38 % 4R Acta Phys. Sin.

Vol. 63, No. 7 (2014) 075201

HHIE S ZAEHRRIEREEF R TIK
BRI

AT HED % E

Koz

1) CREE TR E R TRy R, Kt
2) (I ARBHOR A T IBAE SR, F BTG BORE SRR, H 5

ERHY S EY

B 3k 2

300384)

266510)

(2014 4F 1 A 20 HYH; 2014 4F 2 A 18 HUEMEHH )

AT TOLAIE 2 2 A0 SR R 5 2 TR, TR T i 2 R A SR A B T AR AR AR B S
WU F B, R T SRR RN TR L E 2 B v SOK BE NS 2R T A5 S A A 4 2R B S A IR AR ) B
T 4SRRI, Stz 22 R AT S i e B A4 i 5 R () S B AE R 26 4B N H B SAABLING , A s8I 3R T 5 1 1 1
SCIUHE 2. JEIE G AhIE R 8 R A SR A S R A SRR A R AR T S B T AR ik R B CR B b AR, R D
i3z R 2 A SR04 AE A ROhSE B R T A B AR RO AR R, AEARIR R, Dbihis B SR B S T

JCAIZ LR AT SR BE SRAT B K AR T 5 1 1 1A .

SRR KL, B A, RIS TR, 12

PACS: 52.25.-b, 78.45.+h, 72.80.Rj

15 =

A S0 A2 T B B BT K HE R R g g
IR M A 1 SR D R R 1 1) e B Ry
L2 RE AL 2 P R ) R A SRR R A S
LRI RAT BT e s R A2 R
P Re s LI AR GRS N B  a N N
BE 0 45 H AN B T st BRARF IR, A A2 98 58 B Ok
T, BT W R ERAE (RAET) Sl A ERAE
(Drude W), Heahas oG 3 1 S a2 A2 K 2290
BUR AR P10 T R, SRR R AR
W I AE Ot A KBS A, A AT RESE LA AT F-P
TEYR A A o B 2 30 3 I IR Y DA 3R O 2 it
IR (THz) Bolkas 1410,

X TG B RL S R R A s A, BT

DOTI: 10.7498/aps.63.075201

R ASE 252 W= A B2 ORI A O A R 0 3R T R AF
FE 5B AR B0k 727 Hanson X 47 884 % 1H
PHEAT 7 M 1)) Vafek X 8247 8247 vh #1k,
B TR AT T ARG 78 19)) Falkovsky %5
NV T 7 S84 73 8] € 55053 A1 PO, Jablan %5 A
FE T LI L0 AM DX I R R S 0 A B T AR I R M B
Watanabe X 4118 B J2 1 5205 36 11 55 & o (1)
4 25 i 7 ARSI 7T 122 Dubinov 25 AN T KE T
i, EEREGOCIE PR A SR S5 8 TR R %
o R B REL P, Vakil B 7T T B hiE AN [F)
R A S0 F R T 45 88 TR R 24 Chen 25 A
A T O s B A SRR AR T A B TR R
R 1)) Lin %8 AN 3B T Jedhiz A RE -
(1 P A A 2 T 45 5 AR T AR R P 260 e
18 A S % 10D 45 B AR RO BV AE T R A

* E R HARREHES (HHES: 61001018). i R4 H AR ¥4 (it ZR2011FM009, ZR2012FMO11) LhZR B R 2 A5 th 5 48
FEE RS (S 2010KYJQL03). th ZR BH K S RH G187 1 B SCRE L RIIUH (Hib#E 5 2012KYTD103) . th 4R 4 o 55 A FH
R H (S J11LG20). 7 S iR R H (kS 11-2-4-4-(8)-jch) TF BA T H AT & X H SRR H (HLiES:
2013-1-64) FlLARBHE K4 (i S: YCB120173) BB,

T iBIEE . E-mail: sdust thz@163.com
© 2014 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

075201-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.63.075201
http://wulixb.iphy.ac.cn

38 % 3R Acta Phys. Sin.

Vol. 63, No. 7 (2014) 075201

18, B TR 8 7. H R eshis o 8im %
T B AR B SR AR 2D, T AR T~ 50 )2 1 550,
11, Dubinov 5 N8 1Otz 52 A S0 3R i 4
BRI, Jeihig 2 20 B, HEF K
By B G (8] K T B 2 A S M B E
RIS IE], T2 A SR oK R 5otz DR A
%, BAF— 20 B TR REGOAR AR 291 ik
BRI 0T 12 22 2 A0 28 0 3R T 55 3 1 A 30 2 e 1
oA RN R

T LR E 5, AR iz 2 Z A8
MR A 23281 T T eiie 2 E A BRI H
TR TR TOHIZ R B R A S E A )RE
S 46 R TR S THD A5 A AL B R ORI 2 R
5, FEEHIE T B E RN AR T R L A K
RE RO 31 B9 )2 A 20 045 3R T 45 75 11 % 3k R ORI
W R sz, R, bhEs 7 REE A B S A
B 2 A 56 s 45 ) ) 2 THD 55 58 1A IR A 1 R H5ORT
R ZE 0, R T RIES S A S A A T RS
KPR 2 1T 45 B 1A 1 2

2 A RER AR

HIS BB ME PR, (a) OV EAIRZ A2
W J= SRR, (b) RS2 A SR a5 i AR R .

s s,

> (RS TR
(o] [ ] O

/; GRS TF)

e O e O |g o @

i —Le808 Pe0 08 og

o e (0]

K1 (a) BIREGSEEEE; (b) N8R0 RGEME

MEA VNG B 2 JE A S (MGL) B, A 5
W 2 B R S A TP RS, R T
M2 R A TR £ (0) = fu(0) = 1/2, Fk
BEe = 009300 65 h he2 16 T BN 5 2
MGL B}, HFF2 U &R A, oA 2
fe(e) = fule) > 1/2, wFIAKLFHUR A R DL 4.
TEIXFIE LR, R T - IR R GA T #EFR
A, SRR g ) (55 k2 SR v TR B
R)MERRET (AHEBETSIRAGM I

R, T =Ty, To NEHRIESE) KIAE, X T 24 2
W2, BAIGE—H el (eB = 400 meV) Al T K HHiRk.

BN FIMCL, H T8 — 20 8052 Rl
— BT (R, Y AE MGL A% 36 I )6 55 2 T8 Uk
), kel < e = &L Horh el N A BT
FRERRGHETKGER. & 08 ETK
REZ oA R g [728],

el = e[ - p)KH, (1)

Hop, &% = 2T 8 = we?/he ~ 0.023 Jy 2 F B
W RS R B, o MER SHL

TR BB R SR E 51 W KT A
BRI A G (TR 45 4 P BT A (R B AT o F
SRITTIRS DR A 2]

o5

w,intra
e? S8kpTT )
S B S Y Y . D
<4h> Th(1 — iwr) n[ +€Xp<kBT>}’ 2)
O-SJITi)nter
e? hw — 25(Fk) 4hw
- (E) {tanh( AkpT )_ ir
[retest cnd) ),
X
; (hw)? — 4e2 °

o, kg ABURIEZFR, W AW BITOREL, e
TR, T O T A NS R s R 1A
sinh (¢/kgT)

Glee) = cosh (e/kgT) + cosh (&' /ksT)’ @

JEGJZ A SR s 1A 417 PR S A [R] R IE X HL L 3
=S PINA S IESAY

Us,intra
62 4kBTTB €B
(Dl (5). o
(4h)nh(1—iw7-]3) nltew (7)) ©)
UB,inter

= (@ -[reo oz

hiw/2 + eB\1-1 e2\ [ 4hw
~[rre (FET)] } - (E){?
> G(e,ef) — G(hw/2,eB) }
de p, 6
« [ o e ©
Hp, 5 NIEEA B BTSSR b g A,

FE R JZ A 820w, i 3RATT BT WF 7T 0 A B
hw < e, B, FRATAT L2 (6) 3 i 3 — T,

075201-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y118 Z R  Acta Phys. Sin.

Vol. 63, No. 7 (2014) 075201

XFE (6) ATk
4hw
UB’imer - (4h> im
o0 G(E,EE) — G(M/Q,EE‘)
de. (7
g /0 (hw)? — 4e2 =

1 (2) 20 (3) AT A5 2028 & J= A SR M Bh A
FREFIEA, B

(k) — " (k)

w,intra + Uw,inter

, ()
= (;){%1 [”exp(kBTﬂ

(k)
— 2¢ep 4hw
+tanh< Aep T > in
oo (k) (k)
x/ Gle,ep’) — G(hw/2, ey )ds}, ®)
0 (hw) — 4e2

1 (5) 2UAT (7) T3 2R )= A1 S84 2D & L 3 R 1
Riks, Al

O'B_ B

w Uw,intra + Uw,inter
2

B e 4kBTTB EB
N (M){nﬁ(l - inB)1 [1 +ep (k:BT)}
dhw [ G(e,eB) — G(hw/2,eB)
i o (hw)? — 4¢2 de}, )
B Q) ARG EAEHESEFRELLL
wr:

ow = Z ag“)

2

(")
- (s on e (557)]

K (k)
-2 4
+§tanh<hw 6F>—,ﬁw
=1

4kBT 17
K oo (k) 5 oK)
XZ/ G(eng ) 2G(hw/ ) EF )d{;‘} (10)
= /o (hw)™ — 42

H1 (9) 30A1 (10) 2, 15 205 A IR JE A 8806 454 (1 3]
S FRNRIEAWT:

ow
- Yol ot

2\ [ SksTr & ®)

- (471){1’(71(1 —iwT) kz:lln [1 +exp (k‘BT>]
4kpT TR EB

TR = jwrs) {1 T exp (kBT)] }

() ()

dhw SN [ G(e, 5%@)

5 (k)
(hUJ/ yER )dE

im = Jo (hw)? — 42
dhw [* GleeR) — G(hw/2,e7)
- /0 (hw)2—452 de}. (11)

MR o7 R G B A7 90 AT, Gl
Z TR, RS SRR I A R
HO AR R B9

1 n? a7

Napr + N +?aw:0, (12)
A, n NEERATH %, c A, w AR TR
fE 9. Bd (10) 2080 (12) 3, AR aahig
F B 5 B TR I A% 3 R B Re(p) LS SE B 114
KR F H 2Im(q). Hoh, g = pw/c NERTTHE T
R BRI, R B SR AT s 2 T 45 AR A I AL 2R
I RoR N 2Im (pw /). 243 T4 B 1A B IR UL
HORERS, RIS E RSB &, IR EON
B, FAHERR, R0 55 B 7R SC B 22
K.

72 (12) R, Hn = 1, ARGEKNEES
HRE AR T

— 1 L (13)
P= 41202’

LSRG

(1), (4) 3, (10) R, (13) RAr=kE ez
I 120 [ A 28 M 5 M) R THT A5 1 A A% 1 R ORI
WHRE, B (1), (4) R, (11) 2, (13) ArREE
il13a &5 A I JE A 0 5 K 2 TH 45 B T A B AR 4R AR
AR R A, BT IR R = 1.

B2l T el =20meV, T =300 K, 7 = 10
ps, NEASIGEZECT, el # 8 =4 B Im 450
(R 278 HL 3 38 1 S00S5BS T A A 39 SR DL BT
W R B G HRIK AR, B 2 (a) F1 (c) AT EART H,
A SR R BN H T 2R 0 S AR B AR I, R T &
B TR B MR IS SR B3 A A, R T A5 S A L R
WG, B2 (b) Al LAE t, a6 250
/I, RS B TR AL R R B A SR = A 1
TN W 2 (c) AT EAE ), 2 S50 = 20
Iy, 7R R B A R DS, R T A AR
(138 2 9/ )N

3 &

075201-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 63, No. 7 (2014) 075201

1.0 qm

0.8 i
0.6}

|

|
>
(L T
B W N =

04 | -
0.2 F \%

—0.2 }

—0.4

HSR I /104 em—1

—0.6 |

—0.8 | (a)

—-1.0

HiE /THz

100

90 |
sof K

W N =

==

0L -

(S HER RSN

Wl A% /105 cm !

WiZ /THz

E2 fAsEEHRKICRRER, (o) #EE 08638
RS 5y (b) RIS B T Aol R A
RSP AN EITE TSN U ES PRSP
B3 Tn =1, el =20 meV, K = 4,
7 =10 ps, ARG, ¥ & ZABGEE0EE T
NI HERAGIL U ERAEL T ES P W NS BT
W] DUE Y, 3R 45 B R 1A 3k S R I R 1 T
E /N, B3 (b) el BLE 2 R T s
B R E 2B IR ]S, TS5 3 TR IR 2 R

O, BRI, AR I SR TS 1 T4
3.

100
90
—— T=200K
80 | ———T=300 K
------- T=500 K
70 ——-T=600 K
=
K60}
=
® 50t
Wk
¥ 40}
¥
30t
20
10}
0
/',tﬁgl/THz
3 T :
! ;
| ’,’
o | —— T=200K A
——— T=300K A
- | T =500 K [
‘ — . Iy
= 1l —— T=600 K [y
o i R4
2 I .
S oo o
S
—2f
b
_3 . ()
0 10 12

$i# ) THz
B3 T BURFEI, R 2 B R A T
WABERMRITIRN KR (a) KITGH T
RHCGHHRMIFR; (b) TG TR B 5% 1
Baht Tn=1,T=300K, K=4,7=10
ps, ARl T, F &2 8205550 % & TR & 5
RBNR R G R RR R, NE 4 (a) AT L
G, R TR AL 3R FR A < 8GR e
/N, LA (b) AT RUE H, 24 el 38R, SRl &
AGUECVOR IR N TR - A R N Tb i B b N T
18 GHRBR R, R TH A5 B 1A S 1Y 2 K
BshTn=1T=300K, K =4,¢L =20
meV, ANE 7T, 85 380 450 55 B TR 1 i
i RBOANP U R B SRR R, WA S (a) ]
DA, 2R TH S5 B TR 1) A% 1 A R0 — (3 R T A
FF 3G K, (H I RIE FEAR /N, A5 (b) ] BUE
2 BORET, SO R B A B K, R
TARIIE 25 R A K, HIE 55 14950 B AR K

075201-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 63, No. 7 (2014) 075201

100
(a)
80 ef =10 meV
—_——— L =20 \V4
% IT: me
{,K 6ol vttt €p = 30 meV
g —-—- €F =50 meV
W&
¥ 40
b4
20
0

#iZR /THz

6
1
1 (b
. / (b)
2 /
T /
0
g -."""'h- /l
s =2 Tse-
() AN
R s
= e
“& 76 ‘.\0
g S \0
N
x -8 el =10 meV M\
"
=10} == €} =20 meV N,
12| eees €k =30 meV "‘.‘
14| = €f =50 meV 3
0 2 4 6 8 10 12

#iZR / THz

4 e BURFMERT, 0820 BRI S & AR RBARI R B EIFEN KR (o) REOEETRAEERL

BRI R; (b) 55 B 5RO R B SR K %

50

45

40

35

ARG B S

30

25 10.4 10.6 10.8 11 11.2 11.4 11.6 11.8 12

FiR / THz

Wl 7% /105 cm 1

%/FJF':}:/THZ

5 7 HURFMER, RIS EARGRE SR THRERREAN R R EPEN KR (a) RIEFE THRER R

H5HFEMKR; (b) RINEE TR AB SRR R

50

40 — HE R
——— HIRZ B

TR B S

S /THz

M6 HEREBGE NS SHRETBRGN  (2) RESETHEERYG (b) RIS THRKRE %
%5

B Tn=1T=300K, K =4,e} =20
meV, 7 = 10 ps, ¥EE0RIGHEH S ETHRZEA
SR 45 4 5 T ) A AR ORI R B S AR
FIRAR. LG (a) AT LA HH, R R S0 4 1
3 T 55 B 7 1R B A R R BOR T8 IR R A0 SR

(b)
ol —— MBETRAL
—— = A2 AR

Wl 2 %/105 cm—!

Wi /THz

LR T 55 B TR A 4k R L, L6 (b) T A
RS R A SR G5 R T A 2 AR TR SR
208 X B K T A RS2 A 2800 45 ) 2R T 5 8 14
GO R B 2B X, RIS SR AT sk 4 M) ) 2R T
SEE TR IR 20 KT 5 A R R A SR S5 B AR T

075201-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I8 % 3R Acta Phys. Sin.

Vol. 63, No. 7 (2014) 075201

SR TR . 5 EATIR, R dhis 2 R A A
gikyh, KB R AT Sl A R S LA

T
I, H
— =1ps,K=1 I
—-——— 1=1ps,K=2 /

NW G

WS 2 %/105 cm—!

JiE /THz
77, THORRR, 35 5 S 0 % B T
AHGIRNEF
B74HTn=1T=300K, e = 20 meV
B, 7=1ps, K=1,7=1ps, K =2F1 =10
ps, K = 2 =FiE00 T, FIE )2 A0 880 45 1 R T 4%
BT AR BRI R BS AER AE O R. B 7 HT
DUEH, 7 =1ps, K = 1 7IRILR B A 4555 K
Tr=1ps, K=20RIKRBLNE, HNT
=10 ps, K = 2B R KRB EXHA, Bl 7 =1
ps, K = 1 IR H FARMEHE KT 7 =1 ps,
K =225, H/hF 7 =10 ps, K = 2 B[ 2.
SERET], BARGHIIE R A SR R T A B A
WA LR, HFEEABENIM RN R, 22
SR T RO BRLE A BRI I LR, R, R
BIER A B IEE, TSRO IR T 55 88 1k

125
4 % ®

RAE L I8 2 JR AT SR A 26 3% TH 5
BT AR, B TOLIE 2 R A R R TS E T
A B A i 28 BORTR S 3 M5 4 S8 R 2 R P T
JEA SR HETORREDL . T 2 X Bl ot RN a] L&
PR Z IR A, EOAR T 88 2 A0 SR 45 A (1 R T
SR TR IR R BN RS S AR )R 0 SR
ZE R R T 45 1 T A AR i R B R B SRR
W, St aa A 880 R T RS R A B A L R Y
SEERAE AR 22T B A BB, A S804 3 T <5
TR 25 BEARIRSE, AT Otz 2 20 5
W BT A8 2 TR I 28 D ilIE R B R AT SR A

0 BE 5 A TR 2 A SR 5 A R R AT 2 T 46 1 T A0
a7 T S B . B TT 48 RO A e SRAG ORI 2
S A7 SR K R 24 BOR A8 Aot 48 B —
SE IR SR

S0k

[1] Han P Y, Liu W, Xie Y H, Zhang X C 2009 Physics 38
06 (in Chinese) [#lfl§ 5, XIff, ¥HLAL, 54 HL 2009 PR
38 06]

[2] Geim A K, MacDonald A H 2007 Phys. Today 60 35

[3] Castro Neto A H, Guinea F, Peres N M R, Novoselov K
S, Geim A K 2009 Rev. Mod. Phys. 81 109

[4] WuH Q, Linghu CY, Lv HM, Qian H 2013 Chin. Phys.

B 22 098106

[5] Rzhii V, Rzhii M, Otsuji T 2007 J. Appl. Phys. 101
083114

[6] Satou A, Vasko F T, Ryzhii V 2008 Phys. Rev. B 78
115431

[7] Ryzhii V, Ryzhii M, Satou A, Otsuji T, Dubinov A A,
Aleshkin V Ya 2009 J. Appl. Phys. 106 084507
[8] Ryzhii V, Ryzhii M, Otsuji T 2008 Phys. Stat. Sol. (c)
5 261
[9] Zhang Y P, Zhang X, Liu L Y, Zhang HY, Gao Y, X-
u S L, Zhang H Y 2009 Chinese Journal of Lasers 39
0111002 (in Chinese) [Tk K3, TR, X1, KL, &
H, Hik, ke = 2009 FERESE 39 0111002]
[10] Ryzhii V, Ryzhii M, Mitin V, Otsuji T 2011 J. Appl.
Phys. 110 094503
[11] Ryzhii M, Ryzhii V 2007 Jpn. J. Appl. Phys. 46 08151
[12] Zhang Y P, Zhang HY, Yin Y H, Liu L Y, Zhang X,
Gao Y, Zhang H'Y 2012 Acta Phys. Sin. 61 047803 (in
Chinese) [3K B 3#, skyta, FUsE, X E, Tk, &8, K
4z 2012 PFREAR 61 047803]
[13] Zhang Y P, Liu L Y, Chen Q, Feng Z H, Wang J L,
Zhang X, Zhang H'Y, Zhang H Y 2013 Acta Phys. Sin.
62 097202 (in Chinese)[7k B3, XIBE &, Br¥s, BEL, 7k
e, TkitH, kS 2013 WA 62 097202]
[14] Ryzhii V, Dubinov A A, Otsuji T, Mitin V, Shur M S
2010 Appl. Phys. 107 054505
[15] Dubinov A A, Aleshkin V Ya, Ryzhii M, Otsuji T, Ryzhii
V 2009 Appl. Phys. Express 2 092301
[16] Aleshkin V Ya, Dubinov A A, Ryzhii V 2009 JETP Let-
ters 89 63
[17] Wu S Q, Liu J S, Wang S L, Hu B 2013 Chin. Phys. B
22 104207
(18] Hanson G W 2008 J. Appl. Phys. 103 064302
[19] Vafek O 2006 Phys. Rev. Lett. 97 266406
[20] Dubinov A A, Aleshkin V Ya, Mitin V, Otsji T, Ryzhii
V 2011 J. Phys. Condens. Matter 23 145302
[21] Jablan M, Buljan H, Solijacic M 2009 Phys. Rev. B 80
245435
[22] Watanabe T, Fukushima T, Yabe Y, Boubanga-Tombet
S A, Satou A, Dubinov A A, Aleshkin V Ya, Mitin V,
Ryzhii V, Otsuji T 2013 New J. Phys. 15 075003
[23] Dubinov A A, Aleshkin V Ya, Mitin V Otsji T, Ryzhii
V 2010 J. Phys. 23 145302

075201-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1088/1674-1056/22/9/098106
http://dx.doi.org/10.1088/1674-1056/22/9/098106
http://dx.doi.org/10.1063/1.2717566
http://dx.doi.org/10.1063/1.2717566
http://dx.doi.org/10.1103/PhysRevB.78.115431
http://dx.doi.org/10.1103/PhysRevB.78.115431
http://dx.doi.org/10.1063/1.3247541
http://dx.doi.org/10.1002/pssc.v5:1
http://dx.doi.org/10.1002/pssc.v5:1
http://dx.doi.org/10.1063/1.3657853
http://dx.doi.org/10.1063/1.3657853
http://www.ncbi.nlm.nih.gov/pubmed/21693815
http://wulixb.iphy.ac.cn/CN/abstract/abstract45458.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract53631.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract53631.shtml
http://dx.doi.org/10.1063/1.3327212
http://118.145.16.217/magsci/article/article?id=16549426
http://118.145.16.217/magsci/article/article?id=16549426
http://dx.doi.org/10.1088/1674-1056/22/10/104207
http://dx.doi.org/10.1088/1674-1056/22/10/104207
http://dx.doi.org/10.1063/1.2891452
http://dx.doi.org/10.1103/PhysRevLett.97.266406
http://dx.doi.org/10.1103/PhysRevB.80.245435
http://dx.doi.org/10.1103/PhysRevB.80.245435
http://dx.doi.org/10.1088/1367-2630/15/7/075003
http://www.ncbi.nlm.nih.gov/pubmed/21441654

32 % R Acta Phys. Sin. Vol. 63, No. 7 (2014) 075201

[24] Vakil A, Engheta N 2011 Science 332 1291 nese) [JKEM, XIBEE, KB, kitH, Koz 2012 BHETF -
[25] Chen P Y, Alu A 2011 ACS Nano 5 5855 Bt 23 832]
[26] Lin C, Tian Z, Xun L, Guoping W 2013 Optics Ezpress . B
[29] Satou A, Otsuji T, Ryzhii V 2011 Jpn. J. Appl. Phys.
21 28628 50 070116
[27] Rana F 2008 IEEE Trans. Nanotechnol. T 91
(28] Zhang Y P, Liu L Y, Zhang X, Zhang H'Y, Zhang HY [30] Satou A, Ryzhii V, Kurita Y, Otsuji T 2013 J. Appl.
2012 Journal of Optoelectronics. Laser 23 832 (in Chi- Phys. 113 143108

Study on the gain characteristics of terahertz surface
plasma in optically pumped graphene multi-layer
structures”

Liu Ya-Qing"?  Zhang Yu-Ping®?’ Zhang Hui-Yun®?  Lii Huan-Huan?
Li Tong-Tong?  Ren Guang-Jun!

1) (College of Electronic Information Engineering, Tianjin University of Technology, Tianjin 300384, China)
2) (Qingdao Key Laboratory of Terahertz Technology, College of Electronic Communication and Physics, Shandong University of

Science and Technology, Qingdao 266510, China)

( Received 20 January 2014; revised manuscript received 18 February 2014 )

Abstract

Based on the developed optically pumped graphene multilayer terahertz surface plasma structures, this paper
calculates the real part of propagation index and amplification coefficient in optically pumped graphene multilayer
structures, discusses the influences of momentum relaxation time, temperature, numbers of grapheme layers, and the
quasi-Fermi energy in the topmost grapheme layer on the real part of propagation index and amplification coefficient.
It is shown that when the real part of dynamic conductivity becomes negative in the terahertz range of frequencies
in the optically pumped graphene multilayer structures, the surface plasma of graphene layers can achieve gain. By
comparing the peeling-graphene-structure with the graphene structure that has a high conducting bottom graphene
layer in optically pumped scheme, it can be said that the surface plasma of the peeling-graphene-structure can get
a high efficient amplification. Meanwhile, the structure having properly numbers of graphene layers can get a larger

amplification than the single graphene structure in an optically pumped scheme at low temperatures.

Keywords: terahertz, multiple grapheme layer, surface plasma, gain
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