.2)3 KÚ K′ :?1���Ðm"3ù«�

¹e§ü��1z��$Uþ>fU�(��±�¤gd��>f/�Çí����Ô

�/ª

Ẽςs
λk = λ

a2t2k2

2∆ςs

+ λ∆ςs +
ςsγ

2
. (6.12)

¿����Ô��.���Ý (DOS)�

D̃λ(E) =
∑

ςs

∆ςs

2πa2t2
θ[|E| − λςsγ/2−∆ςs]. (6.13)

� p-.ü��1z��¬3 ς ���ÇßÝ� nς− ≤ (∆ − γ)γ/(2πa2t2) �§Uþ

�p�d�f��¤�Å¥Ú¤�U?�

[k̃ςs−F]2 = 4πnςλ(ςs = 1),

Ẽς
−F = −4πa2t2nςλ/(∆− γ)−∆/2 + γ. (6.14)

éuÙ§�¹e� n-.½ p-.�,�¬§3�½g^Ú��ê�f�¥�¤�Å¥Ú

¤�U?�±©O�¤

[k̃ςsλF]2 = 2πnςλ − ςs
[

2πnςλγ

∆
− (∆2 − γ2)γ

a2t2∆
δλ,−1

]
,

Ẽς
λF = λ

a2t2[k̃ςsλF]2

2∆ςs

+ λ∆ςs +
ςsγ

2
. (6.15)
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6.1.2 111"""ËËËeeeOOO²²²ïïïXXXÚÚÚ

3ù�ïÄ¥§·��Äü��1z�é� �"Ë1�1�A"3¥Õ5�e§

�^ (ρ = −)/m^ (ρ = +) � �1|�¥³�[192]

Aν=±(t) =
F0√
2ω

sin(ωt)(x̂ + ρiŷ). (6.16)

|^�?Cqe��6nØ§316f-1f�p�^e��Úd��m>f�[�½

�>f�[VÇ�±d¤��7½Æ��¿��

W ςs,∓
ρ,λλ′(k,k

′) =
2π

~

(
eatF0√

2~ω

)2

δk,k′δ(E
ςs
λ′k′ − Eςs

λk ∓ ~ω)

× [cos4(ϑςsk /2)δςρ,+1 + sin4(ϑςsk /2)δςρ,−1], (6.17)

Ù¥ λ′ = −λ§��©¼ê δςρ,±1 L«
ü��1z�3� �1|e1áÂ�[��

ÀJ5áÂ½Æ§Ó�3UþÅð��©¼ê¥� ±ÎÒ©OL«éUþ� ~ω 1f
�áÂ (−)Úu� (+)"

duü��1z�¥kX'1-u16fÆ·�¯���S�g^µþ�

m[160, 174, 193]§Ïù�ïÄ¥�1"ËXÚ3éá��ã�m���±�w�´��

O²ï�XÚ§Ù¥��Úd�S16f�©Ù�±©OCq�dkX��S>fz

Æ³Úd�S�ÇzÆ³�¤�-).�¼ê5£ã"3�{¿�ÚOe§���Úg

^fXÚ�À�[ù�§ (BE)kXXe�/ª

∂f ςsλ (k)

∂t
=
∑

k′

F ςs
ρ (k,k′)− f ςsλ (k)− f ςsλ0(k)

τ
, (6.18)

Ù¥ F ςs
ρ (k′,k) = [W ςs,−

ρ,λ′λ(k
′,k) +W ςs,+

ρ,λ′λ(k
′,k)][f ςsλ′ (k

′)− f ςsλ (k)]§� f ςsλ (k) ' fλ(E
ςs
λk)´

16f>f��Äþ©Ù¼êÓ� f ςsλ0(k)L«VXÚ¥�Ð©�"

Äk§�þ²ï�§ (½ö�Ç�§)�±ÏL3À�[ù�§ü>�^þ
∑

sk �

�

∂nς+
∂t

=
∂nς−
∂t

=
∑

s

Gςs
ρ −

∆nς

τ
, (6.19)

Ù¥��fXÚ�1)16f�)Ç�

Gςs
ρ =

e2F 2
0

32~2ω

[
1 + ρς

2∆ςs

~ω

]2

θ(~ω − 2∆ςs)

[
f−

(
ςsγ − ~ω

2

)
− f+

(
ςsγ + ~ω

2

)]
, (6.20)

∆nς ´1-u16f�ßÝ§τ ´1-u16f�Æ·¿�±ÏL¢�þ�ÿþ�

�[193]"�XÚ�½�O²ï���ÿ§~X§3 dnς+/dt = dnς−/dt = 0�§3 ς ��

�þ²ï�§C�

∆nς = τ
∑

s

Gςs
ρ . (6.21)
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�1|�^uü��1z�þ�§d�S�>f�-u����¥Ó��)1-u1

6f"�dÓ�§3�����/d�S>f/�Ç�zÆ³�±ÏLXeúª��

nςλ = nςλ0 + ∆nς . (6.22)

ÏLþª�U��1-u16f�ßÝ§ùp nςλ0 ´��½d�S�Ð©16fß

Ý"

�dÓ�§1-ueü��1z��1>���±ÏLeª��

σςsρ (ω) =
2~ωGςs

ρ

F 2
0

=
e2

16~

[
1 + ςρ

2∆ςs

~ω

]2

θ(~ω − 2∆ςs)

×
[
f−

(
ςsγ − ~ω

2

)
− f+

(
ςsγ + ~ω

2

)]
, (6.23)

Ó�·�½ÂXÚé ���� ρ �� �1���'áÂÝ (valley-dependent

absorption§VA)�

Pρ(ω) =

∑
s[σ

+s
ρ (ω)− σ−sρ (ω)]∑

s[σ
+s
ρ (ω) + σ−sρ (ω)]

. (6.24)

ù�Ônþ£ã
3� �1e KÚ K′ �¥1áÂ (½1-u16fßÝ)��É"

6.1.3 ÃÃÃ555KKK���CCCqqq (RPA) eee���444zzz¼¼¼êêêÚÚÚ���lll---���

3ù�!¥§·�ïá
O�õ|°XÚ�l-��nØµe"·�3Ã5K�

CqemÐ·��ïÄ"�>f/�ÇíXÚ�g^½ö�{¿��»��§ù��X

Ú�±w�´��õ|°�XÚ"éu��õ|°XÚ§�p�^>fí�|°/�Ý

�©E��A¼ê Πi,i′(q, ω)�±ÏLÃ5K�CqdXeÝ
�§��[6, 189]:

[Πi,i′(q, ω)]−1 = {Πi(q, ω)}−1δi,i′ − vq, (6.25)

Ù¥ Πi(q, ω) ´Ã�p�^e1 i-�|°XÚ��A¼ê§vq = e2/(2εrε0q)´à¥Õ

³�p�^�Fp�C�§εr = 5´ü��1z�XÚ��µ0>~ê[129, 191]"3Ã5

K�Cqeo��Ý-�Ý'é¼ê�±��

ΠRPA(q, ω) =
∑

ii′

Πi,i′ =
∑

i

Πi(q, ω)/εRPA(q, ω), (6.26)

Ù¥ RPA0>¼ê�½Â�

εRPA(q, ω) = 1− vq
∑

i

Πi(q, ω). (6.27)

3Ã5K�Cqe�l-��±ÏL¦)0>¼ê εRPA(q, ω(q) − iη)�"���

�§Ù¥ ω(q) ´�l-�ªÇ� η ´�l-�P~Ç[184]"Ï~5ù§�l-��±
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Cq�ÏL0>¼ê�¢Ü�"�� Re[εRPA(q, ω)] = 0[185, 186]§Ó��I�3Uþ�

�¼ê Los(q, ω) = −Im[εRPA]−1 ¥*w���áÂ¸"Uþ��¼ê�±ÏL>fU

þ��Ì (Electron energy loss spectroscopy§EELS)5ÿþ[194]"f{Z�l-��P

~Ç (�l-�Æ·��ê)�

η =
Im[Π(q, ω(q))]

{(∂/∂ω)Re[Π(q, ω)]}ω=ω(q)

. (6.28)

3Ã{Z�l-��ªNC�Ä� RPA4z¼ê�JÜ�±�¤[6, 185]

Im[ΠRPA(q, ω(q))] = −O(ω(q))δ(ω − ω(q)), (6.29)

Ó�Ã{Z�l-����rÝ�½Â�

O(ω(q)) =
−π
vq

Re[Π(q, ω(q))]

{(∂/∂ω)Re[Π(q, ω)]}ω=ω(q)

. (6.30)

·�^áÂÌ¼ê A(q, ω) = −Im[ΠRPA(q, ω)][191] �rÝ5½Â3âf-�Ç-u

« (Im[Π(q, ω)] 6= 0)S{Z���l-��ª���rÝ"

éuÃ{ZÚk{Z��l-��ª§��|°��l-���rÝ N(i)�±Ï

LO�Ý
úª (6.25)¢Ü����ª[189] ��

[{Re[Πi(q, ω(q))]}−1δi,i′ − vq]N(i) = 0, (6.31)

ÏLþãúª·��±��ØÓ|°�l-���rÝ�'~'X

N(i)/N(i′) = Re[Πi(q, ω(q))]/Re[Πi′(q, ω(q))]. (6.32)

·�y35O���|°XÚÃ�p�^�'é¼ê Πi(q, ω)"·^^g^Ú��

ê5�L��|°XÚ§~X i = ς, s§¿��±��

Πςs(q, ω) =
∑

λλ′k

f(Eςs
λk)− f(Eςs

λ′k+q)

~ω + Eςs
λk − Eςs

λ′k+q + iδ
Cςs
λk,λ′k+q, (6.33)

Ù¥/GÏf

Cςs
λk,λ′k+q =

1

2

[
1 + λλ′

∆2
ςs + a2t2k(k + q)

Λςs(k)Λςs(k + q)

]
, (6.34)

Ù¥ ϕ´ kÚ k + q�m�Y�� cosϕ = (k + q cos θ)/|k + q|§θ´ kÚ q�m�Y

�§f(Eςs
λk) = fλ(E

ςs
λk)´>f�¤�-).�©Ù¼ê"

3�Å4� (q → 0) Ú$§4� (T → 0 K) e§·��±òúª (6.34) Ðm� q

��g�µ

Cςs
λk,λ′k+q ' δλ,λ′ − λλ′ sin2(ϑςsk )q2 sin2 θ/(4k2). (6.35)
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éu�S�[ (λ′ = λ)§úª (6.33)¥� Lindhard'�Ðm� q ��g��(J�

f(Eςs
λk)− f(Eςs

λk+q)

~ω + Eςs
λk − Eςs

λk+q

=q cos θδ(Eςs
λk − Eς

λF)
∂Eςs

λk

∂k

×
(

1

~ω
+
q cos θ

~2ω2

∂Eςs
λk

∂k

)
, (6.36)

Ï�3�Å4�e Cςs
λk,λ′k+q ' 1§·��±���S�[4z¼ê�¢Ü�

Re[Πintra(q, ω)] =
q2

4π~2ω2

∑

λςs

(uλςs −∆2
ςs/u

λ
ςs)θ(u

λ
ςs −∆ςs), (6.37)

ùp uλςs = |Eς
λF| − λςsγ/2Ù¥ Eς

λF ´��¥>f (λ = 1)½d�¥�Ç (λ = −1)�¤

�U?"

éu�m�[ (λ′ = −λ)§4z¼ê�¢Ü3 q ��g�Ðme�

Re[Πinter(q, ω)] =
−q2

32π~ω
∑

λςs

ln

∣∣∣∣
~ω + 2uλςs
~ω − 2uλςs

∣∣∣∣θ(uλςs −∆ςs). (6.38)

ù�3�l-��3�$ª«�Ï~é��4z¼ê��zé�"

3é4z¼ê?1� q Ðm�¿�ÑKéê��?�§�±��ü��1z��

>Ö�l-�ÚÑ'X�

ω0(q) =
[
e2q
∑

λςs

(uλςs −∆2
ςs/u

λ
ςs)θ(u

λ
ςs −∆ςs)/(8πεrε0)

]1/2
. (6.39)

3� q O�e§XÚ�4z¼ê´��Ø�'�Úg^fXÚ�U\"ù«A5

�k�Y�$L½7Daq[184–186]"�±w�4z¼ê�ûu uλςs ��§Ó� uλςs ´¤

�U?3 ±γ/2 ?� £""§e§31"ËXÚ¥úª (6.33) 3 ς �g^� s fX

Ú�4z¼ê�±��

Πςs
T=0(q, ω) =Πςs

0,T=0(q, ω)[θ̃(∆ςs − u−ςs)θ̃(∆ςs − u+
ςs)

− θ(u−ςs −∆ςs)θ(u
+
ςs −∆ςs)]

+
∑

λ

Πςsλ
1,T=0(q, ω)θ(uλςs −∆ςs), (6.40)

Ù¥¤½Â��F¼ê

θ̃(x) =

{
1, x > 0

0, x < 0
, θ(x) =

{
1, x > 0

0, x 6 0
. (6.41)

4z¼ê3 (q-ω)²¡�äN/ª3N¹ A¥�Ñ"

3k�§Ýe§�±|^Xe��ª5L«¤�-).�©Ù¼ê[195]

4kBT

e(E−µ)/kBT + 1
=

∫ ∞

−∞

dµ′θ(µ′ − E)

cosh2[(µ′ − µ)/2kBT ]
. (6.42)
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Ï§4z¼ê�±�¤ÙéA�"§4z¼ê�È©C�/ª[196]

Πςs
T (q, ω;µς+, µ

ς
−) =

∫ ∞

∆/2

dµ′Πςs+
1,T=0(q, ω)|Eς+F=µ′

4kBT cosh2[(µ′ − µς+)/2kBT ]

+

∫ C

−∞

dµ′Πςs−
1,T=0(q, ω)|Eς−F=µ′

4kBT cosh2[(µ′ − µς−)/2kBT ]
+ Πςs

0,T=0(q, ω)

× [FT (C − µς−)−FT (∆/2− µς+)], (6.43)

Ù¥ C = ςsγ −∆/2Ú FT (x) = (ex/kBT + 1)−1§� µςλ ´3 ς ���Úd��zÆ³¿

�±ÏLúª (6.4)¦�"

éu3$16fßÝe�ü��1z�XÚ§·�Ó��±^��gd���Ô

��.5£ã��Úd�¥�>fU�(�"ü��1z�3���Ô��.¥�4

z¼êÚ�l-�Ó�3N¹ A¥�Ñ"

6.2 (((JJJ���???ØØØ

3ù�ïÄ¥§·��Ä3k� �1"ËeÚÃ� �1"Ëe� n- Ú p-.

ü��1z�"·��±é�%��ÑI�ér	\>|� Rashbag^-;�ÍÜ�

A[173]"Ïd§1|�ÚÅ¼ê�;��Ü©u)ÍÜ>f31áÂ�[L§¥�g

^´�±ØC�"3ùpI��Ñ�´31 6.1.2!¥·�?Ø�� �1|e1-u

16fßÝ�O��3�é�f�1"ËË�|ek�"3�pßÝ�1"Ëe§

1-u16f�ßÝ�±ÏL¢�þ�êâ5J�[174]"3�e5�ê�O�¥§·�

�Ñ
�l-�ÚÑ'X!Uþ��¼ê!�l-�P~Ç!�l-���rÝ!á

ÂÌ¼êÚ�l-���'~5
)ü��1z�¥��l-�A5"

6.2.1 ���   ���111eee���111áááÂÂÂ

3ã 6.2¥§·��Ñ
3m^� �1(ρ = +)"ËedØÓ�Úg^fXÚ¥

>f�)��m�[1>�"�éA�§��'�1áÂ3ã 6.2(b)�Ñ"ùp§>

fßÝ� ne = 1 × 1012 cm−2§b½XÚ3�$§Ý T = 4 K e�1-u16fÆ·

� τ = 5 ps[193]"ã 6.2(a)L²3m^� �1|e3 K�kX���1>�±91á

Â"�m^� �1�1fUþ�C�Y>���ÿ§3 K�g^�þf�¥��m

áÂÓÌ�/ g^�ef�¥�1áÂÏ����S�g^-;�©��³�"

du�õ�1áÂ�[¤��U§ã 6.2(b)¥���'áÂÝ�X1fUþ�O\

~�"�X1fUþ�O\§�±w�3��'áÂÝ�¥k��â,�O\§ù

´Ï�ù�ÿ K�¥g^�ef�XÚ��m�[m©é1áÂ��z"�� �1

�1fªÇ3�YNC�§·��±���C 100%���'áÂÝ[197]"

3ã 6.2(c)¥§·��Ñ
3�½1>|rÝ�m^� �1"Ëe K�¥1-

u16fßÝ�X1fªÇ�Cz"ã 6.2(c)¥�1-u16fßÝÚã 6.2(a)¥ K
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�¥g^þÚg^efXÚ�1>��Ú¤�''X"ã 6.2(d)�Ñ
3�½1fU

þ�m^� �1"Ëe K �¥1-u16fßÝ�X1|rÝ�Cz"31fU

þ ~ω = 1.6 eV �� �1|e§��'áÂÝ�±���C 100%"ù`²�k K

�d�¥�>f�-u���"3�é�f�1|e§·��±w�1-u16fß

Ý�1|rÝ¤�5'X"3§Ý T = 180 K�§16fßÝÚ1|rÝkX²�

��éA'X"I�5¿�´1-u16f�Æ·�X§Ý�CzCz[193]"lú

ª (6.21)Úã 6.2(d)�±w�3�p§ÝeU�����1-u16fßÝ"

ù
(JL²�
�k��3ü��5-u�>Ö16f§AT¦^Uþ3�Y

NC�� �"Ë1"ùò�»ü��1z���{¿�¦Ù¤���õ|°�XÚ"

ù
XÚ��l-��Aò3�e5�?Ø¥�Ñ"
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ne=1 1012 cm-2
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(c)

ne=1 1012 cm-2
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(a)

 

(
)

0

(eV)

 s
 s
 ' s
 ' s

 T=4 K =5 ps
 T=180 K =50 ps

 

(d)

 

 

I0 (mW/ m2)

ne=1 1012 cm-2

=1.6 eV 

1.585eV

ne=1 1012 cm-2

T=4 K
(b)

 

 

P
(

)

(eV)

ã 6.2: (a) 3m^ (ρ = +1) � �1|e§ü��1z�ØÓ�Úg^f�XÚ¥�m�[1

>� σςsρ (ω) Ú (b) ü��1z�3m^� �1Ë�e��'áÂÝ�X1fªÇ�Cz�"

(c) 3m^� �1|e K ��1-u16fßÝ�1fªÇ�Cz"(d) 3�½�1fªÇe§

m^� �1|e K �1-u16fßÝ�1|rÝ I0 ∼ F 2
0 �Cz"ùp§F0 ´1|�>|r

Ý
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6.2.2 kkk������þþþ���...ÚÚÚVVV������...���'''���

Ï~§ü��1z��U�(��±k��L«�k�þ).�-¤�f�.[125]"

duü��1z�½öÙ§LÞ7á1zÔkX����Y§�U�¥�16fßÝ

Ø´é���ÿ§k�þ).�-¤�f�.�k�U�(�Ó�U
^��>f/�

Çí5£ã"ü��.�m�'X3c¡�úª (6.12)¥�Ñ"3ù�!¥§·�ò

`²ü��.3£ãü��1z�1Æ�A�´�d�"

3ã 6.3¥§·�©OxÑ
ü��1z�3k�þ).�-¤�fÚ���Ô�

�.e�>f��Ý"3��/d��.Ü/ºÜ�$Uþ«�§ü��.���Ý�

~�C"�XUþ�O\§ü��.��É5òØäO�"ùL²·��±|^��

�Ô��.5£ã$16fßÝü��1z��>f(�"

3ã 6.4¥§·�'�
dü��.¤�Ñ n-.ü��1z���l-�1Æ5

�Ó�XÚ�U�(�Ú16f©Ùdã 6.1(a)¤�Ñ"3"§Ú¿§e§·��Ñ


 (q-ω)²¡þ�Uþ��¼ê±9�l-�ÚÑ'X§ù
�ª��l-�P~Ç"

ùp>fßÝ� ne = 1× 1012 cm−2 ��þ�©Ù3ü���m"3ã 6.4(a)Ú (e)¥§

·�'�
"§eü��.�Uþ��¼ê"�l-�3�Å4�eLyÑr��á

Â�"3���Å¥?§�l-�|?\�S>f-�Ç-u«¿�E¤áÂ�Or"

I��Ñ�´ü��.�Ñ
½5þ�Ó�(J¿�3½þþ��©�C"

ã 6.4(b)Ú (f)¥�Ñ
¿§��Uþ��¼ê"(JL²�½�§Ý¬¦�l-

��ª~f¿�¬³�3��UþÚÅ¥«��8N-u"I�5¿ùpü��.3

½5Ú½þþÑkX�~�C�(J"
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)/D
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E(eV)

ã 6.3: ü��1z�3 (a) k�þ).�-¤�f (massive Dirac fermions; MDF) �.Ú (b)

���Ô� (two dimensional parabolic band; 2DPB) �.¥�>f��Ý"ùp D0 =

∆/(4πa2t2)
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ã 6.4: 3 (a) T = 0 K Ú (b) T = 300 K � n-.ü��1z�3k�þ).�-¤�f�.e

�Uþ��¼ê"�l-�ÚÑ'XÚ�l-�P~Ç©O3 (c) Ú (d) ¥�Ñ"(e)-(h) ´ (a)-

(e) ¥�éA����Ô��.�(J"(c) Ú (g) ¥�S�ã´�ÞI£�� q «����"7

Ú�J�L«éA�� q Cqe�"§>Ö�l-��ª

3ã 6.4 ¥�¡� (c) Ú (g)§·�^¢��Ñ
0>¼ê εRPA(q, ω) ¢Ü�"

��"çÚ��´��>Ö�l-��ª¿���c¡�¥�áÂOr��éA"

X7Ú��¤«§3�Å4�e§ù�|�l-��ª�úª (6.39) ¥�
√
q .�
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l-��ª�¬Ü"3ù
¡�¥ÉÚ��L«3k�§Ýe��l-��ª"(

JL²3¿§eù��l-��ª==Û�3�Å«�"AO��5¿�´§3ü�

¡�¥§3 K/K′ �¥g^þ/g^e�>âf¤�Ñ��S>f-�Ç-u«Sk�

|dùÚ¢�L«�#.�l-��ª"ù�#��ª¬��¡� (a)Ú (e)¥Uþ

��¼ê¥�áÂO\¿�ù��ª�Ñy¿Ø´==Ï�XÚ�g^{¿��m"

3¡� (d)Ú (h)¥·��Ñ
ü��.e�l-�P~Ç�X1fUþ�Cz'

X"3¡�.à�çÚ�éAuÊÏ�>Ö�l-��ª"ù|�ª��l-�P

~Ç�"ù´Ï�ù|�ª?uâf-�Ç-uÌ	"dùÚ�¤L«��|#u

y��l-��ª§´Ü©K�{Z�¿�kX�½��l-�P~Ç"I��Ñ�

´ù|�l-��P~Ç�XUþ�O\~�§¿�Úã 6.4 (d) Ú (h)¥ÉÚ�

¤L«�¿§eÊÏ>Ö�l-��ª�P~Ç?3�Ó�êþ?"
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ã 6.5: 3�ã 6.4 ¥�Ó^�e n-.ü��1z�¥"§e�áÂÌ¼ê3ØÓ��½Å¥e�

XUþ�Cz"(a) k�þ).�-¤�f�. (MDF) Ú (b) ���Ô��. (2DBP)"(c) "

§eü��.¥Ã{Z�l-����rÝ"(d) n-.ü��1z�¥ü«�.eÃ{Z�l-�

��¥ØÓ|°���ÌÝ'~"(a)-(b) ¥��ÞI²
�½Å¥e3�Sâf-�Ç-uÌ¥�

1�|�l-� ω2(q) éA��l-�Uþ
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�
�?�Ú£ãù�#�f{Z�l-��ª§3ã 6.5¥§·��Ñ
ØÓ�

½Å¥e�áÂÌ¼ê A(q, ω)"·��±w�ù|#��l-��ªÑy3áÂÌ¼

ê¥�pÜ¿��ÚáÂÌ¼ê¥âf-�Ç-uÌ>��¸\±«O"ã 6.5¥� (a)

Ú (b)¡�L²k�þ).�¤�f�.Ú���Ô��.�(J3½5þ´���

�§3½þþKk�
[���É"3©OO��l-���rÝ (ã 6.5(c))Úü

��¥ØÓ|°��l-��Ì' (ã 6.5(d))��ÿ§ù«�ÉÓ�¬Ñy"(JL

²§3�½�Å¥e§���Ô��.¬p�>Ö�l-����rÝÚ�l-�ª

Ç"�´§3½5�A5´�q�"Ïd§·��±é�%�¦^���Ô��.5

ïÄü��1z���l-�1fÆA5"Ó�I�P4�´§|^���Ô��.

¤���(J�U�¢S�¹3½þþkX����É"

6.2.3 kkk���§§§ÝÝÝeee���ggg^̂̂444zzz���|||°°°XXXÚÚÚ

�e5·�ò?Øü�|°dØÓg^�ê¤£ã��|°XÚ"ÏLN!¤�

U?§�±��Xã 6.1(c)¤«�3d�¥ü�g^��©E��ÇXÚ"I�5¿

�´§duØÓ�¥d�f�kX���g^��§Ï��XÚvk÷*�¡þ�

g^Ø²ï"¦+Xd§3ü��¥g^Ø²ïE¬é1ÆÚ�l-�1fÆ5��

)K�"ù�:ò¬3�e5�?Ø¥�Ñ"

ã 6.6�Ñ
�½�ÇßÝ nh = 5× 1013 cm−2 n�§Ýe MDF�. p-.ü��

1z��Uþ��¼ê!�l-�ÚÑ'XÚ�l-�P~Ç"3��§Ýe�Uþ

��¼êÚ�l-�ÚÑ'XL²3� q «��3�|>Ö�l-��ª"I��Ñ

�´§�þ�!¥� n-.XÚ�'§ã 6.6(d) ¥��l-��ªÉ§Ý�K�Ø�"

3¡� (e) ¥§·��Ñ
3��§Ýe�l-��ª�P~Ç¿�uy3k�§Ý

eEkX�*��l-�Æ·§ù�:Úþ�!¥� n-.ü��1z�kXé��«

O"

ã 6.6(d)¥��l-��ªÓ��«
3�Å4�e����	�A�"3ü�

g^3�d�f���Sâf-�Ç-uÌ�þ>.�m�� q «�¢S�3��f{

Z��5(Æ�l-��ª"3ù�«�§âf-�Ç-uÌ¼êkX����Ï�

±ýÏù��l-��ªäk�½�½5"ù|#�(Æ�ª�g^4z���>

fí[189, 190]¥¤?Ø��¹aq"��ØÓ�´§·�¤?Ø��¹¥vk÷*þ�

g^Ø²ï"

ã 6.7(a)�Ñ
3ã 6.6(d) ¥"§e3�½�ÇßÝ nh = 5 × 1013 cm−2 � p-.

ü��1z���l-��ª�XÅ¥Cz�ÚÑ'X"3ã¥�±�ß�w�Ï~

�>Ö�l-��ª ω1(q)Ú#uy�(Æ�ª ω2(q)"ã 6.7(b)�Ñ
3�½�Å¥

e�áÂÌ¼ê"I�5¿�´ù|�5(Æ�l-��ªLyÑ3âf-�Ç-uÌ

�µþ�áÂ¸§Ï§�±ýÏ§òvk�²w��l-��ª ω1(q)@��ß"3

ã 6.7(c)¥�Ñ
�l-��ª ω1(q)���rÝ¿LyÑ��c�q�5�"
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ã 6.6: (a)-(c) p-.�,ü��1z�3ØÓ§Ýe (q, ω) ²¡þ�Uþ��¼ê"(d) ØÓ§Ý

e�l-�ÚÑ'X�XÅ¥�Cz"(e) 3¡� (d) ¥�l-��ª��l-�P~Ç�X�l

-�Uþ�Cz"3¡� (d) ¥��ã´�Þ«¿�� q Ú ω «����

�
á�Ùù|#uy(Æ�l-��ª�A5§3ã 6.7(d)¥�Ñ
3�l-

���eü�g^3�|°����Ì'"·��±w�éuù|ùÚ�L«�

#�ª§ü�g^3�|°���rÝ3�Å4��ªu −1"ùL²ü�g^3�

|°kX������"Ïd§ù|�l-��ª=´�c®²�½Â�g^�l-

�[189]"du��g^|°�16f�Ý��´���§Ïù|�ª´C�>¥5

�"3ã 6.7(d) ¥ ω1(q) �ª3���Uþeg^|°LyÑÓ����"�XUþ

�O\?=C¤�����"3ù�=C���:§g^Uþ�$f�¥�Ç�N

��Ì�""Ïd��l-��ª´g^4z�"

6.2.4 ggg^̂̂444zzz���nnn|||°°°XXXÚÚÚ

3ã 6.8¥§·��Ñ
"§e��,ü��1z�3m^� �1"Ëe1-u

16fßÝ� ∆n+ = 5× 1011 cm−2 ���l-�A5"U�(��«¿ãÚ16fÓ
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ã 6.7: (a) ã 6.6(d) ¥ p-.ü��1z�3§Ý T = 0 K ��l-��XÅ¥Cz�ÚÑ'

X"(b) 3�½Å¥e�áÂÌ¼ê�XUþ ω �CzÚ�5(Æ�l-��ª ω2(q) �áÂÌ

¼ê A(q, ω2(q)) (J�)"¢��ÞÚáy��Þ©OéA�½Å¥ef{Z�5(Æ�l-�

�ªÚÃ{Z>Ö�l-��ª�Uþ" (c) Ã{Z�l-��ª ω1(q) ��l-���rÝ"

(d) ü��l-��ª��¥g^3�ü�|°��l-����Ì'

â�¹3ã 6.1(d)¥�Ñ"3ù�XÚ¥§du��'�1)16f-u§gd16

f=�3u K�"3 K′ �duvkgd16f�3§Ï�l-�ØU3d?D

Â"

ù�XÚ�±�w�´��n|°�XÚ"du�k��g^d��1-u§Ï

��)���Ç�N"�´3��¥kX�~¯�g^µþ§Ïü�g^f�Ñ

�Óâ"ùò�)ü�Õá�gd16f�N"éuù�XÚ¥§3 (q-ω)²¡�Uþ

��¼ê3ã 6.8(a) ¥�Ñ"Ó�§�l-�ÚÑ'X�XÅ¥ q �Cz3ã 6.8(b)

¥�Ñ"3ã 6.8(a)¥�±�ßw���l-�|éAuÃ{Z�>Ö�l-��ª"

lã 6.8(b)¥·��±w�3n�fXÚ�Sâf-�Ç-uÌþ>.©��n�«�

S�3n|�l-��ª"�	Ñy��l-��ª¬E¤ù
«�SUþ���O

\"ã 6.8(c)¥�Ñ
éA��l-�P~Ç¿��±w�#.�l-��ª(¢�
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ã 6.8: ��,ü��1z�3m^� �1"Ëe1-u16fßÝ� ∆n+ = 5× 1011 cm−2 �

� (a) Uþ��¼êÚ (b) �l-�ÚÑ'X�XÅ¥�Cz"(c) éA��l-�P~Ç�X�

l-�Uþ�Cz"(e)-(f) ´ (b)-(c) ¥çÚ�µ«����"(d) Ã{Z�l-��ª ω1(q) �

�rÝ��l-�Uþ�Cz"(g) f{Z�5(Æ�l-��ª ω2(q) �áÂÌ¼ê

3k��Æ·"éuÃ{Z�>Ö�l-��ª ω1(q)§Ù�l-�P~Ç�""

3� q «�§�3��fP~��5(Æ�l-��ª ω2(q)"�
�Ð�w�

ù��ª§ã 6.8(e)-(f)´ã 6.8(b)-(c)¥çÚ�µS� q «����"ÏLã 6.8(d)§

�±w��l-��ª ω1(q)�P~Ç�´kO�,�~��""éu3� q «��f

{Z��5(Æ�l-��ª ω2(q)§Ù�l-�P~ÇÚÙáÂÌ¼ê�X�l-�

Uþ�O\O\"
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ã 6.9: (a) ���Ô��.e§3m^� �1"Ëe�1-u16fßÝ� ∆n+ = 5 × 1011

cm−2 ���,ü��1z�XÚ��l-�ÚÑ'X"(b) 3 K �g^�þ��f�Ú3 K �

g^�þd�f���l-����Ì' (¢�) Ú 3 K �g^�e��f�Ú3 K �g^

�þd�f���l-����Ì' (áy�)"çÚÚùÚ��©OéA�l-��ª ω1(q)

Ú ω2(q) �(J

31 6.1.3 !¥§·�¤���3���Úg^fXÚ3k�þ).�-¤�f�

.e�4z¼êÓ��¹��Úd�S��S�[±9��Úd��m��m�["

Ïd§éu1"ËXÚ3 MDF �.e�4z¼ê§·�ØU��^úª (6.32) 5O

�ØÓf�|°��l-����Ì'"���§·�^���Ô��.5£ãù

�XÚ"

ã 6.9¥§·��Ñ
�ã 6.8�éA�3 2DPB�.e� q «���l-�ÚÑ

'XÚ�l-����Ì'~"ÏL���Ô��.§·��±O�·�¤�Ä�n

|°XÚ¥n�ØÓ|°����Ì"3ã 6.9(b)¥§·��Ñ
ù
���Ì'�

X1fªÇ�Cz'X"3O�¥§�l-����ÌÏLÚd�|°���ÌÝ?

1éì5��"éuÃ{Z�l-��ª ω1(q)§3 K �¥§��¥g^þÚg^e

�|°Úd�¥g^þ�|°kXÓ�����Ì"ü�>f|°XÚkX�Ó��

����Ì"éu�5��l-��ª ω2(q)§��Úd���l-����Ì'´K

�Ïù��ª���´���"3� q 4�e§�l-��ª ω2(q)3��g^þÚ

g^ef���l-����Ì'~�Ú� −1"ù¿�Xü�>f|°XÚ����

Ì´Cq���§�´��Ç����Ì´���"ù«a.�����A53g^
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ã 6.10: 3m^� �1"Ëe p-.ü��1z�3Ð©�ÇßÝ nh = 1× 1012 cm−2 Ú1-u

16fßÝ ∆n+ = 5×1011 cm−2 e� (a) Uþ��¼êÚ (b) �l-��XÅ¥�Cz"(c) �

éA��l-�P~Ç�XUþ�Cz"(e) Ú (f) ´ (b) Ú (c) ¥çÚ�µ«����"(d) Ã

{Z�l-��ª ω1(q) ��l-���rÝ�XUþ�Cz"(g) ü|f{Z�5(Æ�l-�

�ª�áÂÌ¼ê
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6.2.5 ooo|||°°°XXXÚÚÚ

��·�5©ÛÚ?Ø��o|°XÚ"Xã 6.1(e)¤«§ù���XÚ�±Ï

L1"Ë�� p-.�ü��1z��)"ùò-u>f�ü��¥���"dug^

µþ��m�~�[160, 174]§¤�ï�O²ïXÚ�¹3���SkXÓ��¤�U?

ü«g^��>f�Ú3ü��kXØÓ¤�U?�ü��Ç�"

·�b½��kXÐ©�ÇßÝ nh = 1 × 1012 cm−2 � p-.ü��1z�3m^

� �1"Ë-ue1-u16fßÝ� ∆n+ = 5 × 1011 cm−2"ã 6.10(b)¥Uþ�

�¼ê¥�ùÚ4:©|éAu�cXÚ¥�Ã{Z�>Ö�l-��ª ω1(q)"l

ã 6.10(b)Ú (e)�±w�XÚ3���1fUþe�3n|#��l-��ª§3

�Å4�e�3ü|#�(Æ�l-��ª"Ú�c¤?Ø���§ù
#��l-

��ª?u�Sâf-�Ç-u«S¿�Ù¥�k�Ü©�|°XÚéAuK�{Z"

éK�{Z�5�þzd¡� (c) Ú (f) ¥��P~Ç5�Ñ"l¥�±w�=¦

´?3�S>f-�Ç-u«���?§(Æ�l-��ª ω3(q)E'(Æ�l-��

ª ω2(q)�\½"d	§X¡� (g)¤«§ω3(q)��l-�áÂÌ¼êrÝ' ω2(q)
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ã 6.11: (a) "§�3 2DPB �.em^� �1"Ëe p-.ü��1z�Ð©�ÇßÝ

� nh = 1× 1012 cm−2 Ó�1-u16fßÝ ∆n+ = 5× 1011 cm−2 �XÚ��l-�ÚÑ'X"

(b) 3 K �g^þ��f�Úg^þd�f�����Ì' (¢�)§3 K �g^e��f�Úg

^þd�f�����Ì' (áy�) Ú3 K′ �g^e��f�Ú3 K �g^þd�f����

�Ì' (J�)"çÚ§ùÚÚ7Ú��©OéA�l-��ª ω1(q)§ω2(q) Ú ω2(q)
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�\²w"Ïcö�±�@��\N´�-u"��§du3�Sâf-�Ç-u«

S�3#��ª§ã 6.10(d)¥�l-��ª ω1(q)��l-���rÝ��cA«�

¹vk²w�½5þ��É"ù¿�Xù
#�ª´d�Sâf-u«¥Ì��

#©Ù¤��§Ø´lÏ~�ù|�l-��ª¥¼�"

3ã 6.11¥§·�xÑ
c��ã¥?Ø�1"Ëe p-.�,ü��1z�3�

Å4�«���l-�ÚÑ'XÚØÓ|°��l-����Ì'"���(J´Ï

L���Ô��.O���"·�uy¡� (a)¥�Å4�e��l-��ªÚ�c�

(J���"

3¡� (b) ¥·�O�
n��l-��ª¥ØÓ|°XÚ��l-����Ì

'"¢��L3 K�g^þ>f�Úg^þ�Ç���l-����Ì'"l¥�

±w�§ω1(q)�ªdÓ����¤§,	ü«�ª��l-���´���"¡�

S�áy��L3 K�Sg^e>f�Úg^þ�Ç��m��l-����Ì'"

éuù��(J§·�uy�c¡�q�(J§ω1(q)�ªÓ��� ω2(q) Ú ω3(q)

�ªK´�����"I�5¿�´§du·��Ä�´>Ö���>Öâf��Ý

��§Ó�����l-��ª-�
�g�>Ö��"��ã¥�J�L«ü��

m�Ç��m��l-����Ì'"I�5¿�´§ω3(q)�ª´���Ó���

�ü�|°���ÌÝ3ù«�¹e´�Ó�"��c��§ω1(q)�ª´Ó���§

Ó� ω2(q)�ª´����"

6.3 ���ÙÙÙ���(((

3ù�ïÄ¥§·�ïÄ
õ|°XÚ��l-�A5"·�æ^� �1|e

�ü��1z�XÚ��ïÄ²�"·�uyù�XÚU
|±õ|°��l-��

ªÓ�·��3À�[ù�§�µeeþz��Ñ
� �1"Ë1¤�)�K�"

·�uy¤k�²�XÚÑU|±3"§��Å4�e�
√
q �l-��ª|"

du16fßÝ�'X§�X§Ý�O\§·�uy>f�,�XÚS��l-��

ªÉ��r�K��Ç�,�XÚK�\½"

õ|°XÚé�l-�A5�Ì��K�´#��l-��ª��)¿�ù
#

�ª´Ü©{Z�"·�uyéu�� n|°XÚ§n − 1��l-��ªò¬Ñy"

ù
#Ñy��ª3�Å4�eLyÑkX�5ÚÑ'X�(Æ�ª¿�§�?3�

Sâf-�Ç-u«S�����«�S"�

)§��½5§·�O�
���

l-��ª�P~Ç¿�uy=¦§�?u�Sâf-u«§§��Æ·E,´�*

�"éu���Å¥§·�uyõ|°XÚÓ�|±#��l-��ª�Ù¥�kÜ

©�|°XÚéA�8N��¥�K�{Z"

·�ÏLO�8N�Ý��¥ØÓ|°XÚ��Ì'5
)#.�l-��ª�

5�"·�uyÏ~�
√
q-�ª���´Ó��§éuÙ§#�(Æ�ª§���
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��KC��U"��§·��Ñ
áÂÌ¼ê¿Ð«
XÛ5L�ù
(Æ�l-

��ª"

ü��1z��l-��ª�A�Uþ��Ø=�¹ù	«���¹�â[ªã§

cÙ´$Uþ�f{Z�5(Æ�l-��ª"ù
5�¦�ü��1z�¤��±

A^3ù	Ú�â[«��l-�1fÆ4äcµ�á�²�"��nØïÄU
�

Ï�Ú¢�þÏéü��1z�XÚ¥�#.�l-��ª"

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

MoS2 with circularly polarized optical pumping0in Appendix D.
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111ÔÔÔÙÙÙ üüü������111zzz���333������zzz777���...þþþÍÍÍÜÜÜ������lll---���-(((fff���

ªªª

ü��1z�äk:+ D3h �é¡5§¿kXÊ|(f (n|(Æ(fÚ8|1

Æ(f)[198]"3ü��1z�¥§ü�ÓÌ��^�1Æ(f (451Æ(fÚü45

1Æ(f)�>fkXr��ÍÜ�^"Ï~5ù§45á�¥�16f� Γ:NC�

p�1Æ (longitudinal optical; LO)(fÏL�§� Fröhlich (6âpF)�p�^u)

ÍÜ¿�)kX��>4z�÷*>|"ü451Æ(féAuá��þÝ�UC¿

�ù|(f�ªØ¬�)÷*>|[199, 200]"�
�Ð�ïÄü��1z�¥�8N-

u5�§45p�1Æ (LO)(f�ÍÜ�^´I��?�Ú�Ä�"

¢���Ñ�ü���á�Ï~Ø´Õá]���¬"§�Ï~���3�.

X SiO2§SiC§HfO2 ½ö8u�z' (h-BN)þ"Ïd§Ä.á�éá�SÜ>f�8

N-u�K��I���Ä"¢�þ®²y¢§p�þ!þ!CX�ü��1z��

f�®²3 SiO2 Ä.þÏLzÆí��È (CVD) ��{¤õ��[201, 202]"ü���

á�¥�16f�±Ú��e�¬�¥�L¡1Æ (surface optical; SO)(fu)�§

4z FröhlichÍÜ"Ïd§·�éü��1z�XÚ¥�Ä
>f->f�p�^!±

9S�p�1Æ(fÚ SiO2 ¥L¡1Æ(f�>f-(f�p�^e�8N-uA5

mÐ
ïÄ"

7.1 LO (((fffÚÚÚ SO (((fffëëë���eeeÍÍÍÜÜÜ������lll---���-(((fff���ªªª

·��Äü��1z�¥d��>f½ö�Çí�ÃÚÑ� LO (fÚ SO (f

ÏL Fröhlich �p�^��l-�−(fÍÜ�."3ù«�¹e§>fÚÙ{�>
fÏL¥Õ�p�^Ú�)J(f��� Fröhlich>f-(f (e-p)�p�^u)ÍÜ"

Fröhlich�p�^M�îþdeª�Ñ

Hep =
∑

χ

[
Wχqaqe

i(q·r+ωχt) +W ∗
χqa

†
qe
−i(q·r+ωχt)

]
, (7.1)

Ù¥ q = (qx, qy) ´ x-y ²¡¥(f�Å¥§(a†q, aq)´(fXÚ��K�Ý�I§

Wχq ´>f-(f�p�^XêÓ� ωχ ´1 χ«1Æ(f�(fªÇ"

d	§1Æ(fë�e�k�>f->f�p�^��mFp�C��±��

V λλ′
ep (ςs,k,q;ω) =

∑

χ

Dχ
0 (ωχ, ω)|Uχ,ςs

λλ′ (k,q)|2, (7.2)

Ù¥ |Uχ,ςs
λλ′ (k,q)|2 = |〈k + q, λ′ςs|Wχq|k, λςs〉|2, ω ´-uªÇ� Dχ

0 (ωχ, ω) = 2ωχ/[ω
2−

ω2
χ] ´(fªÇ� ωχ �1 χ-«(fØÉZ6�1Æ(fDÂf"éuü��1
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z�±9NX345Ä.þ�ü��1z�§>f-(f�p�^Ý
��±�

� |〈k + q, λ′ςs|Wχq|k, λςs〉|2 = g2
χ(q)Cςs

λk,λ′k+q§Ù¥ gχ(q) ´1 χ «1Æ(fë�e

>f->f�p�^�ÍÜrÝ"Ï1Æ(fë�e�>f->f�p�^�±�

� V λλ′
ep (ςs,k,q;ω) = Vep(q, ω)Cςs

λk,λ′k+q"

o�k�>f−>f�p�^�±ÏL3ã)gU|nØeò¤k�à��ãU\
�Ã5K�C��[203]

Veff(q, ω) =
vq + Vep(q, ω)

1− [vq + Vep(q, ω)]Π(q, ω)
=

vq
εRPA(q, ω)

, (7.3)

Ù¥ Vep(q, ω) =
∑

χD
χ
0 (ωχ, ω)g2

χ(q)� Π(q, ω)´Äþ�m¥gd4z¼ê"Ï(f

ÍÜeü��1z�XÚ3Ã5K�Cq (RPA)e�0>¼ê�½Â�

εRPA(q, ω) = 1− vqΠ(q, ω)−
∑

χD
χ
0 (ωχ, ω)g2

χ(q)

vq +
∑

χD
χ
0 (ωχ, ω)g2

χ(q)
. (7.4)

Ó�§ÍÜ�l-�-(f-u�ªd0>¼ê�¢Ü�" Re[εRPA]→ 0û½"

3�Ä
>f−>f�p�^Ú>f−S�(f�p�^�§ü��1z��¥
�>f�45 LO (fÏL Fröhlich �p�^u)ÍÜ¿�45 LO (f�(fU

þ� ωop = 48 meV§ÍÜrÝ� gop(q) = gFrerfc(qd/2)Ù¥ÍÜ~ê gFr=286 meVÅ§

d = 5.41 Å´>fÙââ��k�°Ý§erfc´{Ø�¼ê[204, 205]"u´§S� LO(

fë�eÍÜ��l-�-(f�ª�

ω± =
1√
2

[
ω2
q + ω2

op ±
√

(ω2
q − ω2

op)2 + 4αω2
qω

2
op

]1/2

, (7.5)

Ù¥ α = 2g2
op(q)/(ωopvq)§ωq ´þ�Ù¥3"§��Å4�e�>Ö�l-��ª"

éu345�.þ�ü��1z�§>fØ=ÚS�45 LO(fu)ÍÜÓ�

�Ú45�.�¥� Fuchs-Kliewer L¡1Æ (SO) (fu)ÍÜ"3 SiO2 �.�¥§

ü�Ì��L¡(f�ª ωsp1 = 59 meV Ú ωsp2 = 156 meV ÏL�§�p�^Úü

��1z�¥�>fu)ÍÜÏéXÚ�1Æ5��)
��K�"SiO2 �.

¥ Fuchs-Kliewer(f�ÍÜrÝ�[206, 207]

g2
sp1(q) =

2πe2

q
e−2qd0

ωsp1

2

[
1

εsub
i + εenv

− 1

εsub
0 + εenv

]
,

g2
sp2(q) =

2πe2

q
e−2qd0

ωsp2

2

[
1

εsub
∞ + εenv

− 1

εsub
i + εenv

]
, (7.6)

Ù¥ εsub
∞ = 2.4§εsub

i = 3.36Ú εsub
0 = 3.9©O´ SiO2 �.¥�1Æ§¥mÚ½�0>

~ê"d0 ≈ 3 Å´ü��1z��Ú SiO2 �.�m�må
[151, 208, 209]§�µ�¸0>

~ê εenv = (εt + εsub
0 )/2 = εr

[209–211]§Ù¥ εt ´ºà0>�>4�0>~ê"éu34

5�.þü��1z�S�1Æ(fÚL¡1Æ(fë�ÍÜ��l-�-(f�ªÓ

���±ÏL Re[εRPA]→ 0��§ùò�� ω2 �og�§

ω8 − A3ω
6 + A2ω

4 − A1ω
2 + A0 = 0, (7.7)
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Ù¥

A3 =ω2
op + ω2

sp1 + ω2
sp2 + ω2

q ,

A2 =ω2
q [(1− βop)ω2

op + (1− βsp1)ω2
sp1 + (1− βsp2)ω2

sp2]

+ ω2
opω

2
sp1 + ω2

opω
2
sp2 + ω2

sp1ω
2
sp2,

A1 =[(1− βop − βsp1)ω2
opω

2
sp1 + (1− βop − βsp2)ω2

opω
2
sp2

+ (1− βsp1 − βsp2)ω2
sp1ω

2
sp2]ω2

q + ω2
opω

2
sp1ω

2
sp2,

A0 =(1− βop − βsp1 − βsp2)ω2
opω

2
sp1ω

2
sp2ω

2
q ,

Ù¥ ωq ´ n-/p-.ü��1z��¬¥�>Ö�l-�Uþ� βop = 2g2
op(q)/(ωopvq)§

βsp1 = 2g2
sp1(q)/(ωsp1vq)Ú βsp2 = 2g2

sp2(q)/(ωsp2vq)"Ïd§XÚ¥¬ko|(fÍÜ�

�l-�-(f�ª�©Odúª (7.7)¥�o��¢ê���"

7.2 (((JJJ���???ØØØ

éu3ÿþ>ÆÚ�l-�1fÆA5�¢S¢�ì�¥§ü��1z��¬Ï

~���¤|�A¬N+�ì�(�¿UÏLØÓ�4á�¢y n-/p-.�,ì�¿

�16f�ßÝ�±ÏLUC�>Ø5N�"Ï~5`§��z7�^�ü���á

�¬N+�.Ü»4¿�ü��1z�¬N+kX�p0>~ê�ºÜ»4X HfO2§

àÜÔ>)� (polymer electrolyte; PE)�"Ïd§��nØþ��.§3��O�¥

·�æ^��~^��µ�¸0>¼ê εenv = 5"
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0

10

20

30

40

50

 

 

 
(m

eV
)

Wavevector q (nm-1)

 p-type
 n-type

ne/h=1 1012 cm-2

ã 7.1: 16fßÝ� ne/h = 1× 1012 cm−2 � n- Ú p-.ü��1z��>Ö�l-��ª ωq �

XÅ¥ q �Cz"¢�Úáy�©O´ n- Ú p-.ü��1z��(J
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ã 7.1 �Ñ
�½16fßÝe n- Ú p-.ü��1z���l-��ª�XÅ

¥�Cz"lþ�Ù¥�±��§ü��1z�¥��l-��ª ωq ∝ q1/2n1/2 ´�

DÚ��>fíaq�(Æ|¿É�Å¥Ú16fßÝ�r�K�"lã 7.1 ¥�±

w�§3$16fßÝe§n-Ú p-.ü��1z���l-�ÚÑ'X�~�C¿

� p-.�¬¥��l-�ÚÑ�' n-.�¬���p�:"ù�:�É´dü��

1z�¥���Úd��U�(��É¤���"

3ã 7.2 ¥§�Ñ
"§e n- Ú p-.ü��1z��¬¥dúª (7.5) �Ñ�S

�1Æ(fë�eü|ÍÜ��l-�-(f�ª3ØÓ16ßÝfe�ÚÑ'X ω±"

S�1Æ(fë�eÍÜ��l-�-(f�ª ω− 3� q «�´(Æ.�¿äk�$

�Uþ3� q «�´1Æ.�¿��l-�ªÇ�CuS�1Æ(fªÇ"���

�§ÍÜ��l-�-(f�ª ω+ 3� q «�´1Æ.��UþªuS�1Æ(fª

Ç3� q «�´(Æ.�¿kX���Uþ"�±w�§�r��l-�-(fÍÜ

u)3�ÍÜ��l-��ªÚS�1Æ(f�ª��:�þ"lã 7.1¥�±��3

�$16fßÝe§n-Ú p-.ü��1z�kX�~�C��l-�ÚÑ'X"Ï
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ã 7.2: ü��1z�¥S�1Æ(fë�eÍÜ��l-�-(f�ª3ØÓ16fßÝ n =

1 × 1012 cm−2 (¢�)§n = 5 × 1012 cm−2 (áy��)§n = 1 × 1013 cm−2 (J�)§

Ú n = 5× 1013 cm−2 (:M¥�)e�XÅ¥ q �Cz"(a) n-.Ú (b) p-.�¬�(J
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ã 7.2(a)-(b)¥ÍÜ��l-�-(f�ªÚÑ'X�©�C"lã 7.2¥·��±��

S�1Æ(fë�eÍÜ��l-�-(f�ª�±ÏL��	\ ØUC16fßÝ

?1k��N!"3���16fßÝe§3� q «�Uw���ß��l-�-(f

ÍÜy�"duü��1z�¥S�1Æ(f�>f�ÍÜrÝ�f§Ï3p16

fßÝe§ÍÜ��l-�-(f�ª�ÍÜ�AØ´é²w"

ã 7.3 �Ñ
3�½>fßÝe n-.ü��1z�¥S�1Æ(fÚ��z7

�.¥L¡1Æ(fë�eÍÜ��l-�-(f�ª"duã 7.1 Úã 7.2 ¥ n-.

Ú p-.�¬¥��q5§ùp�?Ø n-.�,��/"ü��1z��¬Ï~���

3��z7���.þÏ��z7¥�L¡1Æ(f�ªò3Äuü��1z�ì

��1Æ5�cÙ´�l-�5�¥�üX���Ú"dS�1Æ(fÚÄ.L¡

1Æ(fë��ü��1z�/��z7(�XÚ¥�3o|ÍÜ��l-�-(f�
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ã 7.3: n-.ü��1z��¬¥�1Æ(fÚL¡1Æ(fë�eÍÜ��l-�-(f�ª (©

| I§II§III§Ú IV) 3�½16fßÝ (a) ne = 1 × 1012 cm−2 Ú (b) ne = 5 × 1013 cm−2 e

�XÅ¥ q �Cz
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ª"Ù¥ÍÜ��l-�-(f�ª´X�l-��ª ωq§1Æ(f ωop§ωsp1 Ú ωsp2

�pÍÜ��·,z�Ô"3ã 7.3(a)¥§du3$16fßÝe��l-�Uþ�

$§Ï�1Æ(f�ÍÜ�^�f"3ã 7.3(b)¥§�±w�3Å¥ q ªu"�«

�§ÍÜ��l-��ª©| I§II§III§Ú IV©Oì?�Âñ�X��l-� ωq Ú

1Æ(f ωop§ωsp1 Ú ωsp2 �ª"3,�à�� q «�§�XÅ¥�O\§ÍÜ�l-

��ª©| I§II§III§Ú IV ©Oì?�Âñ�X�1Æ(f ωop§ωsp1 Ú ωsp2 Ú�

l-� ωq �ª"3Å¥ q ���¥mÜ©§�l-�ÚL¡1Æ(fäk�r�ÍÜ

�^�S�1Æ(f�ÍÜ�f"Ó���±w�3p16fßÝe§ü��1z

�/��z7(�XÚ¥�r��l-�-(fÍÜu)3äk��Å¥�«�"du3

��Å¥�¹e§ÍÜ��l-�-(f�ªò?\�âf-�Ç-u«Ï·�3�Å

4�e�� q «����(J´k��"�C§3�$L/�.(�XÚ¥�r�ÍÜ

��l-�-(f�ª3¢�þ��©E��>fUþ��UÌ!¥ù	ß�ÌÚC|

1Æw�Eâ¤ÿ�[202, 212–215]"Ó�uy>f-(f�ÍÜ�^3û½�f�á�/�

.·ÜXÚ�1Æ5�¥å�
�~���^"

��ïÄL²Äuü��1z���l-�!S�1Æ(fë�eÍÜ��l-

�-(f�ªÚS�1Æ(f9L¡1Æ(fë�eÍÜ��l-�-(f�ª�ÚÑ

'X�±ÏLUC16f�ßÝ?1k��N!"�l-�ÚÍÜ��l-�-(f�

ª�Uþ3ù	��â[ªã��S"3�Ó16fßÝe§ØÓ�,a.ü��1

z���l-��ªkX[���É"ü��1z�XÚ�16fßÝ�±ÏL	\

 Ø��ª?1N!"¢S��á�ì�¥�Å¥Kd�¬�AÛ(�û½"Ïd§

ÏL�Ä>f-(f�ÍÜ�^§ü��1z��B(�¥ÍÜ��l-�-(f�ª�

��ªÇ�±ÏLUC�¬�AÛ(�±916fßÝ?1N!§l��pÝÉ�

��l-�1fÆì�"

7.3 ���ÙÙÙ���(((

ÄuÃ5K�CqÚgU|nØ�3�ÅCqe§·�éü��1z��8N

-u5� (X�l-�!(fë�eÍÜ��l-�-(f�ª) ?1
nØþ�ï

Ä"ü��1z�¥kXÚDÚ��>fíaq�d�S�[¤��(Æ�l-��

ª ωq ∝ q1/2 ∼ n1/2"�,a.é�l-��ª9ÍÜ��l-�-(f�ª�ÚÑ'X

kX[��K�"ü��1z�¥�l-��S�1Æ(f�ÍÜ�)
ü|ÍÜ�

�l-�-(f�ª"Ó�§ü��1z�¥�l-�ÚS�1Æ(f±9��z7¥

L¡1Æ(f�ÍÜ�
o|ÍÜ��l-�-(f�ª"ù
�l-��ªÚÍÜ�

�l-�-(f�ª�Uþ��3ù	Ú�â[«�S¿��±É�16fßÝ�k�

N!"ù
A5¦�ü��1z�U¤�A^3ù	9�â[ªã�l-�1fÆ4

ädå�á�²�"·�F"��nØïÄUé¯�3¢�þÏLÄuü��1z�

�ì�¤y¢"
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8.1 ØØØ©©©ooo(((

�Æ Ø©´Æ¬ïÄ)�ãïÄó��XÚ5o("Ì�3ÄuCc5uy�

#.��>fíá�õ��$LÚü��1z�§XÚ�ïÄ
õ��$LÚü��

1z�XÚ�1áÂ/1>�§Rashba�Aéü��1z�1>��K�Ú3� �

1"Ë-ueü��1z���l-�A5"ÏLnØþ��[ÚO�ïÄ
;.#

.��>fíXÚ�1>A5§Ì��ó�o(Xeµ

1. ÏLd�²;À�[ù�§���²ï�§{§O�
õ��$LXÚ�1>

�Ú1ß�Xê"XÚ�ïÄ
�$L�êÚæ÷gSé1áÂI��K�"õ��

$LXÚ¥ØÓ��êÚæ÷�ª¬��ØÓ�>f(�"N ��$LXÚ3��1

«��Ê·1>�� σN0 = Nπe2/(2h)�ØÉ�êÚæ÷gS�K�"õ��$LXÚ

¥k��lù	��â[ªã (0.2-150 THz)�1áÂI��Uk��É�§Ý!>f

ßÝ!�$L��êÚæ÷gS�N!"AO�´§3Ûê� AB-æ÷õ��$LX

Ú¥kXd�\�YÚå�A�áÂ>"ù�nØïÄó��XÛ|^õ��$L3

ù	Ú�â[ªã�AÏ1áÂA5Jø
�â"�X§�ê��$L�±^uß²

>4§�±|^õ��$L¥�A�áÂ>5(½ ABæ÷�$L��ê"�$LX

Ú�ÕA�1áÂI�A5U4ädå�A^uù	9�â[&ÿì¥"

2. ·��Ä Rashba �Aéü��1z��K�§|^ Kubo-Greenwood úªO

�
3 Rashbag^-;�ÍÜ�^eü��1z��1>�"3ü��1z�¥§g

d16fáÂ�3u��ù	��â[��"g^�=�[¤���°áÂ¸ÚáÂ

I�?3ù	��â[ªã"3�Å�� �1e§g^�=�[LyÑ��êÀJ

5�1áÂ",§ØÓ�m1>��Ú�up�1>�"1áÂ¸Ú1áÂI��

 �Ú°Ý�±k���16fßÝÚ RashbaëêN!"ïÄ(J�«
 Rashba�

A�±k����3ù	Ú�â[��1áÂI���)§ù�y�ý«Xü��1

z�òUéÐ�A^3$ªÇ���1&ÿì½Ù§1>ì�¥"

3. ÏLo��.Ú���.ïÄ
ü��1z�3�ò1���1>�"

Rashba�Aég^��ÍÜO\
ü��1z�¥�m�[1áÂ�[Ï��êþ"

3 RashbaXê����¹e§Rashba�Aéo�1áÂvk²w�K�"3 Rashba

Xê���§�YNC�1áÂÉ�é²w�K�"ù
nØ(Jý«X�±|

^ Rashba�Aéü��1z�3�YNC�1áÂ½X1F1A5?1N!"

4. |^Ã5K�Cq (RPA)e�0>¼ênØïÄ
1"Ë-ueü��1z�

��l-�A5"ü��1z�¥fXÚ�|°êþ�±ÏL��X�»g^Ú/½�

{¿5�1"ËÃã5¢y"�Sâf-�Ç-uÌ«�	�3Ã{Z>Ö�l-��
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ªÓ�3�Sâf-�Ç-uÌS�U�3f{Z�5(Æ�l-��ª"ü��1z

�¥Ã{Z>Ö�l-��ª�DÚ��>fíaq"�l-��ª�êþÚÚÑ'

X�X�,a.Ú�,ßÝUC¿��±ÏLN!"Ë1rÝ�1"ËÃã5¢y"

ü��1z��l-��ª�UþØ=�¹ù	«���¹�â[ªã§cÙ´$U

þ�f{Z�5(Æ�l-��ª"ù¿�XÏL1N�Ú ØN��Ãã§ü��

1z��±¤��AªÇ3$ªãýZ��l-�1fÆá�"

5. �Ä>f-(f�p�^§|^0>¼ênØïÄ
�1z�¥�l-�ÚS�

1Æ(fÚÄ.L¡(f�ÍÜ�^"�,a.é�l-��ª91Æ(fë�eÍ

Ü��l-�-(f�ª�ÚÑ'XkX[��K�"ü��1z�¥�l-��S�

1Æ(f�ÍÜ�)
ü|ÍÜ��l-�-(f�ª"Ó�§ü��1z�¥�l-

�ÚS�1Æ(f±9��z7¥L¡1Æ(f�ÍÜ�)
o|ÍÜ��l-�-(

f�ª"ù
�l-��ªÚÍÜ��l-�-(f�ª�Uþ3ù	Ú�â[«�S

¿��±É�16fßÝ�k�N!"3¢�¥§Ï~�±ÏL*ÿ�l-�áÂ�

�¸� �5(½�l-�-(f�ÍÜ�A"��nØïÄU?�Ú�Äuü��1

z��ì�3�l-�1fÆ¥�A^JønØ|±"

oNþ§�Ø©lnØþ��XÚ�ïÄ
#.��>íá�õ��$LÚü�

�1z�XÚ�1>A5"�,�$LXÚvk�Y½ö3A½^�e��Y��§

38cJ±�Ð�A^u>fì�¥§�´�$LXÚduäk�Ð�1ÆA5Ú�

l-�A5§AO´õ��$LXÚ¥�3�1áÂI�Ú3��1��S�þ!1

áÂ§¦�ÙU4ädå�A^31ÆÚ�l-�1fÆì�¥"éu#.á�ü�

�1z�§Ù����YÚg^;�ÍÜ�A¦�Ù3���¡�A^Ñ�©äkd

å"�Æ Ø©¥æ^k��$UþU�(��.éÙ1ÆA5Ú�l-�A5?1


nØþ��[O�"���(J�Ã{O(½þ�ÎÜ¢S�¬�¥��¹§�´

U
éÐ�½5����'�ÔnA5±9�²Ù¥�Ån"é?�Ú�¢�ó�U

å�nØ| Úéu�^"

3�Æ Ø©¥�ïÄL²õ��$LÚü��1z�U
�Ð�A^3ù	Ú

�â[ªã���1Æ§1>fÆÚ�l-�ì�¥"

8.2 eee���ÚÚÚïïïÄÄÄOOOyyyÚÚÚÐÐÐ"""

�Ø©¥XÚ�ïÄ
#.��>fí�1áÂ/1>�±9�l-�A5"3e

�Ú�ïÄ¥§�±3Äu8c�ïÄÄ:þéXeA��¡Ðm#�&¢ÚïÄµ

1. ïÄ Rashba�Aéü��1z�¥>f�g^���K�"duü��1z

�¥äk�r�S�g^-;�ÍÜ�^§Ï3 Rashba�Ae§ü��1z�¥>

f��g^��Ø1k²¡S�©þ�¬k²¡	�©þ"

2. Cc5,å
én�).��7á�ïÄ§du��XÚÚn�XÚäk��

þ��É§�±|^yk�nØïÄn�).��7áXÚ�>fÆ!1Æ±9�l
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3. 38c�ïÄSN¥?�ÚÚ\	\>|!^|�	Ü^�§¿�Ä>f-(f

��p�^§?�ÚïÄ#.��á��1>5�"

3±���ïó�¥§ò\�é#á���?§?�ÚÆSÚÝº�[ÚO�á

�Ôn5��nØÚ�{"
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A.1 RPA 000>>>¼¼¼êêêÚÚÚgggddd444zzz¼¼¼êêê

3>f->f�p�^e§ü��1z�XÚ�Ã5K�Cq(RPA)0>¼ê�

εRPA(q, ω) = 1− vqΠ(q, ω), (A.1)

Ù¥ Π(q, ω) ´3��Äþ�m¥È©L«�gd4z¼ê§4z¼ê´d3ØÓ��

g^XÚ�¦Ú�¤

Π(q, ω) =
∑

ςs

Πςs(q, ω).

3 ς �g^� s ��4z¼ê Πςs(q, ω) �±L«�3Äþ�m¥�È©

Πςs(q, ω) =
∑

λλ′k

f(Eςs
λk)− f(Eςs

λ′k+q)

~ω + Eςs
λk − Eςs

λ′k+q + iδ
Cςs
λk,λ′k+q, (A.2)

ùp f(Eςs
λk) = [e(Eςsλk−µ

ς
λ)/kBT + 1]−1 ´¤�−).�©Ù¼ê"

3?1
 k + q→ −k C���§3����g^f��4z¼ê�

Πςs(q, ω) =
∑

λλ′k

[
f(Eςs

λk)

~ω + Eςs
λk − Eςs

λ′k+q + iδ
− f(Eςs

λ′k)

~ω + Eςs
λk+q − Eςs

λ′k + iδ

]
Cςs
λk,λ′k+q, (A.3)

4z¼ê�±���S�[Ú�m�[Ü©�Ú§�m�[Ü©�

Πςs
inter(q, ω) =

∑

k

{
f(Eςs

+k)

~ω + Eςs
+k − Eςs

−k+q + iδ
− f(Eςs

+k)

~ω + Eςs
−k+q − Eςs

+k + iδ

+
f(Eςs

−k)

~ω + Eςs
−k − Eςs

+k+q + iδ
− f(Eςs

−k)

~ω + Eςs
+k+q − Eςs

−k + iδ

}
Cςs
λk,λ′k+q

=
1

2

∑

k

∑

α=±

α[f(Eςs
+k)− f(Eςs

−k)]

~ω + α[Λςs
k + Λςs

k+q] + iδ

[
1− ∆2

ςs + k(k + q)

Λςs
k+qΛςs

k

]
, (A.4)

Ù¥ Λςs
k =

√
a2t2k2 + ∆2

ςs§Ó��S�[Ü©�

Πςs
intra(q, ω) =

∑

λk

{
f(Eςs

λk)

~ω + Eςs
λk − Eςs

λk+q + iδ
− f(Eςs

λk)

~ω + Eςs
λk+q − Eςs

λk + iδ

}
Cςs
λk,λk+q

=
1

2

∑

λ

∑

k

∑

α=±

αf(Eςs
λk)

~ω + α[Λςs
k − Λςs

k+q] + iδ

[
1 +

∆2
ςs + k(k + q)

Λςs
k+qΛςs

k

]
. (A.5)

�¹
�S�[Ú�m�[�§o�5`§4z¼ê�±��

Πςs(q, ω) =
1

2

∑

λ

∑

k

∑

β=±

∑

α=±

α[δλ,−1 + λf(Eςs
λk)]

~ω + α[Λςs
k − βΛςs

k+q] + iδ

[
1 +

∆2
ςs + k(k + q)

βΛςs
k+qΛςs

k

]

− 1

2

∑

k

∑

α=±

α

~ω + α[Λςs
k + Λςs

k+q] + iδ

[
1− ∆2

ςs + k(k + q)

Λςs
k+qΛςs

k

]
, (A.6)

Ù¥1�Ü©���,�¹e�4z¼ê"
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3"§e§úª (A.6)¥�¤�).�©Ù¼ê�±���F¼ê�/ª

f(Eςs
λk) = θ(µςλ − Eςs

λk). (A.7)

3ùp½Âí´¼ê

χβςsλ(q, ω) =
1

2

∑

k≤kςsλF

∑

α=±

α

~ω + α[Λςs
k − βΛςs

k+q] + iδ

×
[
1 +

∆2
ςs + k(k + q)

βΛςs
k+qΛςs

k

]
, (A.8)

Ù¥ β = ±©O�L�S�[Ú�m�["
3��Úd�Ó��,��¹e§3 ς �g^� sf�XÚ"§e�4z¼ê�

±��

Πςs
T=0(q, ω) = −χ−ςs∞(q, ω) +

∑

λ

∑

β=±

χβςsλ(q, ω)θ(µςsλ −∆ςs), (A.9)

Ù¥ µςsλ = |Eς
λF| − λςsγ/2§Eς

λF ´3 ς ���Úd�S>f/�Ç�zÆ³"ÏLé

þª?1È©§�±��"§e�4z¼ê

Πςs
T=0(q, ω) = Πςs

0,T=0(q, ω)[θ̃(∆ςs − uςs−)θ̃(∆ςs − uςs+)

− θ(uςs− −∆ςs)θ(uςs+ −∆ςs)]

+
∑

λ

Πςsλ
1,T=0(q, ω)θ(uςsλ −∆ςs). (A.10)

3�e5�Lã¥§�
{zå�§¦^ ω Ú k 5L« ~ω Ú atk"3��,��¹

e§3 ς �g^� s��4z¼ê�[184]

Πςs
0,T=0(q, ω) =− q2

4πa2t2

{
∆ςs

q2 − ω2
+
q2 − ω2 − 4∆2

ςs

4|q2 − ω2|3/2

×
[
θ(q − ω) arccos

ω2 − q2 + 4∆2
ςs

q2 − ω2 + 4∆2
ςs

− θ(ω − q) ln
(
√
ω2 − q2 + 2∆ςs)

2

|ω2 − q2 − 4∆2
ςs|

]}

− iq
2x̃2

ςsθ(ω
2 − q2 − 4∆2

ςs)

16a2t2|ω2 − q2|1/2 , (A.11)

Ù¥ x̃2
ςs = 2− x2

ςs Ú xςs =
√
|1 + 4∆2

ςs/(q
2 − ω2)|"

éuk��,�¹e (λ = +éA���,!λ = − éAd��,)§3 ς �g^
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� s��4z¼ê�

Πςsλ
1,T=0(q, ω) =− uλςs

2πa2t2
+

q2

16πa2t2|q2 − ω2|1/2

×





iG>(y−)− iG>(y+), 1A

G<(y−)− iG>(y+), 2A

G<(y+) +G<(y−), 3A

G<(y−)−G<(y+), 4A

G>(y+)−G>(y−), 1B

G>(y+) + iG<(y−), 2B

G>(y+)−G>(−y−)− iπx̃2
ςs, 3B

G>(y+) +G>(−y−)− iπx̃2
ςs, 4B

G0(y+)−G0(y−). 5B

(A.12)

Ù¥ y± = (2uλςs ± ω)/q§�

G<(x) = x(x2
ςs − x2)1/2 + (x2

ςs − 2) arccos (x/xςs),

G>(x) = x(x2 − x2
ςs)

1/2 + (x2
ςs − 2)arccosh(x/xςs),

G0(x) = x(x2 + x2
ςs)

1/2 + (−x2
ςs − 2)arcsinh(x/xςs). (A.13)

úª (A.12)¥¤½Â�4z¼êéAØÓ�«� (�ã A.1)�

1A :ω ≤ uλςs − [(kςsλF − q)2 + ∆2
ςs]

1/2,

2A :∓ uλςs ± [(kςsλF − q)2 + ∆2
ςs]

1/2 < ω

≤ −uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2,

3A :ω ≤ −uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2,

4A :− uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2 < ω < q,

1B :q ≤ 2kςsλF, [q
2 + 4∆2

ςs]
1/2 < ω

≤ uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2,

2B :uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2 < ω

≤ uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2,

3B :ω > uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2,

4B :q > 2kςsλF, [q
2 + 4∆2

ςs]
1/2 < ω

≤ uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2,

5B :q < ω ≤ [q2 + 4∆2
ςs]

1/2.
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ã A.1: úª (A.12) ¥4z¼êØÓL�/ª�©�«�"ùp� ∆ςs = 0.8uλςs

Ù¥¤�Å¥ kςsλF =
√
|uλςs|2 −∆2

ςs"

3úª (6.12)¥ü��1z�3���Ô�¥�4z¼ê�±��

Π̃(q, ω) =
∑

ςsλ

Π̃ςs
λ (q, ω), (A.14)

Ù¥

Π̃ςs
λ (q, ω) =

∑

k

f(Ẽςs
λk)− f(Ẽςs

λk+q)

ω + Ẽςs
λk − Ẽςs

λk+q + iδ
. (A.15)

3"§e§4z¼ê Π̃ςs
λ,T=0(q, ω)�¢ÜÚJÜ©O��[6, 188]

ReΠ̃ςs
λ,T=0(q, ω) =− ∆ςs

2πa2t2

[
1 +

∑

α=±

αk̃ςsλF

q
θ(|νςsα |2 − 1)

× sgn[νςsα ]
√
|νςsα |2 − 1

]
θ(ũλςs −∆ςs),

Ú

ImΠ̃ςs
λ,T=0(q, ω) =− ∆ςs

2πa2t2

∑

α=±

αk̃ςsλF

q
θ(1− |νςsα |2)

×
√

1− |νςsα |2θ(ũλςs −∆ςs), (A.16)

Ù¥ ũλςs = |Ẽς
λF| − λςsγ/2§¤�Å¥ k̃ςsλF =

√
2∆ςs(ũλςs −∆ςs)§�

νςsα =
ω∆ςs

qk̃ςsλF

− α q

2k̃ςsλF

. (A.17)
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3"§Ú� q Cqe§ü��1z�3���Ô��.e>Ö�l-��ª�Ú

Ñ'X�

ω̃0
q =

[
e2q
∑

λςs

(ũλςs −∆ςs)θ(ũ
λ
ςs −∆ςs)/(4πεrε0)

]1/2
. (A.18)

3k�§Ýe§� q e�4z¼ê��

Π̃ςs
λ,T (q, ω; µ̃ςλ) =

∫ ∞

−∞

dµ′Π̃ςs
λ,T=0(q, ω)|ẼςλF=µ′

4kBT cosh2[(µ̃ςλ − µ′)/2kBT ]

× θ(|u′| − λςsγ/2−∆ςs), (A.19)

Ù¥ µ̃ςλ ´lúª (6.4)¥�����Úd�¥�zÆ³"
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-úª (6.3) ¥ü��1z���Å¼ê� Fλςsk = |k, λςs〉§K>f->f�p�

^�/GÏf�±��

Cςs
λk,λ′k+q = |F †λ′ςsk · Fλςsk|2. (B.1)

ÏLòþãÅ¼ê�\?1O�§�S�[Ú�m�[ü��1z�¥�/GÏ

f�±L«�

Cςs
λk,λ′k+q =

1

2
[1 + λλ′(cos(ϑςsk+q) cos(ϑςsk ) + sin(ϑςsk+q) sin(ϑςsk ) cosϕ)]

=
1

2

[
1 + λλ′

∆2
ςs + a2t2k(k + q)

Λςs(k)Λςs(k + q)

]
. (B.2)

B.2 ���ÅÅÅ444���eee>>>fff->>>fff���ppp���^̂̂///GGGÏÏÏfff

ÏLã B.1�±��§Å¥ k� k + q�m�Y�� ϕ¿��±��

cosϕ =
k + q cos θ

|k + q| . (B.3)

3�Å4�Cqe (q→ 0)§�±��>f->f�p�^/GÏf�

Cςs
λk,λ′k+q =

1

2
[1 + λλ′[cos2(ϑςsk ) + sin2(ϑςsk ) cosϕ]]

=
1

2
[(1 + λλ′)− λλ′[sin2(ϑςsk )(1− cosϕ)]]. (B.4)

q

k

 

!

k+q
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þª¥k'�Ý ϕ���±��

1− cosϕ = 1−
√

1− q2 sin2 θ

k2 + q2 + 2kq cos θ
. (B.5)

2|^Xe'X

1−
√

1− x =
x

1 +
√

1− x '
x

2
, x→ 0 (B.6)

�±��

1− cosϕ ' q2 sin2 θ

2k2
. (B.7)

Ï�±��úª (6.35)¥�ÅCqe>f->f�p�^�/GÏf�

Cςs
λk,λ′k+q =

1

2
[(1 + λλ′)− λλ′ sin2(ϑςsk )

q2 sin2 θ

2k2
]. (B.8)
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C.1 ���ÈÈÈ

éu m× n ��Ý
 A Ú p× q ��Ý
 B

A =




a11 a12 · · · a1n

a21 a22 · · · a2n

...
...

...
...

am1 am2 · · · amn



, B =




b11 b12 · · · b1q

b21 b22 · · · b2q

...
...

...
...

bp1 bp2 · · · bpq



. (C.1)

¦���È (�ÛS�È) �½Â�

A⊗B =




a11b11 a11b12 · · · a11b1q · · · · · · a1nb11 a1nb12 · · · a1nb1q

a11b21 a11b22 · · · a11b2q · · · · · · a1nb21 a1nb22 · · · a1nb2q

...
...

. . .
...

...
...

. . .
...

a11bp1 a11bp2 · · · a11bpq · · · · · · a1nbp1 a1nbp2 · · · a1nbpq
...

...
...

. . .
...

...
...

...
...

...
. . .

...
...

...

am1b11 am1b12 · · · am1b1q · · · · · · amnb11 amnb12 · · · amnb1q

am1b21 am1b22 · · · am1b2q · · · · · · amnb21 amnb22 · · · amnb2q

...
...

. . .
...

...
...

. . .
...

am1bp1 am1bp2 · · · am1bpq · · · · · · amnbp1 amnbp2 · · · amnbpq




.

(C.2)
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�|Ý
�½Â�

σ̂x =

(
0 1

1 0

)
, σ̂y =

(
0 −i
i 0

)
, σ̂z =

(
1 0

0 −1

)
. (C.3)

C.3 Kramers-Kronig (K-K) '''XXX

Kramers-Kronig (K-K)'X�Ï^�/ª��

Re χ(ω + iδ) =
1

π
P
∫ ∞

−∞
dω′

Im χ(ω′ + iδ)

ω′ − ω =
2

π
P
∫ ∞

0

dω′
ω′Im χ(ω′ + iδ)

ω′2 − ω2
,

Im χ(ω + iδ) =
−1

π
P
∫ ∞

−∞
dω′

Re χ(ω′ + iδ)

ω′ − ω =
−2

π
P
∫ ∞

0

dω′
ω′Re χ(ω′ + iδ)

ω′2 − ω2
. (C.4)

Ù¥ P �L�ÜÌ�.
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34z¼ê�O�L§¥§I�?nNõE,�½È©"e¡�Ñ3O�¥¤^

���
�½È©úª"

�'n�¼ê�È©µ

∫ 2π

0

dx

z − cosx
=

{
2π|z|/[z

√
z2 − 1], z2 > 1

0, z2 ≤ 1
(C.5)

Ú

∫ 2π

0

cosxdx

z − cosx
=

{
2π[|z|/

√
z2 − 1− 1], z2 > 1

0, z2 ≤ 1.
(C.6)

3O�3�ÒS��g�¼êò^�
∫ √

x2 − x2
0dx =

1

2
{x
√
x2 − x2

0 − x2
0 ln[(x/x0) +

√
(x/x0)2 − 1]}

=
1

2
[x
√
x2 − x2

0 − x2
0arccosh(x/x0)], |x| > x0

∫
dx√
x2 − x2

0

= ln[(x/x0) +
√

(x/x0)2 − 1]

=arccosh(x/x0), |x| > x0∫ √
x2

0 − x2dx =
1

2
[x
√
x2

0 − x2 + x2
0 arcsin (x/x0)], |x| < x0

∫
dx√
x2

0 − x2
= arcsin(x/x0) =

π

2
− arccos(x/x0), |x| < x0. (C.7)

éuÊÏ�©1¥�k�g�¼ê�È©k
∫

dx

x2 + a2
=

1

a
arctan

x

a
=

1

a
arccos

a√
a2 + x2

=
1

2a
arccos

[
2

(
a√

a2 + x2

)2

− 1

]
=

1

2a
arccos

a2 − x2

a2 + x2
, a > 0

∫
dx

x2 − a2
=

1

2a
ln

∣∣∣∣
x− a
x+ a

∣∣∣∣ , |x| > |a|
∫

dx

x2 − a2
=

1

2a
ln

∣∣∣∣
a− x
a+ x

∣∣∣∣ , |x| < |a|. (C.8)
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a b s t r a c t

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 sN

0 ¼Nπe2=ð2hÞ for N layer graphene systems in the
visible region is verified. For NZ3 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

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 (1012 Hz 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

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/optcom

Optics Communications

http://dx.doi.org/10.1016/j.optcom.2014.04.079
0030-4018/& 2014 Elsevier B.V. All rights reserved.
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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 s0 ¼ πe2=ð2hÞ 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 NZ3. 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 SiO2 substrate and a weak
radiation field is applied with linear polarization along the x-
direction. The vector potential of the light field is AðtÞ ¼ F0
sin ð2πνtÞ=ð2πνÞ, where F0 and ν 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 ¼∑λ;λ0Pλλ0 , where
λ¼ þ1 for conduction band and λ¼ �1 for valence band,
Pλλ0 ¼ 4hν∑k0 ;kf λðkÞ½1� f λ0 ðk0Þ�Wλλ0 ðk;k0Þ is the energy transfer rate
induced by different transition channels, Wλλ0 ðk;k0Þ is the electro-
nic transition rate obtained from Fermi's golden rule, and
f λðkÞC f λ½EλðkÞ� is the Fermi–Dirac distribution function for car-
riers in graphene. For a relatively weak radiation field, the optical
conductivity can be calculated through sðνÞ ¼ 2P=F20 ¼∑λ;λ0sλλ0 ðνÞ.
Furthermore, the optical transmission coefficient for an air/

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

TiðνÞ ¼
ffiffiffiffiffiffi
ϵi2
ϵ1

s
4ðϵ1ϵ0Þ2

j½ðϵ1ϵi2Þ1=2þϵ1�ϵ0þ
ffiffiffiffiffi
ϵ1

p siðνÞ=cj2
; ð1Þ

where siðνÞ is the optical conductivity for an i-layer graphene
system at a radiation frequency ν, ϵ1 ¼ 1 and ϵi2 ¼ ϵi1 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.

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
π-bands near the K-point can be described by a k � p Hamiltonian

Hm
0 ¼

0 ℏv0k�
ℏv0kþ 0

 !
; ð2Þ

where k7 ¼ kx7 iky ¼ ke7 iϕ with v0 ¼ 106 m=s being the Fermi
velocity, k¼ ðkx; kyÞ is the wavevector for a carrier, and ϕ is the
angle between k and the x-axis. The eigenfunction and the energy
eigenvalue are given by ψm

lkðrÞ ¼ 21=2 e�iϕ; l
� �

eik�r and Emλ ðkÞ ¼ λℏv0k,
respectively, where λ¼ þ1 for electron and λ¼ �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

Wm
λλ0 ðk;k

0Þ ¼ 2π
ℏ

eF0v0
4πν

� �21þλλ0 cos ð2ϕÞ
2

�δk0 ;kδ½Emλ0 ðk
0Þ�Emλ ðkÞ�hν�: ð3Þ

It measures the probability for scattering of a carrier from a state
jk; λ〉 to a state jk0; λ0〉. After considering the effect of the broadening
of the scattering states due to energy relaxation through Poisson
Kernel: δðEÞ-ðEτ=πÞðE2þE2τ Þ�1 to replace the δ function for intra-
band optical transition and using the identity

R1
0 f ðxÞδ½gðxÞ� dx¼

f ðxÞ=jg0ðxÞj in the case that gðxÞ ¼ 0 has only a single root for
interband optical transition, we can obtain

sm
λλðνÞ ¼

2s0v20
π2ν

τ
ð2πντÞ2þ1

Z 1

0
dk kf λ½Emλ ðkÞ�

�f1� f λ½Emλ ðkÞ�g; ð4Þ
for transition within the conduction band and valance band, where τ
is the energy relaxation time, Eτ ¼ ℏ=τ is the energy broadening of
the states, and s0 ¼ πe2=ð2hÞ.

For interband transition channels, we have sm
þ � ðνÞC0 and

sm
� þ ðνÞ ¼s0f � ð�hν=2Þ½1� f þ ðhν=2Þ�: ð5Þ

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 π-bands near the K-point can be written as [15]

Hb
0 ¼

0 ℏ2k2� =ð2mnÞ�ℏu3kþ

ℏ2k2þ =ð2mnÞ�ℏu3k� 0

0
@

1
A; ð6Þ

where mn ¼ ξ1=ð2u2
0Þ, ui ¼

ffiffiffi
3

p
aξi=2ℏ, p¼ ℏk and a¼2.46 Å. More-

over, we quote ξ0 ¼ 3:16 eV, ξ1 ¼ 0:39 eV, ξ3 ¼ 0:315 eV for typical
coupling values [26,27] in bilayer graphene. The corresponding
Schod̈inger equation can be solved analytically and the eigenvalue
is given as EbλðkÞ ¼ λA, where A¼ ½h2aþh2b�2 cos ð3ϕÞhahb�1=2,
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ha ¼ p2=ð2mnÞ, and hb ¼ pu3. The eigenfunction for a carrier in
bilayer graphene is ψb

λkðrÞ ¼ 2�1=2½ðhae�2iϕ�hbeiϕÞ=A; λ�eik�r , in the
form of a row matrix, with r¼ ðx; yÞ. 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

Hb
cpðtÞ ¼

eAðtÞ
mn

0 mnu3�ℏk�
mnu3�ℏkþ 0

 !
: ð7Þ

Here, the contribution from the F20 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

Wb
λλ0 ðk;k

0Þ ¼ 2π
ℏ

eF0
4πmnν

� �2jUb
λλ0 ðkÞj2
4A2 δk0 ;k

�δ½Ebλ0 ðk
0Þ�EbλðkÞ�hν�; ð8Þ

with jUb
λλ0 ðkÞj2 ¼ j½λ0 ðhae�2iϕ�hbeiϕÞþλðhae2iϕ� hbe� iϕÞ�mnu3þ

ℏk½λ0ðhbe2iϕ�hae� iϕÞþλðhbe�2iϕ�haeiϕÞ�j2. After considering the
effect of the broadening of the scattering states due to energy
relaxation through Poisson Kernel, we have

sb
λλðνÞ ¼

4s0

π3νðmnÞ2
τ

ð2πντÞ2þ1

Z π

0
dϕ
Z 1

0

dk k

A2

�f λ½EbλðkÞ�f1� f λ½EbλðkÞ�gGb
λλðk;ϕÞ; ð9Þ

for transition within the conduction band and valance band,

where Gb
λλðk;ϕÞ ¼ ½mnu3ðha cos 2ϕ�hb cos ϕÞþℏkðhb cos 2ϕ

�ha cos ϕÞ�2.
For interband transition channels, we have sb

þ � ðνÞC0 and

sb
� þ ðνÞ ¼

4s0

π3νðmnÞ2
Z π

0
dϕ
Z 1

0

dk k

A2 ½1� f þ ðhν=2Þ�

�f � ð�hν=2Þ τGb
� þ ðk;ϕÞ

4τ2ðπν�A=ℏÞ2þ1
; ð10Þ

where Gb
� þ ðk;ϕÞ ¼ ½mnu3ð�ha sin 2ϕ�hb sin ϕÞþℏkðhb sin

2ϕþha sin ϕÞ�2.

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
π-bands near the K-point is [17]

Ht
0 ¼

S1 S0ℏ3k3� þS2

S0ℏ3k3þ þS2 S1

0
@

1
A; ð11Þ

where S0 ¼ 33=2a3γ30=ð8ℏ3γ21Þ, S1 ¼ γ5�3γ0γ4k
2a2=ð2γ1Þ, and

S2 ¼ γ2=2�3γ0γ3k
2a2=ð2γ1Þ, with the typical hoping parameters

[17] γ0 ¼ 3:16 eV, γ1 ¼ 0:502 eV, γ2 ¼ �0:0171 eV, γ3 ¼ �0:377 eV,
γ4 ¼ �0:099 eV, γ5 ¼ �0:0014 eV. The corresponding Schod̈inger
equation can be solved analytically and the eigenvalue is given as

EtλðkÞ ¼ S1þλB with B¼ ½S20ℏ6k6þS22þ2 cos ð3ϕÞ S0S2ℏ3k3�1=2. The
corresponding eigenfunction for a carrier in ABC-stacked TLG is

ψ t
λkðrÞ ¼ 21=2½eiψ ; λ�eik�r , in the form of a row matrix, with

eiψ ¼ ðS0ℏ3k3e�3iϕþS2Þ=B and r¼ ðx; yÞ. The carrier–photon inter-
action Hamiltonian for a ABC-stacked TLG becomes

Ht
cpðtÞ ¼

eAðtÞ
ℏ

Q1 Q2�3S0ℏ3k2�
Q2�3S0ℏ3k2þ Q1

0
@

1
A; ð12Þ

with Q1 ¼ 3γ0γ4a2k cos ϕ=γ1 and Q2 ¼Q1γ3=γ4. Here we have

ignored the contributions from F20 and F30 terms in case of a weak
light field. Then the first-order contribution to the steady-state

electronic transition rate induced by carrier–photon interaction via
absorption scattering is obtained as

W t
λλ0 ðk;k

0Þ ¼ 2π
ℏ

eF0
4πν

� �2jUt
λλ0 ðkÞj2
4B2 δk0 ;k � δ½Etλ0 ðk

0Þ�EtλðkÞ�hν�; ð13Þ

where jUt
λλ0 ðkÞj2 ¼ j�3S0ℏ2k2½λ0ðS0ℏ3k3e� iϕþ S2e2iϕÞþλðS0ℏ3k3

eiϕþS2e�2iϕÞ�þ½λ0ðS0ℏ3k3e�3iϕþS2Þþ
λðS0ℏ3k3e3iϕþS2Þ�Q2=ℏþð1þλλ0ÞQ1B=ℏj2. Using Poisson Kernel to
replace the δ-function, we have

st
þ þ ðνÞ ¼

4s0

π3ℏ2ν
τ

ð2πντÞ2þ1

Z π

0
dϕ
Z 1

0

dk k

B2 f þ ½Etþ ðkÞ�

�f1� f þ ½Etþ ðkÞ�gGt
þ þ ðk;ϕÞ; ð14Þ

for transition within the conduction band with

Gt
þ þ ðk;ϕÞ ¼ ½Q1B�3S0ℏ3k2ðS0ℏ3k3 cos ϕþS2 cos 2ϕÞþ

ðS0ℏ3k3 cos 3ϕþS2ÞQ2�2. For transition within the valance band,
we obtain

st
� � ðνÞ ¼

4s0

π3ℏ2ν
τ

ð2πντÞ2þ1

Z π

0
dϕ
Z 1

0

dk k

B2 f � ½Et� ðkÞ�

�f1� f � ½Et� ðkÞ�gGt
� � ðk;ϕÞ; ð15Þ

with Gt
� � ðk;ϕÞ ¼ ½3S0ℏ3k2ðS0ℏ3k3 cos ϕþS2 cos 2ϕÞ�ðS0ℏ3k3

cos 3ϕþS2ÞQ2þQ1B�2.
For interband transition channels, we have st

þ � ðνÞC0 and

st
� þ ðνÞ ¼

2s0τ
π2ℏ2ν

Z π

0
dϕ
Z 1

0

dk k

B2 e�jτð2πν�2B=ℏÞj

�f � ½Et� ðkÞ�f1� f þ ½Etþ ðkÞ�gGt
� þ ðk;ϕÞ; ð16Þ

where Gt
� þ ðk;ϕÞ ¼ ½3S0ℏ3k2ðS0ℏ3k3 sin ϕ�S2 sin 2ϕÞ�S0Q2ℏ

3

k3 sin 3ϕ�2 and we have taken an approximation
δðEÞ-e�jEj=Eτ=ð2EτÞ to replace the δ-function.

2.4. AB-stacked multilayer graphene

For AB-stacked N-layer graphene with NZ3, 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 ðN�1Þ=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]

HM
AB ¼

qη2 v0ℏk�
v0ℏkþ qη5

 !
; ð17Þ

and

HBj
AB ¼

αjη2 �v20ℏ
2k2� =ðμjξ1Þ

�v20ℏ
2k2þ =ðμjξ1Þ βjη2

0
@

1
A; ð18Þ

where η2 ¼ �0:02 eV, η5 ¼ 0:04 eV, q¼ ð1�NÞ=ðNþ1Þ, uj ¼ 2
cos ðκjÞ, κj ¼ π=2� jπ=ð2Nþ2Þ and j denotes the index of bilayer
subsystem which ranges as

j¼
1;3;5;…;N�1; N¼ even;
2;4;6;…;N�1; N¼ odd:

(
ð19Þ

In addition, we have αj ¼ βj ¼ ½N cos ð2κjÞþ1�=ðNþ1Þ for even N,
αj ¼ ½ðN�1Þ cos ð2κjÞþ2�=ðNþ1Þ and βj ¼ cos ð2κjÞ for odd N [27].
For monolayer subsystem, the corresponding eigenvalue and
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eigenfunction can be written as

EMNλðkÞ ¼
qðη2þη5Þ

2
þλ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2ðη2�η5Þ2

4
þv20ℏ

2k2

s
; ð20Þ

and

ψM
NλkðrÞ ¼NM

Nλ½RM
Nλe

� iϕ;1�eik�r; ð21Þ
respectively, where RM

Nλ ¼ v0ℏk=ðEMNλðkÞ�qη2Þ and
NM

Nλ ¼ ½1þðRM
NλÞ2��1=2. For the bilayer subsystem Bj, the corre-

sponding eigenvalue and eigenfunction are

EBjNλðkÞ ¼
η2ðαjþβjÞ

2
þλ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
η22ðαj�βjÞ2

4
þv40ℏ

4k4=μ2
j ξ

2
1

s
; ð22Þ

and

ψBj
NλkðrÞ ¼N

Bj

Nλ½R
Bj

Nλe
�2iϕ;1�eik�r; ð23Þ

where RBj
Nλ ¼ v20ℏ

2k2=½μjξ1ðαjη2�EBj

NλðkÞÞ� and N
Bj

Nλ ¼ ½1þðRBj

NλÞ2��1=2.
In the presence of a weak and linearly 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

WM
Nλλ0 ðk;k

0Þ ¼ 2π
ℏ

eF0v0
4πν

� �2

jUM
Nλλ0 ðkÞj2δk0 ;k � δ½EMNλ0 ðk

0Þ�EMNλðkÞ�hν�;

ð24Þ
where jUM

Nλλ0 ðkÞj2 ¼ ðNM
NλN

M
Nλ0 Þ2½ðR

M
NλÞ2þðRM

Nλ0 Þ2þ2 cos ð2ϕÞRM
NλR

M
Nλ0 �,

and

WBj

Nλλ0
ðk;k0Þ ¼ 2π

ℏ

eF0v20ℏk
2πνμjξ1

 !2

jUBj

Nλλ0
ðkÞj2δk0 ;k � δ½EBj

Nλ0
ðk0Þ�EBj

NλðkÞ�hν�;

ð25Þ
where jUBj

Nλλ0
ðkÞj2 ¼ ðNBj

NλN
Bj
Nλ0

Þ2½ðRBj

NλÞ2þðRBj
Nλ0

Þ2þ2 cos ð2ϕÞRBj

NλR
Bj

Nλ0
�,

respectively.
For odd AB-stacked multilayer, the intraband optical conduc-

tivity of monolayer subsystem is

sM
NλλðνÞ ¼

8s0v20
π2ν

τ
ð2πντÞ2þ1

Z 1

0
dk k 1� f λ½EMNλðkÞ�

n o
�f λ½EMNλðkÞ�ðNM

NλÞ4ðRM
NλÞ2; ð26Þ

within the conduction band and valance band. For interband
transition channels, we have sM

Nþ � ðνÞC0 and

sM
N� þ ðνÞ ¼ 2s0ðNM

N�N
M
Nþ Þ2½ðRM

N� Þ2þðRM
Nþ Þ2�f � ½EMN� ðkÞ�

�f1� f þ ½EMNþ ðkÞ�g; ð27Þ

where k¼ ½h2ν2�q2ðη2�η5Þ2�1=2=ð2v0ℏÞ for an incident radiation
frequency ν in monolayer subsystem.

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

sBj
NλλðνÞ ¼

32s0v40ℏ
2

π2νμ2
j ξ

2
1

τ
ð2πντÞ2þ1

Z 1

0
dk k3f λ½EBjNλðkÞ�

�f1� f λ½E
Bj

NλðkÞ�gðN
Bj
NλÞ4ðR

Bj

NλÞ2; ð28Þ

for intraband transitions within the conduction band and valance
band. For interband transition channels, we have sBj

Nþ � ðνÞC0 and

sBj
N� þ ðνÞ ¼ 4s0ðNBj

N�N
Bj

Nþ Þ2½ðR
Bj
N� Þ2þðRBj

Nþ Þ2�f � ½E
Bj

N� ðkÞ�
�f1� f þ ½E

Bj

Nþ ðkÞ�g; ð29Þ

where k¼ f½h2ν2�η22ðαi�βiÞ2�μ2
j ξ

2
1g

1=4
=ð21=2v0ℏÞ for an incident

radiation frequency ν in the Bj bilayer subsystem.
After combining the contributions from each subsystem, the

total optical conductivity for an N-layer AB-stacked graphene

becomes

sAB
N ðνÞ ¼ δN;odd∑

λ;λ0
sM
Nλλ0 ðνÞþ∑

j
∑
λ;λ0
sBj
Nλλ0 ðνÞ: ð30Þ

2.5. ABC-stacked multilayer graphene

The ABC-stacked N-layer graphene with NZ3 constitutes a
physical realization of a chiral two-dimensional electron gas
(2DEG) with effective low-energy Hamiltonian as [17,29]

HN
ABC ¼

vN0
γN�1
1

0 ðℏk� ÞN
ðℏkþ ÞN 0

 !
: ð31Þ

The corresponding eigenvalue and eigenfunction for an ABC-
stacked N-layer graphene with a chirality J¼N can be written as
EJλðkÞ ¼ λðv0ℏkÞN=γN�1

1 and ψ J
λkðrÞ ¼ 21=2½λ; eiNϕ�eik�r , 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

WJ
λλ0

ðk;k0Þ ¼ 2π
ℏ

eF0Nv
N
0 ðℏkÞN�1

4πνγN�1
1

 !2
1þλλ0 cos ð2ϕÞ

2

�δk0 ;kδ½EJλ0 ðk
0Þ�EJλðkÞ�hν�: ð32Þ

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

sJ
λλðνÞ ¼

2s0N
2v2N0 ℏ2N�2

π2νγ2N�2
1

τ
ð2πντÞ2þ1

Z 1

0
dk k2N�1

�f λ½EJλðkÞ�f1� f λ½EJλðkÞ�g; ð33Þ

for intraband transitions within the conduction band and valance
band. For interband transition channels, we have sJ

þ � ðνÞC0 and

sJ
� þ ðνÞ ¼Ns0f � ð�hν=2Þ½1� f þ ðhν=2Þ�: ð34Þ

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 n0. In the presence of the
radiation field, the total electron density becomes ne ¼ n0þΔne,
where Δne is the density of photoexcited electrons, and the hole
density is nh ¼Δne due to the law of charge number conservation.

The chemical potential μi
λ for electrons and holes in mono-, bi-,

and ABC-stacked multi-layer graphene can be determined, respec-
tively, through ni

e ¼ g∑kf þ ½Eiþ ðkÞ� and ni
h ¼ g∑kf1� f � ½Ei� ðkÞ�g,

where g¼4 counts for spin and valley degeneracy. For AB-
stacked multi-layer graphene, the chemical potential for electrons
and holes are determined through nN

e ¼ g∑kff þ ½EMNþ ðkÞ�δN;oddþ
∑jf þ ½E

Bj
Nþ ðkÞ�g and nN

h ¼ g∑kff1� f � ½EMN� ðkÞ�gδN;oddþ∑jf1�
f � ½E

Bj
N� ðkÞ�gg, respectively. For the calculation of optical transmit-

tance, we take ϵm2 ¼ 1:2, ϵb2 ¼ 1:3 and ϵt2 ¼ 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 τ� 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 nie and hole density nih at a temperature
T¼300 K 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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valence band to conduction band gives the main contributions in
the frequency regime ν420 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 ν4130 THz, ν4100 THz
and ν470 THz depends very weakly on ν, whereas it depends
strongly on the radiation frequency in the regime νo130 THz,
νo100 THz and νo70 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
sm
0 ¼ πe2=ð2hÞ, sb

0 ¼ πe2=h and st
0 ¼ 3πe2=ð2hÞ. This confirms that

the universal optical conductance per graphene layer is πe2=ð2hÞ.
(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, siðνÞ and TiðνÞ depend very little on ν 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
siðνÞ and TiðνÞ 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,

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 T¼300 K and a fixed hole
density nh for different electron densities ne. 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 ν 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 ne. 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

Fig. 1. Contributions from different transition channels to optical conductance at a
temperature T¼300 K for carrier densities ne ¼ 1:5� 1012 cm�2 and
nh ¼ 5� 1011 cm�2. The results obtained from mono-, bi- and ABC-stacked tri-
layer graphene are show in green, red and blue curves, respectively. Here, si

þ þ
(dash dot curve), si

� � (dot curve) and si
� þ (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 s0 ¼ πe2=ð2hÞ.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)

Fig. 2. The optical conductance (upper panel) and light transmittance (lower
panel) as a function of radiation frequency ν at the fixed carrier densities ne ¼ 1:5�
1012 cm�2 and nh ¼ 5� 1011 cm�2 for different temperatures T¼10 K (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.)
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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 πe2=ð2hÞ 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 Eqs. (20)
and (22). AB-stacked tri-layer graphene has two mini-gaps
with E3g1 ¼ 0:03 eV and E3g2 ¼ 0:01 eV 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
E5g1 ¼ 0:04 eV, E5g2 ¼ 0:01 eV and E5g3 ¼ 3:33 meV. The first two
mini-gaps result in two absorption edges at 9.7 THz and 2.4 THz.

In the low-frequency regime νo1 THz, 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

Fig. 3. Optical conductance (upper panel) and transmittance (lower panel) as a
function of radiation frequency ν at a temperature T¼300 K and a fixed hole
density nh ¼ 5� 1011 cm�2 for different electron densities ne ¼ 1� 1012 cm�2

(solid curve), ne ¼ 1:5� 1012 cm�2 (dashed curve), ne ¼ 2� 1012 cm�2 (dotted
curve), and ne ¼ 2:5� 1012 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.)

Fig. 4. The optical conductance of AB-stacked graphene multilayer as a function of
radiation frequency ν at the fixed carrier densities ne ¼ 1:5� 1012 cm�2 and
nh ¼ 5� 1011 cm�2 for different temperatures T¼10 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.)
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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
Nπe2=ð2hÞ 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

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 sN

0 ¼Nπe2=ð2hÞ 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 s0 ¼ πe2=ð2hÞ 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 MoS2

in the presence of Rashba spin-orbit coupling

Y. M. Xiao,1,2,* W. Xu,1,3,† B. Van Duppen,2,‡ and F. M. Peeters2,§

1Department of Physics and Astronomy and Yunnan Key Laboratory for Micro/Nano Materials and Technology,
Yunnan University, Kunming 650091, China

2Department of Physics, University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerpen, Belgium
3Key Laboratory of Materials Physics, Institute of Solid State Physics, Chinese Academy of Sciences, Hefei 230031, China

(Received 14 July 2016; revised manuscript received 21 September 2016; published 18 October 2016)

We investigate the effect of Rashba spin-orbit coupling (SOC) on the optoelectronic properties of n- and p-type
monolayer MoS2. 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 MoS2 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 MX2 (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 (MoS2) 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 MoS2 [3,6] has been
investigated intensively because it exhibits interesting and im-
portant electronic and optical properties. Very recently, one has
demonstrated that monolayer MoS2 (ML-MoS2) based field-
effect transistors (FETs) can have room-temperature on/off
ratios of the order of 108 and can exhibit a carrier mobility
larger than 200 cm2/(V s) [7–9]. Other MoS2 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-MoS2 has become a fast-growing field of research with
great potential for electronics, optics, and optoelectronics.

The electronic band structure for ML-MoS2 can be cal-
culated in a k · p theory framework [13,14]. Unlike massless
Dirac fermions in graphene, the electronic states in monolayer

*yiming.xiao@uantwerpen.be
†wenxu_issp@aliyun.com
‡ben.vanduppen@uantwerpen.be
§francois.peeters@uantwerpen.be

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-MoS2, which gives rise to
a splitting of the conduction and valence bands with opposite
spin orientations [13,15]. In a recent work, Li et al. [16]
calculated the optical conductivity in ML-MoS2 in the visible
range as determined by the interband optical transitions from
the valence to the conduction bands. The collective excitations
of ML-MoS2, 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-
MoS2 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 ŝz 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-MoS2, 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 MoS2 surface that
can enhance the Rashba SOC as has been demonstrated in
gold-doped graphene [34] and Bi2Se3(001) surfaces [35].

2469-9950/2016/94(15)/155432(10) 155432-1 ©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-MoS2 has a low-energy parabolic band which is different
from the linear dispersion relation of graphene. In order to
understand the ML-MoS2 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 MoS2 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-MoS2 in the infrared to terahertz range. To the
best of our knowledge, very little research has been reported on
the optoelectronic properties of ML-MoS2 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-MoS2 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-MoS2. We calculate the electronic
band structure of ML-MoS2 starting from a 4 × 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-MoS2 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-MoS2 in the xy plane on top
of a dielectric wafer such as SiO2 [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-MoS2 in the
presence of the Rashba SOC can be written as [13,15,16,32,33]

Ĥ ς =
[
at(ςkxσ̂x + kyσ̂y) + �

2
σ̂z

]
⊗ Î + ςγv

Î − σ̂z

2
⊗ ŝz

+ γR(ςσ̂x ⊗ ŝy − σ̂y ⊗ ŝx), (1)

where σ̂i and ŝi are the Pauli matrices of the sublattice pseu-
dospin and the real spin, respectively. Î is the 2 × 2 unit matrix
and the valley index ς = ± refers to the K (K′) valley. This
Hamiltonian reads in the basis �+ = {ψA↑,ψA↓,ψB↑,ψB↓}T
and �− = {ψA↓,ψA↑,ψB↓,ψB↑}T for both valleys explicitly
as

Ĥ ς =

⎛
⎜⎜⎜⎝

�/2 0 ςatk−ς 0

0 �/2 2iγR ςatk−ς

ςatkς −2iγR γv − �/2 0

0 ςatkς 0 −γv − �/2

⎞
⎟⎟⎟⎠, (2)

where k = (kx,ky) is the wave vector, k± = kx ± iky , a =
3.193 Å is the lattice parameter, t = 1.1 eV is the hopping
parameter [13], the intrinsic SOC parameter 2γv = 150 meV
is the spin splitting at the top of the valence band in the
absence of the Rashba SOC [13,42], � = 1.66 eV is the
direct band gap between the valence and conduction band
used in our calculation [13,15,16], and γR 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. Kormányos et al. [43] estimated the value

of the Rashba parameter for ML-MoS2 as αR = 0.033 eÅ
2

Ez[V/Å] for a spin-split two-band model which corresponds
to γR = 0.0078 eÅEz[V/Å] in our model with the relation
of γR = αR�/(2at) obtained in Ref. [44] where Ez 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 MoTe2 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 Schrödinger equation for
ML-MoS2 near the valley K (K′) can be solved analytically and
the eigenvalues are the solutions of the diagonalized equation

ε4 − A2ε
2 + A1ε + A0 = 0, (3)

where

A0 = (�2/4 + a2t2k2)2 + γ 2
R�(� + 2γv) − �2γ 2

v /4,

A1 = �γ 2
v − 4γvγ

2
R,

and

A2 = �2/2 + 2a2t2k2 + 4γ 2
R + γ 2

v .

The energy dispersion εk,ξ = εk,λν 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
ξ = (ς,λ,s), where λ = ± refers to the conduction/valence
band and s = ± is the spin index and ς labels the valley. We
often use the quantity ν = ςs = ± to exploit the valley/spin
symmetry of the system.

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

|k,ξ 〉 = ψξ (k,r) = Nλν(k)
[
c
ξ

1,c
ξ

2,c
ξ

3,c
ξ

4

]
eik·r. (4)
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Equation (4) is expressed in the form of a row vector where
the values of the eigenfunction elements are

c
ξ

1 = −2iγRa2t2k2
−ς , c

ξ

2 = ςatk−ςbλν
1 ,

c
ξ

3 = −2iςγRatk−ςbλν
0 , c

ξ

4 = bλν
0 bλν

2 ,

with

bλν
1 = ε2

k,λν − γvεk,λν + �(2γv − �)/4 − a2t2k2,

bλν
2 = bλν

1 − 4γ 2
R, bλν

0 = εk,λν − �/2.

The normalization coefficient Nλν(k) can be written as

Nλν(k) = 1/
√

hλν, (5)

with hλν = 4γ 2
Ra2t2k2[a2t2k2 + (bλν

0 )2] + a2t2k2(bλν
1 )2 +

(bλν
0 bλν

2 )2.

III. OPTICAL CONDUCTIVITY

In the present study, we evaluate the optical conductivity in
ML-MoS2 using the standard Kubo formula [47,48]

σαβ(q,ω) = i
e2ni

mω
δαβ + 1

ω

∫ ∞

0
dteiω̃t 〈[j †

α(q,t),jβ(q,0)]〉,
(6)

where (α,β) = (x,y) for a 2D system, jα(q,t) is the current
density operator, ω̃ = ω + iη (η → 0+), and ni 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-MoS2 system at an incident photon
frequency ω can be written in the Kubo-Greenwood form
as [48,49]

σαβ(ω) = ie2

ω

∑
ξ ′,ξ

∑
k′,k

〈k,ξ |v̂ς
α |k′,ξ ′〉〈k′,ξ ′|v̂ς

β |k,ξ 〉

× f (εk,ξ ) − f (εk′,ξ ′ )

εk,ξ − εk′,ξ ′ + �(ω + iη)
, (7)

where the velocity operator v̂ς
α = �−1∂Ĥ ς/∂kα , η = τ−1, τ

is the transport relaxation time, and f (εk,ξ ) = f (εk,λν) =
{exp[(εk,λν − μλ)/(kBT )] + 1}−1 is the Fermi-Dirac distribu-
tion function with μλ the chemical potential for electrons or
holes and the temperature T . 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-MoS2 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 ς can be written as

σς
xx(ω) = ie2

ω

∑
λ′ν ′,λν

∑
k′,k

wxx
λ′ν ′,λν(k′,k)

× f (εk,λν) − f (εk′,λ′ν ′)

εk,λν − εk′,λ′ν ′ + �(ω + iη)
, (8)

where

wxx
λ′ν ′,λν(k′,k) = a4t4k2[p2 + r2 + 2pr cos(2φ)]

�2hλνhλ′ν ′ δk,k′ ,

with

p = bλ′ν ′
0

(
4γ 2

Ra2t2k2 + bλν
1 bλ′ν ′

2

)
,

r = bλν
0

(
4γ 2

Ra2t2k2 + bλ′ν ′
1 bλν

2

)
.

Moreover, the transverse or “Hall” optical conductivity at
valley ς is

σς
xy(ω) = iςe2

ω

∑
λ′ν ′,λν

∑
k′,k

w
xy,ς

λ′ν ′,λν(k′,k)

× f (εk,λν) − f (εk′,λ′ν ′)

εk,λν − εk′,λ′ν ′ + �(ω + iη)
, (9)

where

w
xy,ς

λ′ν ′,λν(k′,k) = a4t4k2

�2

i(p2 − r2) + 2ςpr sin(2φ)

hλνhλ′ν ′ δk,k′ .

The η → 0+ limit in the above equations can be divided into
a principal-value (P) part and a Dirac-delta part through the
Dirac identity

limη→0+
1

x + iη
= P

(
1

x

)
− iπδ(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 ς take respectively the forms

Re σς
xx(ω) =

∑
λ′ν ′,λν

Re σλνλ′ν ′
xx,ς (ω), (11)

with

Re σλνλ′ν ′
xx,ς (ω) =

∫ ∞

0
dk

e2a4t4k3

2�3ω

(p2 + r2)

hλνhλ′ν ′

× [f (εk,λν) − f (εk,λν + �ω)]

× δ
[
ω − ωλ′ν ′

λν (k)
]
,

and

Im σς
xy(ω) =

∑
λ′ν ′,λν

Im σλνλ′ν ′
xy,ς (ω), (12)

with

Im σλνλ′ν ′
xy,ς (ω) = ς

∫ ∞

0
dk

e2a4t4k3

2�3ω

(p2 − r2)

hλνhλ′ν ′

× [f (εk,λν) − f (εk,λν + �ω)]

× δ
[
ω − ωλ′ν ′

λν (k)
]
,

where the integral of cos(2φ) and sin(2φ) over the
angle φ is zero in Eqs. (8) and (9), respectively, and
ωλ′ν ′

λν (k) = (εk,λ′ν ′ − εk,λν)/� 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,

σαβ(ω) =
∑
ς=±

σ
ς
αβ(ω). (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 Re σxx(ω) = gvRe σ

ς
xx(ω)

with the valley degeneracy factor gv = 2. For the imaginary
part, Eq. (12) shows that the system is valley antisymmetric
with respect to a change in sign of ς , i.e., Im σλνλ′ν ′

xy,+ (ω) =
−Im σλνλ′ν ′

xy,− (ω). 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 (+) and left-handed (−) polarizations, the
absorptive part of the optical conductivity under circular
polarized radiation at valley ς can be found as [16]

Re σ
ς
±(ω) = Re σς

xx(ω) ∓ Im σς
xy(ω). (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-MoS2

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., λ = λ′).
The chemical potential μλ for electrons in n-type and holes
in p-type ML-MoS2 can be determined, respectively, through
the conservation of carrier numbers

ne = gv

∑
λ=+,ν=±

∑
k

f (εk,λν) (15)

and

nh = gv

∑
λ=−,ν=±

∑
k

[1 − f (εk,λν)]. (16)

To perform numerical calculations for the optical con-
ductivity, we take the spin relaxation time for electrons
τ e

spin = 3 ps and for holes τh
spin = 200 ps for spin-flip transi-

tions [53]. The free carrier energy relaxation time is about
τc = 0.5 ps for spin-conserving intraband transitions [54].
Using the energy relaxation approximation, this allows us to
replace the δ functions in Eqs. (11) and (12) with a Lorentzian
distribution: δ(E) → (Eτ/π )/(E2 + E2

τ ), where Eτ = �/τ 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 Eqs. (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 χνν ′ for ML-
MoS2 at K and K′ valleys. In ML-MoS2, 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
χνν ′ to represent optical transitions from ν to ν ′. We denote the
spin-resolved bands that are lower in energy by ν = − and the
higher energy bands by ν = +.

ML-MoS2 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-MoS2, 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

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-MoS2 with the Fermi level EF between the two top points of spin-split valence subbands. In (c), p-type II ML-MoS2

with Fermi energy EF for holes below the top point of ν = − valence subband. The possible optical absorption channels are indicated by χνν′ .
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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 χ is the summation of all the transition channels. Here, σ0 = e2/(4�).

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 Eqs. (13) and (14).

In Fig. 2, we show the contributions from different
electronic transition channels to optical conductivity at
a fixed electron density ne for n-type ML-MoS2 and
with fixed hole density nh for p-type I/II ML-MoS2 at
T = 10 K with γR = 0.25γv . We see that the optical con-
ductivity of n-type (p-type) ML-MoS2 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-MoS2 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 ν = + subband are larger than that
within the ν = − 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 σ

ς
xx , 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 σ

ς
xy 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, σ− probes mainly the K valley
and σ+ 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 II ML-MoS2

is shown in Fig. 4 as a function of radiation frequency
at fixed carrier density and γR for different temperatures.
For γR = 0.25γv and T = 10 K, the p-type doped sample
could be regarded as p-type I when the hole density nh <

3.36 × 1013 cm−2 and becomes p-type II when nh > 3.36 ×
1013 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-MoS2 at temperature
T = 10 K for electron density ne = 5 × 1013 cm−2 and Rashba
parameter γR = 0.25γv . The results are shown for (a) the K valley and
(b) the K′ valley.

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-MoS2 for different temperatures.

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 ν = − subband and electronic transitions from the
ν = − subband to the ν = + 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 THz for γR = 0.25γv . Thus, 36.1 THz is 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-MoS2 as a function of radiation frequency for
the fixed γR = 0.25γv and T = 10 K for different carrier
densities. For ML-MoS2, n- and p-type doping samples can be
realized through the field effect with different source and drain

FIG. 5. The real part of the longitudinal optical conductivity as a
function of radiation frequency for γR = 0.25γv and T = 10 K and
different carrier densities where n0 = 1 × 1013 cm−2. The results are
shown for (a) n-type and (b) p-type ML-MoS2.
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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 1013 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-MoS2 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-MoS2 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

valence bands of ML-MoS2 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 γR , 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 γR . In Fig. 6(c), one can see that the energy
spacing between two-spin split valence subbands decreases
with increasing wave vector when γR = 0.1γv,0.25γv , and
0.5γv . When γR = 0.75γv , the energy spacing of spin-split
subbands first increases then decreases slightly with increasing
wave vector, whereas for γR = γv , the energy spacing of
the subbands increases with increasing wave vector. We find
that the band structure of ML-MoS2 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-MoS2 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 × 1013 cm−2), we
find that the top point of the ν = − valence subband and the
chemical potential of electrons/holes in n-/p-type ML-MoS2

do not vary with changing γR . Thus, for a p-type ML-MoS2

with a hole density nh = 5 × 1013 cm−2, it can be always
regarded as p-type II for different γR . 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

FIG. 6. (a) Low-energy effective band structure of ML-MoS2 at K valley with different γR . 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 γR 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 T = 10 K and carrier density
5 × 1013 cm−2 for different Rashba spin-orbit parameters. The results
are shown for (a) n-type ML-MoS2 and (b) p-type II ML-MoS2.

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 γR .

In Figs. 7(a) and 7(b), we see that the Drude-like part
of the optical conductivity in n/p-type ML-MoS2 is not
affected by the value of γR . The wide absorption peak in
Fig. 7(a) blueshifts and the shape of it turns into an absorption
window with increasing γR . At the same time, the width of
the absorption window increases with increasing γR 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 γR . Through
the five sets of data plotted in Fig. 7(b), we find that the widest
absorption window can be obtained when γR = γv and the
narrowest absorption window is found when γR = 0.75γv .
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 γR = 0.75γv , 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.

Additionally, the dispersion relation for spin-split con-
duction subbands in ML-MoS2 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-MoS2 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 γv 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-MoS2 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-MoS2 as
a function of radiation frequency at fixed temperature and
carrier density. Here, we redefine γ ′

v 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 γR 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 γ ′

v . From Figs. 8(e)–8(h), we
find the following features: (i) With large intrinsic SOC (e.g.,
γ ′

v = 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
γ ′

v . (iii) In the absence of intrinsic SOC (γ ′
v = 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-MoS2 for changing Rashba SOC strength. In monolayer
MX2, 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 γ ′

v to replace γv as the intrinsic SOC parameter. The
results for different γ ′

v 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-MoS2 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-MoS2

in the presence of the Rashba effect. The main conclusions we
have obtained from this study are summarized as follows.

In ML-MoS2, 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-MoS2 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-MoS2 are similar to those in
2DEGs and the intrinsic SOC has a strong influence on the
optoelectronic property of p-type ML-MoS2.

We have found that the optoelectronic properties of
n- and p-type ML-MoS2 can be effectively tuned by
the carrier density and Rashba parameter which makes
ML-MoS2 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-MoS2. We hope the theoretical predictions in this paper
can be verified experimentally.
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[14] A. Kormányos, V. Zólyomi, N. D. Drummond, P. Rakyta, G.

Burkard, and V. I. Fal’ko, Phys. Rev. B 88, 045416 (2013).
[15] H.-Z. Lu, W. Yao, D. Xiao, and S.-Q. Shen, Phys. Rev. Lett. 110,

016806 (2013).
[16] Z. Li and J. P. Carbotte, Phys. Rev. B 86, 205425 (2012).
[17] A. Scholz, T. Stauber, and J. Schliemann, Phys. Rev. B 88,

035135 (2013).
[18] R. Ganatra and Q. Zhang, ACS Nano 8, 4074 (2014).
[19] K. F. Mak, K. He, J. Shan, and T. F. Heinz, Nat. Nanotechnol.

7, 494 (2012).
[20] H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, Nat.

Nanotechnol. 7, 490 (2012).
[21] T. Cao, G. Wang, W. Han, H. Ye, C. Zhu, J. Shi, Q. Niu, P. Tan,

E. Wang, B. Liu, and J. Feng, Nat. Commun. 3, 887 (2012).
[22] S. Datta and B. Das, Appl. Phys. Lett. 56, 665 (1990).
[23] M. M. Glazov, E. Ya. Sherman, and V. K. Dugaev, Physica E

42, 2157 (2010).
[24] M. W. Wu, J. H. Jiang, and M. Q. Weng, Phys. Rep. 493, 61

(2010).
[25] W. Xu, Appl. Phys. Lett. 82, 724 (2003).
[26] X. F. Wang, Phys. Rev. B 72, 085317 (2005).
[27] D. W. Yuan, W. Xu, Z. Zeng, and F. Lu, Phys. Rev. B 72, 033320

(2005); C. H. Yang, W. Xu, Z. Zeng, F. Lu, and C. Zhang, ibid.
74, 075321 (2006).

[28] Y. S. Ang, J. C. Cao, and C. Zhang, Eur. Phys. J. B 87, 28 (2014).
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[30] J. Ibañez-Azpiroz, A. Bergara, E. Ya. Sherman, and A. Eiguren,

Phys. Rev. B 88, 125404 (2013).
[31] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801 (2005).
[32] H. Ochoa and R. Roldán, Phys. Rev. B 87, 245421 (2013).
[33] J. Klinovaja and D. Loss, Phys. Rev. B 88, 075404 (2013).
[34] D. Marchenko, A. Varykhalov, M. R. Scholz, G. Bihlmayer, E. I.

Rashba, A. Rybkin, A. M. Shikin, and O. Rader, Nat. Commun.
3, 1232 (2012).

[35] P. D. C. King, R. C. Hatch, M. Bianchi, R. Ovsyannikov, C.
Lupulescu, G. Landolt, B. Slomski, J. H. Dil, D. Guan, J. L.
Mi, E. D. L. Rienks, J. Fink, A. Lindblad, S. Svensson, S. Bao,

G. Balakrishnan, B. B. Iversen, J. Osterwalder, W. Eberhardt,
F. Baumberger, and Ph. Hofmann, Phys. Rev. Lett. 107, 096802
(2011).

[36] T. Stauber and J. Schliemann, New J. Phys. 11, 115003
(2009).

[37] A. Scholz, T. Stauber, and J. Schliemann, Phys. Rev. B 86,
195424 (2012).

[38] W. Wang, C. Zhang, and Z. Ma, J. Phys.: Condens. Matter 24,
035303 (2012).

[39] P. Ingenhoven, J. Z. Bernád, U. Zülicke, and R. Egger,
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By making use of circularly polarized light and electrostatic gating, monolayer molybdenum disul-
fide (ML-MoS2) 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-MoS2 support a long-wavelength

√
q 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 MX2 (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 MX2 (ML-MX2) 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 MoS2 (ML-MoS2) could
have a room temperature on/off ratio of up to 108 with
a mobility higher than 200 cm2/(Vs) [4–6]. With its ul-
trathin layered structure and an appreciable direct band
gap, ML-MoS2 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-MX2 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-MX2 for potential applications, its
plasmonic properties are also important.

Plasmons are collective excitations of the electron liq-
uid. They play a fundamental role in the dynamical re-

∗Electronic address: yiming.xiao@foxmail.com
†Electronic address: wenxu issp@aliyun.com
‡Electronic address: francois.peeters@uantwerpen.be
§Electronic address: ben.vanduppen@uantwerpen.be

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-MoS2

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-MoS2 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-MoS2, 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-MoS2 fundamen-
tally different from that of graphene [26, 27, 32]. Indeed,
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the plasmon dispersion in ML-MoS2 ω(q) ∼ q1/2n1/2

is similar to a traditional two dimensional electron gas
(2DEG) while the plasmon dispersion of graphene is
ω(q) ∼ q1/2n1/4, where n is the carrier concentration
[32].

The optical response of ML-MoS2 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-MoS2 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-MoS2 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-MoS2 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-MoS2, 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-MoS2

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. II A we describe the effective
low energy band structure of ML-MoS2 with both the
MDF and 2DPB models and point out their differences
and similarities. In Sec. II B, we evaluate the valley-
dependent absorption and calculate the carrier density
of a photo-excited system under circularly polarized op-
tical pumping. In Sec. II C, 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-
MoS2 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 kςsλF
and Fermi energies EλF indicated follow Eqs. (6), (8)-(9) and
(14)-(15).

component systems in Sec. III. The optical absorption
of circularly polarized light in ML-MoS2 are presented
in Sec. III A. We compare the results of massive and
hyperbolic models for n-type ML-MoS2 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-MoS2 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]

Ĥς
0 =

(
∆/2 ςatk−ς
ςatkς −∆/2 + ςsγ

)
, (1)

where k = (kx, ky) being the wavevector, k± = kx±iky =
ke±iθ, and θ is the angle between k and the kx-axis, ς is
the valley index with ς = + for K and ς = − for the K ′

valley, the spin index s = ± for spin-up and spin-down
states, the lattice parameter a = 3.193 Å, the hopping
parameter t = 1.1 eV [36], the spin-orbit parameter γ =
75 meV [40], and ∆ is the direct band gap equal to 1.66
eV between the conduction and valence bands [36, 37].

The corresponding Schrödinger equation for ML-MoS2

at valley K or K ′ can be solved analytically and the
eigenvalues are given by

Eςsλk = ςsγ/2 + λΛςs(k), (2)

where Λςs(k) = [a2t2k2 + ∆2
ςs]

1/2, ∆ςs = (∆ − ςsγ)/2,
and λ = ± 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, λςs〉
can be written as

|k,+ςs〉 = [cos(ϑςsk /2), ς sin(ϑςsk /2)eiςθ]eik·r,

|k,−ςs〉 = [− sin(ϑςsk /2), ς cos(ϑςsk /2)eiςθ]eik·r, (3)

respectively, in a form of row vector with

cosϑςsk =
∆ςs√

a2t2k2 + ∆2
ςs

, sinϑςsk =
atk√

a2t2k2 + ∆2
ςs

.

The electron (hole) density nςλ (λ = + for conduction
band and λ = − for valence band) of ML-MoS2 at valley
ς can be written as

nςλ =
1

(2π)2

∑

s=±

∫
dk2[δλ,−1 + λfλ(Eςsλk)], (4)

where fλ(Eςsλk) = [e(Eςsλk−µςλ)/kBT + 1]−1 is the Fermi-
Dirac distribution function for electrons and µςλ is the
chemical potential (or Fermi energy EςλF at zero tempera-
ture) for electrons in conduction band or holes in valence
band at ς 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 kςsλF for a specific conduction/valence
subband with spin index s and valley index ς,

nςλ =
∑

s=±
[kςsλF]2/(4π). (5)

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-MoS2 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 nς−. This regime holds when the Fermi level satisfies
Eς−F ≥ −∆/2 − γ, which corresponds to a hole density

nς− ≤ (γ2 + ∆γ)/(2πa2t2) = 1.679 × 1013 cm−2 at ς
valley. The Fermi wave vector and Fermi level for the
upper valence subband at valley ς are given by

[kςs−F]2 = 4πnς−(ςs = 1),

Eς−F = γ/2− [4πa2t2nς− + (∆− γ)2/4]1/2. (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

Λς−(kς−λF)− Λς+(kς+λF) = ςλγ. (7)

After combining Eqs. (5) and (7), one can derive the
roots of [kςsλF]2 as

[kςsλF]2 = 2πnςλ + ςs

[
∆γ

2a2t2
− λ [∆2γ2 + 8πnςλa

2t2γ2]1/2

2a2t2

]
.

(8)

Thus, the Fermi energy for a zero temperature system at
valley ς with a carrier density nςλ is given by

EςλF = ςsγ/2 + λΛςs(kςsλF). (9)

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

nςsλ =
nςλ
2

+ ςs

[
∆γ

8πa2t2
− λ[∆2γ2 + 8πnςλγ

2a2t2]1/2

8πa2t2

]
.

(10)

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

Dλ(E) =
∑

ςs

|E| − λςsγ/2
2πa2t2

θ[|E| − λςsγ/2−∆ςs]. (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-MoS2 can be written as the 2DPB form for free
electron/hole gases as

Ẽςsλk = λ
a2t2k2

2∆ςs
+ λ∆ςs +

ςsγ

2
, (12)

and the DOS is given by

D̃λ(E) =
∑

ςs

∆ςs

2πa2t2
θ[|E| − λςsγ/2−∆ςs]. (13)
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For a p-type sample at valley ς with a hole density nς− ≤
(∆− γ)γ/(2πa2t2), the Fermi vector and Fermi level for
the upper valence band is

[k̃ςs−F]2 = 4πnςλ(ςs = 1),

Ẽς−F = −4πa2t2nςλ/(∆− γ)−∆/2 + γ. (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

[k̃ςsλF]2 = 2πnςλ − ςs
[

2πnςλγ

∆
− (∆2 − γ2)γ

a2t2∆
δλ,−1

]
,

ẼςλF = λ
a2t2[k̃ςsλF]2

2∆ςs
+ λ∆ςs +

ςsγ

2
. (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 (ν = −)/right (ν = +) handed polar-
ization is given by [41]

Aν=±(t) =
F0√
2ω

sin(ωt)(x̂ + νiŷ). (16)

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

W ςs,∓
ν,λλ′(k,k

′) =
2π

~

(
eatF0√

2~ω

)2

δk,k′δ(E
ςs
λ′k′ − Eςsλk ∓ ~ω)

× [cos4(ϑςsk /2)δςν,1 + sin4(ϑςsk /2)δςν,−1],
(17)

where λ′ = −λ, the Delta function δςν,±1 indicates the
valley-dependent selection rule for optical transitions in
ML-MoS2 under a circularly polarized light field, and the
∓ sign in the Delta function refers to absorption (−) or
emission (+) of a photon with energy ~ω.

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

form

∂f ςsλ (k)

∂t
=
∑

λ′,k′

F ςsν (k,k′)− f ςsλ (k)− f ςsλ0(k)

τ
, (18)

with F ςsν (k,k′) = [W ςs,−
ν,λ′λ(k,k′)+W ςs,+

ν,λ′λ(k,k′)][f ςsλ′ (k
′)−

f ςsλ (k)], and f ςsλ (k) ' fλ(Eςsλk) is the carrier momentum
distribution function and f ςsλ0(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

∑
sk

on both sides of the BE. This leads to

∂nς+
∂t

=
∂nς−
∂t

=
∑

s

Gςsν −
∆nς

τ
, (19)

where the carrier generation rate within each subsystem
is

Gςsν =
e2F 2

0

32~2ω

[
1 + νς

2∆ςs

~ω

]2

θ(~ω − 2∆ςs)

×
[
f−

(
ςsγ − ~ω

2

)
− f+

(
ςsγ + ~ω

2

)]
, (20)

∆nς is the photo-excited carrier density and τ 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 dnς+/dt = dnς−/dt = 0, the mass-
balance equation at valley ς becomes

∆nς = τ
∑

s

Gςsν . (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

nςλ = nςλ0 + ∆nς . (22)

where nςλ0 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

σςsν (ω) =
2~ωGςsν
F 2

0

= σ0

[
1 + ςν

2∆ςs

~ω

]2

θ(~ω − 2∆ςs)

×
[
f−

(
ςsγ − ~ω

2

)
− f+

(
ςsγ + ~ω

2

)]
, (23)

where σ0 = e2/(16~). Finally, we can define the degree
of valley-dependent absorption (VA) for light with polar-
ization ν as

Pν(ω) =

∑
s[σ

+s
ν (ω)− σ−sν (ω)]∑

s[σ
+s
ν (ω) + σ−sν (ω)]

. (24)

This quantity describes the difference between the ab-
sorption (or photo-excited carrier density) at K and K ′

valleys under circularly polarized optical pumping.
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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 Πi,i′(q, ω) of the interacting electron
liquid are given, in the RPA, by the following matrix
equation [39, 44]

[Πi,i′(q, ω)]−1 = {Πi(q, ω)}−1δi,i′ − vq, (25)

where Πi(q, ω) is the non-interacting response function
for the i-th component system and vq = e2/(2εrε0q) is the
Fourier transform of the Coulomb interaction with εr = 5
the relative dielectric constant of the background [32, 33].
The total density-density response function within the
RPA can then be written as

ΠRPA(q, ω) =
∑

ii′

Πi,i′(q, ω) =
∑

i

Πi(q, ω)/εRPA(q, ω),

(26)
where the RPA dielectric function is defined as

εRPA(q, ω) = 1− vq
∑

i

Πi(q, ω). (27)

Plasmons in the RPA can be found from the zeros of
the dielectric function εRPA(q, ω(q) − iη), where ω(q) is
the plasmon frequency and η the decay rate of the plas-
mon [28]. Usually, plasmons can be approximately de-
termined by the roots of the real part dielectric function
Re[εRPA(q, ω)] = 0 [30, 31], which should also lead to
resonance peaks in the energy loss function Los(q, ω) =
−Im[εRPA]−1 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

η =
Im[Π(q, ω(q))]

{(∂/∂ω)Re[Π(q, ω)]}ω=ω(q)
. (28)

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

Im[ΠRPA(q, ω(q))] = −O(ω(q))δ(ω − ω(q)), (29)

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

O(ω(q)) =
−π
vq

Re[Π(q, ω(q))]

{(∂/∂ω)Re[Π(q, ω)]}ω=ω(q)
. (30)

We use the strength of the absorption spectral function
A(q, ω) = −Im[ΠRPA(q, ω)] [33] to describe the oscillator
strength of the damped plasmon modes in the particle-
hole excitation spectrum (PHES) (Im[Π(q, ω)] 6= 0).

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[Πi(q, ω(q))]}−1δi,i′ − vq]N(i) = 0, (31)

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

N(i)/N(i′) = Re[Πi(q, ω(q))]/Re[Πi′(q, ω(q))]. (32)

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

Πςs(q, ω) =
∑

λλ′k

f(Eςsλk)− f(Eςsλ′k+q)

~ω + Eςsλk − Eςsλ′k+q + iδ
Cςsλk,λ′k+q,

(33)
where the structure factor

Cςsλk,λ′k+q =
1

2

[
1 + λλ′

∆2
ςs + a2t2k(k + q)

Λςs(k)Λςs(k + q)

]
, (34)

with ϕ the angle between k and k + q with cosϕ =
(k + q cosφ)/|k + q|, φ is the angle between k and q,
and f(Eςsλk) = fλ(Eςsλk) 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 q:

Cςsλk,λ′k+q ' δλ,λ′ − λλ′ sin2(ϑςsk )q2 sin2 φ/(4k2). (35)

For intra-band transitions (λ′ = λ), the Lindhard ratio
can be expanded to second order in q with the result

f(Eςsλk)− f(Eςsλk+q)

~ω + Eςsλk − Eςsλk+q

=q cosφδ(Eςsλk − EςλF)
∂Eςsλk
∂k

×
(

1

~ω
+
q cosφ

~2ω2

∂Eςsλk
∂k

)
. (36)

Because Cςsλk,λ′k+q ' 1 in the long-wavelength limit, we
obtain the real part of the intra-band part of the polar-
ization function as

Re[Πintra(q, ω)] =
q2

4π~2ω2

∑

λςs

(uλςs −∆2
ςs/u

λ
ςs)

× θ(uλςs −∆ςs), (37)

with uλςs = |EςλF|−λςsγ/2 where EςλF is the Fermi energy
for electrons (λ = 1) in the conduction band or holes
(λ = −1) in the valence band.

For inter-band transitions (λ′ = −λ), the real part
of the polarization function can be expanded to second
order in q with

Re[Πinter(q, ω)] =
−q2

32π~ω
∑

λςs

ln

∣∣∣∣
~ω + 2uλςs
~ω − 2uλςs

∣∣∣∣

× θ(uλςs −∆ςs). (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-MoS2 is given by

ω0(q) =
[
e2q
∑

λςs

(uλςs−∆2
ςs/u

λ
ςs)θ(u

λ
ςs−∆ςs)/(8πεrε0)

]1/2
.

(39)
In order to calculate the polarization at arbitrary wave

vector q, 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 uλςs which corresponds to a shift of ±γ/2
away from the absolute value of the Fermi level. At zero
temperature, the polarization function of an electron liq-
uid with spin s in the ς valley can be written as

Πςs
T=0(q, ω) =Πςs

0,T=0(q, ω)[θ̃(∆ςs − u−ςs)θ̃(∆ςs − u+
ςs)

− θ(u−ςs −∆ςs)θ(u
+
ςs −∆ςs)]

+
∑

λ

Πςsλ
1,T=0(q, ω)θ(uλςs −∆ςs), (40)

with the step functions

θ̃(x) =

{
1, x > 0
0, x < 0

, θ(x) =

{
1, x > 0
0, x 6 0

. (41)

The detailed polarization function in the (q-ω) 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]

4kBT

e(E−µ)/kBT + 1
=

∫ ∞

−∞

dµ′θ(µ′ − E)

cosh2[(µ′ − µ)/2kBT ]
. (42)

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

Πςs
T (q, ω;µς+, µ

ς
−) =

∫ ∞

∆/2

dµ′Πςs+
1,T=0(q, ω)|Eς+F=µ′

4kBT cosh2[(µ′ − µς+)/2kBT ]

+

∫ C

−∞

dµ′Πςs−
1,T=0(q, ω)|Eς−F=µ′

4kBT cosh2[(µ′ − µς−)/2kBT ]
+ Πςs

0,T=0(q, ω)

× [FT (C − µς−)−FT (∆/2− µς+)], (43)

where C = ςsγ −∆/2 and FT (x) = (ex/kBT + 1)−1, and
µςλ is the chemical potential for conduction and valence
bands at valley ς which can be obtained through Eq. (4).

If the ML-MoS2 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-MoS2 with the 2DPB model are presented in the
Appendix.

III. RESULTS AND DISCUSSIONS

In this study, we consider both n- and p-doped ML-
MoS2, 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-MoS2.

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 (ν = +). Corre-
spondingly, the valley-dependent absorption (VA) is de-
picted in Fig. 2(b). The electron density is ne = 1×1012

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 τ = 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 ~ω = 1.6 eV,
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FIG. 2: (Color online) (a) Contributions to the inter-band
optical conductivity σςsν (ω) for different valley and spin sub-
systems and (b) the VA of right-handed (ν = +1) circularly
polarized radiation by ML-MoS2 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 I0 ∼ F 2

0 of right-handed circularly polarized light with
fixed photon energy, where F0 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 T=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-MoS2 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-MoS2 with (a) MDF model and (b) 2DPB model, respec-
tively. Here we used the notation D0 = ∆/(4πa2t2).

B. Comparison between massive and hyperbolic
description

Usually, the band structure of ML-MoS2 is described
by a massive Dirac Fermion (MDF) model [36]. How-
ever, due to the large band gap in ML-MoS2, 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-MoS2.

In Fig. 3, we plot the density of states (DOS) of
ML-MoS2 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-
MoS2 with low carrier density.

In Fig. 4, we compare the plasmonic properties cal-
culated within the two models for an n-type ML-MoS2

whose band structure and occupation is shown in Fig.
1(a). We show the electron energy-loss function in the
(q-ω) plane at zero and room temperature, the plasmon
dispersion and the decay rate of these modes. The elec-
tron density is fixed at ne = 1 × 1012 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 q, 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 q 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 εPRA(q, ω) 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
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FIG. 5: (Color online) The absorption spectral function of an
n-type ML-MoS2 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-MoS2 for the two models.
The arrows in (a)-(b) indicate the corresponding plasmon fre-
quency for the second plasmon branch ω2(q).

the long-wavelength limit this mode coincides with the√
q-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-MoS2 in the (q, ω) 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 q and
ω regime as indicated by the arrow.

tion A(q, ω) for different values of the wave vector q. 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 (c) 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-MoS2 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 MoS2 by
tuning the Fermi level such that the two spin resolved

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-MoS2 using the MDF model at a fixed hole density
nh = 5× 1013 cm−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 q 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-MoS2

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-MoS2 for the MDF model with a fixed hole
density nh = 5× 1013 cm−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 ω1(q) plasmon
mode, and the new acoustic mode ω2(q). 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
ω1(q) plasmon. In panel (c) of Fig. 7, we show the oscil-
lator strength of the ω1(q) 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 ω1(q) 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-MoS2 at T = 0 K as shown
in Fig. 6(d). (b) The absorption spectral function as a func-
tion of energy ω for fixed wavevectors and the absorption spec-
tral function A(q, ω2(q)) (dashed line) for the linear acoustic
plasmon ω2(q). 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 ω1(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-MoS2 sheet with a photo-excited carrier den-
sity ∆n+ = 5 × 1011 cm−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 (q-ω) 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-MoS2 with a photo-excited carrier density
∆n+ = 5× 1011 cm−2 by a right-handed circularly polarized
optical pumping. (c) 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 ω1(q) as a function of
plasmon energy. (g) The absorption spectral function of the
weakly damped linear acoustic plasmon model ω2(q).

and the plasmon dispersion as a function of q 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 q−ω 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
ω1(q), however has zero decay rate.

In the small q limit, there is a weakly damped linear
acoustic plasmon mode which we label by ω2(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-MoS2. The
carrier density ∆n+ = 5 × 1011 cm−2 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 ω1(q) and ω2(q), respectively.

the plasmon oscillator strength for ω1(q) increases first
and then decreases to zero. For the weakly damped lin-
ear acoustic plasmon mode ω2(q) in the small q regime,
the plasmon decay rate and the strength of its absorp-
tion spectral function increase with increasing plasmon
energy.

In Sec. II 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

the amplitude of the valence band component. For the
undamped plasmon mode ω1(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 ω2(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-q limit, the summation of the oscillation ra-
tio for the acoustic plasmon mode ω2(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-MoS2 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-MoS2 has an ini-
tial hole density nh = 1× 1012 cm−2. The photo-excited
carrier density is ∆n+ = 5 × 1011 cm−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 ω1(q) 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 (c) and
(f) where it is shown that, remarkably, the acoustic ω3(q)
mode is more stable than the acoustic ω2(q) mode even
though it can be found deeper in the intra-band electron-
hole continuum. Furthermore, as shown in panel (g), the
ω3(q) mode is more pronounced in the spectral function
than the ω2(q), 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 nh = 1 × 1012 cm−2 and a photo-excited carrier density
∆n+ = 5×1011 cm−2 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 ω1(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 ω1(q) 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-MoS2 with a initial hole density nh = 1×1012

cm−2 and a photo-excited carrier density ∆n+ = 5 × 1011

cm−2 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 ω1(q), ω2(q) and
ω3(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 ω1(q) mode in-
phase, while the ω2(q) and ω3(q) 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 ω3(q) mode is completely in-phase
and that the amplitude for both components is the same
in this case. The ω1(q) is also in-phase, as before, and
the ω2(q) 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-
MoS2 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√
q 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

√
q-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-MoS2 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-MoS2 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-MoS2 systems.
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APPENDIX: ANALYTICAL EXPRESSION OF
POLARIZATION FUNCTION

We use ω and k as dimensionless variables to represent
~ω and atk for notational simplification. For zero doping,

the polarization function for spin s band at ς valley is [28]

Πςs
0,T=0(q, ω) =− q2

4πa2t2

{
∆ςs

q2 − ω2
+
q2 − ω2 − 4∆2

ςs

4|q2 − ω2|3/2

×
[
θ(q − ω) arccos

ω2 − q2 + 4∆2
ςs

q2 − ω2 + 4∆2
ςs

− θ(ω − q) ln
(
√
ω2 − q2 + 2∆ςs)

2

|ω2 − q2 − 4∆2
ςs|

]}

− i q
2x̃2
ςsθ(ω

2 − q2 − 4∆2
ςs)

16a2t2|ω2 − q2|1/2 , (44)

where x̃2
ςs = 2− x2

ςs and xςs =
√
|1 + 4∆2

ςs/(q
2 − ω2)|.

For finite doping (λ = + for n-type doping and λ = −
for p-type doping), the polarization function for the spin
s band at ς valley is

Πςsλ
1,T=0(q, ω) =− uλςs

2πa2t2
+

q2

16πa2t2|q2 − ω2|1/2

×





iG>(y−)− iG>(y+), 1A

G<(y−)− iG>(y+), 2A

G<(y+) +G<(y−), 3A

G<(y−)−G<(y+), 4A

G>(y+)−G>(y−), 1B

G>(y+) + iG<(y−), 2B

G>(y+)−G>(−y−)− iπx̃2
ςs, 3B

G>(y+) +G>(−y−)− iπx̃2
ςs, 4B

G0(y+)−G0(y−). 5B

(45)

where y± = (2uλςs ± ω)/q, and

G<(x) = x(x2
ςs − x2)1/2 + (x2

ςs − 2) arccos (x/xςs),

G>(x) = x(x2 − x2
ςs)

1/2 + (x2
ςs − 2)arccosh(x/xςs),

G0(x) = x(x2 + x2
ςs)

1/2 + (−x2
ςs − 2)arcsinh(x/xςs).

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 ∆ςs = 0.8uλςs.

(45) are defined as

1A :ω ≤ uλςs − [(kςsλF − q)2 + ∆2
ςs]

1/2,

2A :∓ uλςs ± [(kςsλF − q)2 + ∆2
ςs]

1/2 < ω

≤ −uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2,

3A :ω ≤ −uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2,

4A :− uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2 < ω < q,

1B :q ≤ 2kςsλF, [q
2 + 4∆2

ςs]
1/2 < ω

≤ uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2,

2B :uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2 < ω

≤ uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2,

3B :ω > uλςs + [(kςsλF + q)2 + ∆2
ςs]

1/2,

4B :q > 2kςsλF, [q
2 + 4∆2

ςs]
1/2 < ω

≤ uλςs + [(kςsλF − q)2 + ∆2
ςs]

1/2,

5B :q < ω ≤ [q2 + 4∆2
ςs]

1/2.

where the Fermi vector kςsλF =
√
|uλςs|2 −∆2

ςs.
The polarization function for ML-MoS2 calculated us-

ing the 2DPB model, Eq. (12), can be written as

Π̃(q, ω) =
∑

ςsλ

Π̃ςs
λ (q, ω), (46)

where

Π̃ςs
λ (q, ω) =

∑

k

f(Ẽςsλk)− f(Ẽςsλk+q)

ω + Ẽςsλk − Ẽςsλk+q + iδ
. (47)

At zero temperature, the real and imaginary part of the
polarization function Π̃ςs

λ,T=0(q, ω) can be written sepa-
rately as [35, 39]

ReΠ̃ςs
λ,T=0(q, ω) =− ∆ςs

2πa2t2

[
1 +

∑

α=±

αk̃ςsλF

q
θ(|νςsα |2 − 1)

× sgn[νςsα ]
√
|νςsα |2 − 1

]
θ(ũλςs −∆ςs),

and

ImΠ̃ςs
λ,T=0(q, ω) =− ∆ςs

2πa2t2

∑

α=±

αk̃ςsλF

q
θ(1− |νςsα |2)

×
√

1− |νςsα |2θ(ũλςs −∆ςs), (48)

where ũλςs = |ẼςλF| − λςsγ/2, the Fermi vector k̃ςsλF =√
2∆ςs(ũλςs −∆ςs), and

νςsα =
ω∆ςs

qk̃ςsλF

− α q

2k̃ςsλF

. (49)

At zero temperature and in the low-q approximation,
the charge plasmon dispersion of ML-MoS2 within the
2DPB model is

ω̃0(q) =
[
e2q
∑

λςs

(ũλςs −∆ςs)θ(ũ
λ
ςs −∆ςs)/(4πεrε0)

]1/2
.

(50)
At finite temperature, the full-q polarization function

is given by

Π̃ςs
λ,T (q, ω; µ̃ςλ) =

∫ ∞

−∞

dµ′Π̃ςs
λ,T=0(q, ω)|ẼςλF=µ′

4kBT cosh2[(µ̃ςλ − µ′)/2kBT ]

× θ(|u′| − λςsγ/2−∆ςs), (51)

where µ̃ςλ is the chemical potential for conduction or va-
lence subband which can be obtained through Eq. (4).
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90, 045412 (2014).

[35] F. Stern, Phys. Rev. Lett. 18, 546 (1967).
[36] D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Phys.

Rev. Lett. 108, 196802 (2012).
[37] H.-Z. Lu, W. Yao, D. Xiao, and S.-Q. Shen, Phys. Rev.

Lett. 110, 016806 (2013).
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[12] M. Gmitra, D. Kochan, P. Högl, and J. Fabian, Trivial and inverted Dirac bands

and the emergence of quantum spin Hall states in graphene on transition-metal

dichalcogenides [J]. Phys. Rev. B, 2016, 93: 155104.

[13] P. R. Wallace, The band theory of graphite [J]. Phys. Rev., 1947, 71: 622-634.

[14] J. W. McClure, Diamagnetism of graphite [J]. Phys. Rev., 1956, 104: 666-671.

[15] J. C. Slonczewski and P. R. Weiss, Band structure of graphite [J]. Phys. Rev., 1958,

109: 272-279.

i



�H�ÆÆ¬Æ Ø©

[16] R. E. Peierls, Quelques proprietes typiques des corpses solides [J]. Ann. I. H. Poincar-

e, 1935, 59: 177-222.

[17] L. D. Landau, Zur Th eorie der phasenumwandlungen II [J]. Phys. Z. Sowjetunion,

1937, 11: 26-35.

[18] N. D. Mermin, Crystalline order in two dimensions [J]. Phys. Rev., 1968, 176: 250-

254.

[19] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim.

The electronic properties of graphene [J]. Rev. Mod. Phys., 2009, 81(1): 109.

[20] T. Ando, The electronic properties of graphene and carbon nanotubes [J]. NPG Asia

Mater., 2009, 1(1): 17-21.

[21] R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth, T. Stauber,

N. M. R. Peres, and A. K. Geim. Fine structure constant defines visual transparency

of graphene [J]. Science, 2008, 320(5881): 1308.

[22] H. K. Min and A. H. MacDonald. Electronic structure of multilayer graphene [J].

Prog. Theor. Phys. Supplement, 2008, 176: 227.

[23] W. Ren and H.-M. Cheng, The global growth of graphene [J]. Nat. Nanotechnol.,

2014, 9: 726-730.

[24] G. Eda, G. Fanchini, and M. Chhowalla, Large-area ultrathin films of reduced

graphene oxide as a transparent and flexible electronic material [J]. Nat. Nanotech-

nol., 2008, 3: 270-274.

[25] F. Schwierz, Graphene transistors [J]. Nat. Nanotechnol., 2010, 5: 487-496.

[26] F. Xia, T. Mueller, R. Golizadeh-Mojarad, M. Freitag, Y. Lin, J. Tsang, V. Pere-

beinos, and P. Avouris, Photocurrent imaging and efficient photon detection in a

graphene transistor [J]. Nano Lett., 2009, 9(3): 1039-1044.

[27] M. Liu, X. Yin, E. Ulin-Avila, B. Geng, T. Zentgraf, L. Ju, F. Wang, and X. Zhang,

A graphene-based broadband optical modulator [J]. Nature, 2011, 474: 64-67.

[28] G. Ramakrishnan, R. Chakkittakandy, and P. C. M. Planken, Terahertz generation

from graphite [J]. Opt. Express, 2009, 17: 16092-16099.

[29] X. Huang, T. Leng, M. Zhu, X. Zhang, J. Chen, K. Chang, M. Aqeeli, A. K. Geim,

K. S. Novoselov, and Z. Hu, Highly flexible and conductive printed graphene for

wireless wearable communications applications [J]. Sci. Rep., 2015, 5: 18298.

[30] K. Sink, B. Wang, and P. Král, Selective ion passage through functionalized graphene

nanopores [J]. J. Am. Chem. Soc., 2008, 130: 16448.

[31] H. Liu, S. Dai and D. Jiang, Insights into CO2/N2 separation through nanoporous

graphene from molecular dynamics [J]. Nanoscale, 2013, 5: 9984.

[32] S. P. Koenig, L. Wang, J. Pellegrino, and J. S. Bunch, Selective molecular sieving

through porous graphene [J]. Nat. Nanotechnol., 2012, 7: 728.

ii



ë � © z

[33] R. R. Nair, P. Blake, J. R. Blake, R. Zan, S. Anissimova, U. Bangert, A. P. Golo-

vanov, S. V. Morozov, A. K. Geim, K. S. Novoselov, and T. Latychevskaia, Graphene

as a transparent conductive support for studying biological molecules by transmission

electron microscopy [J]. Appl. Phys. Lett., 2010, 97: 153102.

[34] T. Kuilaa, S. Bosea, P. Khanraa, A. K. Mishrab, N. H. Kimc, and J. H. Leea,

Recentadvances in graphene-based biosensors [J]. Biosens. Bioelectron., 2011, 26:

4637-4648.

[35] S. B. Yang, X. L. Feng, S. Ivanovici, and K. Mullen, Fabrication of grapheneencap-

sulated oxide nanoparticles: towards high-performance anodematerials for lithium

storage [J]. Angew. Chem. Int. Edn, 2010, 49: 8408-8411.

[36] M. D. Stoller, S. J. Park, Y. W. Zhu, J. H. An, and R. S. Ruoff, Graphene-based

ultracapacitors [J]. Nano Lett., 2008, 8: 3498õ3502.

[37] S. S. Varghesea, B, S. Lonkara, K. K. Singhc, S. Swaminathanb, and A. Abdala,

Recent advances in graphene based gas sensors [J]. Sens. Actuators, B, 2015, 218:

160-183.

[38] H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, Valley polarization in MoS2 monolayers

by optical pumping [J]. Nat. Nanotechnol., 2012, 7: 490-493.

[39] K. F. Mak, K. He, J. Shan, and T. F. Heinz, Control of valley polarization in

monolayer MoS2 by optical helicity [J]. Nat. Nanotechnol., 2012, 7: 494-498.

[40] T. Cheiwchanchamnangij and W. R. L. Lambrecht, Quasiparticle band structure

calculation of monolayer, bilayer, and bulk MoS2 [J]. Phys. Rev. B, 2012, 85: 205302.

[41] S. B. Desai, S. R. Madhvapathy, A. B. Sachid, J. P. Llinas, Q. Wang, G. H. Ahn, G.

Pitner, M. J. Kim, J. Bokor, C. Hu, H.-S. P. Wong, and A. Javey, MoS2 transistors

with 1-nanometer gate lengths [J]. Science, 2016, 354: 99.

[42] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, and A. Kis, Single-layer

MoS2 transistors [J]. Nat. Nanotechnol., 2011, 6: 147.

[43] H. Fang, S. Chuang, T. C. Chang, K. Takei, T. Takahashi, and A. Javey, High-

performance single layered WSe2 p-FETs with chemically doped contacts [J]. Nano

Lett., 2012, 12(7): 3788-3792.

[44] )+, �jj, x�, ��, �d¹, a�$L�1z�9Ù31>fì�þ�A

^[J]. Acta Phys. -Chim. Sin. (ÔnzÆÆ�), 2013, 29(4): 667-677.

[45] P. H. Siegel, Terahertz technology [J]. IEEE T. Microwave Theroy Tech., 2002,

50: 910.

[46] Y.-S. Lee, Principles of Terahertz Science and Technology [M]. New York: Springer,

2009.

[47] ùdª, ��N�â[!&ÿì�A^ [M]. �®µ�ÆÑ��, 2012.

iii



�H�ÆÆ¬Æ Ø©

[48] M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff, P. Etienne, G.

Creuzet, A. Friederich, and J. Chazelas, Giant Magnetoresistance of (001)Fe/(001)Cr

Magnetic Superlattices [J]. Phys. Rev. Lett., 1988, 61: 2472.

[49] G. Binasch, P. Grünberg, F. Saurenbach, and W. Zinn, Enhanced magnetoresistance

in layered magnetic structures with antiferromagnetic interlayer exchange [J]. Phys.

Rev. B, 1989, 39: 4828(R).

[50] S. Datta and B. Das, Electronic analog of the electro-optic modulator [J]. Appl.

Phys. Lett., 1990, 56: 665.

[51] �û?, ��NÔnÆ [M]. �®µp���Ñ��, 2009.

[52] R. Winkler, Spin-orbit coupling effects in two-dimensional electron and hole systems

[M]. Berlin: Springer-Verlag, 2003.

[53] G. Bihlmayer, O. Rader, and R. Winkler, Focus on the Rashba effect [J]. New J.

Phys., 2015, 17: 050202.

[54] G. Dresselhaus, Spin-orbit coupling effects in zinc blende structures [J]. Phys. Rev.,

1955. 100: 580.

[55] R. W. Wood, On a remarkable case of uneven distribution of light in a diffraction

grating spectrum [J]. Philos. Mag., 1902, 4: 396-402.

[56] U. Fano, The theory of anomalous diffraction gratings and of quasi-stationary waves

on metallic surfaces (Sommerfeld’s waves) [J]. J. Opt. Soc. Am., 1941, 31: 213-222.

[57] R. H. Ritchie, Plasma losses by fast electrons in thin films [J]. Phys. Rev., 1957, 106:

874-881.

[58] C. J. Powell and J. B. Swan, Origin of the characteristic electron energy losses in

aluminum [J]. Phys. Rev., 1959, 115: 869-875.

[59] E. A. Stern and R. A. Ferrell, Surface plasma oscillations of a degenerate electron

gas [J]. Phys. Rev., 1960, 120: 130-136.

[60] A. Otto, Excitation of nonradiative surface plasma waves in silver by the method of

frustrated total reflection [J]. Z. Physik, 1968, 216: 398.

[61] E. Kretschmann, Die Bestimmung optischer Konstanten von Metallen durch Anre-
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