#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 217101

AR S S BTSN S — R 5

# WA Y

=3 CRll

KARY ET Y

1) (PLBTRFN YR, P94 710048)
2) CEFIRE S RIS S A %, T4 710048)
(2025 4E 7 A 11 Hig#); 2025 4F 8 A 29 AU EMEEH)

A7 S 07 A B TMOT AR 21 Ah- RO 2% Il B EL AT vy 32 Jay Sl A A s 25 mT 9 o, (EHORS HE R PR AL AR D 5 TR A IR R
ARSCHEET [ o — R BB S AR ABACUS, SR TN N 75 I 25 B R BEIE T ik, 455 BORT 3 & 3 BR = 1]
GO, RGEWETE 1 A s Ak 08 5 B Ot A = SRIFEALH . DFFE 4 SRR M, Toie R AT Al 42 T-Be, £ s
AR 58 25 B T ) (OG0 S B R ) U DI - AR X, @ IO AR (/g MR X AR X
S, WOV Ao O LA AT D A, B R U R I I, AR RS IMOT R OK RE e R B R e R A

w o n/ AR EHE XU B AR I, A5 BEMOTIOR R it

Wt s R PR R IR FEARG s 51 AN T AL (hBN)

VERFENEIS, X AR 25 SR S B/, AR BOR KRR R AR R AL R, it — 2P, RGBS T iR = A AL
(Y R . X S5 SR JE T A0 820 /hBN S 45 A4 19 i P RE Sh BOE L S 1R B R 41 1 IR S BRSO

KR PRI, A0S, LM N IR R eR S, A 5 A BT

PACS: 71.15.—m, 73.20.Mf
CSTR: 32037.14.aps.74.20250913

1 3

A1 254 (graphene) J& H B2 Bk i 38 i sp?
ZAGIE LY — AEige B R A AR UL A iR
JE il 28 4 ik, RSS2SR &
IR EF TR R EIE 15000 cm?2/(V-s), Hig5HR
JERTIA 130 GPa, #3242k 5000 W/(m-K), AJ
DGR 98% . X SRRl HAE YK T35
5 AR REIRAE i B A= % JEk A Sl Jre 2R i
Foam Pk VT Bl 7 8505 45 BSIOT (graphene
plasmons) /£ Z4EpP R [ B ZE T EERIR G TE
B LRGP BAR GE o6~ AT A B, 2
YK F2E BRI, JF I B RN T
JIUAL M T SR AFEWOT, ASGEEBUTEA

il

DOI: 10.7498/aps.74.20250913

We st Y3 FEAR RN 67) 25 L R R 189) LRI
P REFE 10 46 13 250 4. HOOR 3 BRI 4
BHA, FErPa o Z % B R B S 1 )R
BRE S, BT B RO AR R AR T K 1,
H FF 8 B UE S HAE 2 AUk A R FT 7 26T )R
38 7 B SR RGN 14 AR A AR SRS S T By
TR ACZEAR 580 12 ) g 2 2 Yot L PR
il B4 A R R IR T AR T T MR R 1,
VUL T 3T S S 4 v A TR A A o — A4
TR SRR BB T YRR M. AR,
LI 5 PRI 5 )RR R T B A A7 B M S S T
HIPPRAS TR fE T OCHEZE & Lundeberg %5 19 F|
B SGE AR, 754 8B hBN-2 8 R A1k
ZR R LI ) A 2 18 BT 230 HL - B OR R B AL 4
ISR IOT, s T HAR s Bk, Zhang 45 (16

* R ARl SRR RS (S 11904284)  BRVYAE H ARLEFERBT S0 (@S 2025JC-YBMS-052, 2024]C-
YBMS-512) FIpEPHEHE T HECUHIBIAIE (LS 24JP114) H IR IR,

t BIE1EE. E-mail: 1pfo1124@xaut.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

217101-1


http://doi.org/10.7498/aps.74.20250913
https://cstr.cn/32037.14.aps.74.20250913
mailto:lpf91124@xaut.edu.cn
mailto:lpf91124@xaut.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 217101

B R TEXUZ A7 80 /BN S5k g, o
RSB T Ak r v A B OT A A RO ME TR 45 )t
Hh, Zhao %5 U1 FIFH Fr B ORBRGEOGIE, 76 A 2
A5 HOULIN 2037 1A 3l ) 27 45 B OT S RE I S 2
RO

A1 S5 07 I A5 BT AT DA ol = AR 8L A
fRAE R X (0—2 eV), M5 AFBRAYHEF 325X
BoRit, 2 BB AP v A B o, Tk
PLSEHEREAT A5 A T KRBT AT N BRATE s 7R
RERE X (4—10 eV), 77 = S 20T, Hil © 2
o [ [ BRIE 2 B0 ki — TR (>14 eV)
N, o BEATIFUG & HEAE ], JE s BEUR 1Y ©-0 55
BT, TE A S0 B =M A EEOT T, © Ml n-o 5
EWOTE TAMEE B FOT (intrinsic plasmons), H
A1 A0 A B i AR IRR G A, TR R R
T2k 7 52 55 B WOT AR S AR I AE B IOT (extrinsic
plasmons), Ji T FMEF- B | AGAM T 10 FE AR
I, AT BT R, RARE ST A S 4. SR
M7, S5 A B AR KR 5 55 B O TR 1 2 U Y
SEBRAH, JCHEAE Tk R R ME | SRk H Bh A
PR NE. HAT, 525 b O i A A o
I AG M4 101921 Z 00 TF- B S L 1 %45 BT iy
WAL, SR, AN (AR 7 2 IS R RO B
il L 5 fE AR 8503 LA SO I P H - 5 A iz, AT
2 AR — V2 T RGRA R 7R . AR
BeT B — R TR ABACUS, SR HIZk
P N B B BV BRI TR, S5 G RN 4R R
DAL BUBT R 3, ARG R T R B 255 |
A2 BFR GO, I RGBT LG T 8+
W L RN A28 LA KOS T BAGTI L ISR A S0k hir
VA BT IR AR . A TR Rk
JEVRFE Y n /4 BRBEARE, XU AR 4 v ) 2 g
IO 4 TR, T — 2D ML FA5 A R I s T
HAW BN, 28I Pk B R AT R 1 2k iz v
AR AR AR L RO R i e R B 8
X SEAIF Y 45 R A e T A A0 S OH S B Al G 1Y) e v
RE . B TR CHL A B+ S0 kPR gt 1 IR
AR 5.

AN LEH LT A8 “AF5 0787747,
A T AR R SE BT “TC R I
LI 2 P i 7 5 B %5 B2 V2 pR IR (linear response
time-dependent density-functional theory within

the random-phase approximation, LR-TDDFT-

RPA) (535 AR S AE 2 — P B PR A e 19 52
B, IF TR AT R R R R RS
B AR GRS Ve, R Tl =R AN ETr
IR A IR PO A BT E AR, AR 4
SR B U BE R | OURH I AR 5 5 ) LA 25 R A
B GIATS AT (hBN) LR/ H R85 18
P, IFRA T IX SE AL A9 N AE D S .
J&, TECERIRT Y, MR SCHIBE TR BEAT T B 45
PRI PSS 2408

2 BRI E

ASOR A B T OT M T B TR o A i AL EE
(L FEHTTE) 5508 (& HoctE i) W
BB TERTAL B B, SR H =2 — 1k S H A
A ABACUSE22 5% HARA R 1 i F A5 1 THG
Wi, -l A EAE R SG15 ki £
PEEL RS T 3 24 SRl Se 4 O IRZ ok U 38 ]
T Perdew-Burke-Ernzerhof (PBE) 1) SUBA &
AT 7. Kohn-Sham HL -3 pR UL T i FE 40 e
T, FFBUE -V SE L RMTRE N 680 eV, HLAT %
RS ] 1 x 1079 V. LSk i, 7
8] F3 B RAEBEE R 0.01 eV /AL XT84 K
18RI /N BARH (hBN) RRGSA R, fr EH T
VTR (2 ) BT AR 20 A EZSE,
I I BIR 3 A i 2 (BRSO . AT BLIHIX. b SR A
I 2 T 4 B S 11 200 x 200 x 1, DU FAE
TR IR E vE A BEOTTEAR B AT . e, M
HB P R X N 11 e R PR B, AN IR 2L
ST BT A A

FET AT PRI EE IR, 765 BB B A 3 A
AR A5 B O . H T RE R A (electron
energy loss spectroscopy, EELS) J& R MFE#8k H1 55
EIBOT O TN I G SE I BOR | IR I i I
AR REH P BRHEBE S PR, ATASAA I A5 250
JUIPE RERE, X4 EELS 5& 81 H 7 B iEE (TEM)
B, W] SRS B UOoT Y sl o A 5 S, AT
TR b2l i A BOC R O AR % Tz RS
(DFT) HEHE, T ICMAHIE L (RPA) BYZ
N £ s 9% B 97 R B (LR-TDDFT-RPA) 7] DL
AR RN EELS mi )iy, H BRI L T A
SCHR [27-30] HTEAH B IR AR R, FRATTILE %
T 225 BB Hh R R R K2R TF & 1) 8 — 1k I B

217101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 217101

TR ABACUS W, Hit B S AEZ /T
SCEE B2 G, R RIS T AR S
.

X AE B OT T B DUR AN SR IR
S

1) 715 Kohn-Sham J&AH H.E {4 2 1 [y b
B0 R S 33:34);

1BZ

X&e (4,w) = %Z Z (frge = frr ktq)

k n.n'=cw
X 0(w+ €nk — €ns ktq) (M ke (9t k + q)
x (', k4 q|e @t C) n k), (1)

2, 2 2R Born-von-Karman # AT, w f83R
R, @ RSB ION, kRN TEEER, G
MG h =4I R . AN, fok, €nk T k)5
MR AR EER & S BAL R SRR A
MERE 2 FIANE P R AL, Hor n F o/ 23 B 5 48
POV HIE (R S L A

2) M A /RAA R A2 4 (Hilbert transform) i
JR5EEHE ) Kohn-Sham JCAH BAE FAA 20 )i/ 2
X0

o= [ o (o)
X X&.a(a,w), 2)
S, ) RIE TR SR, LUREE B 4
RS B H F .
3) FIHH Dyson J5 B #4 £ FLSE A A BLAE IR R
T B 7 PRER 3L

Xa.a(q,w) =Xga(@w) + Y x&e (@w)
G1,G2

x Ka,,G,(@,w)xasa'(q:w),  (3)

K, G Gy W = ARG S TETEHUME LT,
(3) 2 K B AR AL B S A, A P
SR Bk B ISR A S OB SO G — 2
L, B T I R e J2 R T A R R
BRI K SN S 3 T2k 9

4t .a,
rEXE

KGl,Gz (q_7UJ) |:1 - (_1)nzef|rj+é’1\% 5
(4)
AP G =(G,G.), ¢=(q,0), G gmilftkF
THT PN ) A 80 % O RAT I8 20 B Ok B L. W
2T 1A AR R K n, = GLL. /27 NREEL

4) ) FH SR Z e 0L R R x TR PR AR
R
(e Nee =dace + (WX)aa, (5)
R o YO
5) I A EE pR S G 20 45 m H R BE 8 Ak A
ik, I RIS BT R B TR RS
A H PRBUR B REEBRE He, FLIGAMY G e 1Y
KT (G =G =0), HX 0 RGEAEZEMNET
SBES
Eloss X —Im{ﬁ&lzoyg/:o} (6)
BB FReE IS A, MBSOt R —
s H BB R 51 i 1 W (R B R . ARSI LR-
TDDFT-RPA 5, BOFHESH n = 0.136 eV,
A2 N7 PR R 50 x 50 >R BT

3 #R5#
3.0 ABBEEEIT BT

i GERIRAL TR, A5 7 S 1 5 3 8
Jg 2.46 A, FLAE|ZS WG (05 B XTRR SURLE) | A
O B R 24 L 25 B 43 4 BT ] 1 (a)—(c)
B, S)HT 1, 7 BRI 1 L T8 g 52 B DL e
SEE: 1) K SR ORI R K A e
TR IR SHESE ), F T 7E I XK B B T
R KRR B T . 2) M APk 5
FoA £ A LN X S R (M) BRI O REAR
Jg A, G BOLAE A R IR B G
© BB, 3) I SIS RERIIE S 40k 7ERS Akt
DR, I BT A7 7 LA S T IR 11 R 17 9
RSB XS R B B w RS o A 26 Ak
(RREIEIE. 3R = RIS G L T4 MR AT 40 i 5
TR [ 2 R (6 B TR 7, i 1(d) R
W TBIRIG K IR R o R T
ST KR B BT HOVE T, FLAR B B 2
W2, BRI 0—2 eV S [ P 1T 2K T
RS AR GRS © g BEAEAE M S
DI BRI S8 T e ST B, LA
S5 B BT B 1 B 2 4, 4 A 7E 410 eV 7 FE P
TR T 15 o AL RERE A B Nl BT 5
BT oo SEESHOTIIE L, HAEREREE 14 oV L
T, SR E R RI R, mo S5 HOT T
I L.

217101-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 1B FE I Acta Phys.

Sin.

Vo

1. 74, No. 21 (2025) 217101

1.2

(c)

— Total _dos

1.0} -

— 0

Density of states/arb. units

—10 15

0
—15

Energy/eV

BT S0 B T A R S T A

Energy/eV

20

15

—15 I
r M K r
(d) — 0.029 — 0.059 — 0.088
Dirac — 0.118 — 0.147 — 0.177
plasmon — 0.206 — 0.236 — 0.265
n plasmon — 0.294 L0 plasmon
—_ P s swa®as s
T : :
w T ; 1
E I J\ //‘\\
| T e

10 15
Energy/eV

(a) A SR 114 181 25 1) 25 % ot 0 0 s O 5 8 ) R B AR D D, 21 AL i 20 il R R

MK sk MT—K Ji A I—M J5 1 ; (b) A S8 aear B/, Kb Bl Rn SIS, aahgRadE S HBE; (o) ABREE%
JE, AL FOR BB AL« BB A, A% N o BB AR E 51 ; (d) A B TE 0.03 electrons /unit cell 524
WRERHY T—M 75 W R [R] g B0 B HL T BE B e i, Hodr o M BUE TE F M 0.029—0.294 A?

Fig. 1. Graphene’s electronic structure and plasmon distributions: (a) The reciprocal space structure of graphene along with the pos-

itions of high-symmetry points and the directions of high-symmetry paths, where the red and blue lines represent the I'—K and

I'—= M directions from the K point, respectively; (b) graphene’s band structure, where the black curve denotes the occupied states

and the red curve represents the unoccupied states; (c¢) graphene’s density of states (DOS), with the black line indicating the total
DOS, the red line showing the projected DOS of the w-band, and the blue line displaying the projected DOS of the o-band; (d) elec-
tron energy loss spectroscopy (EELS) of graphene along the I'—M direction for different g values at 0.03 electrons/unit cell con-

centration, where ¢ ranges from 0.029 to 0.294 A,

N T RIS AT SRR 50 S5 B OT I R,
X542 R 0.03 electrons/unit cell f¥)£7 20
TRE R R AR X B AT 140, 2R
K2 s, Kb 2(a) IR gl T—M J5
M AEE SR, K 2(b) AV I—K J5 g5 8. il %)
P&, W D—M J7 1] 1Y 25 B BT 25 R AR ] 5
82 I R IR ] e O NI 2 = ) B 2 € )
F BT (two-dimensional Dirac plasmon, 2DP),
SR, W T—K 5[] (4 55 25 BOT 2540 DUV RS 8. 52 2
Mg HBRI, 23 A S A i WU 254 . H
H BESER R VXS I TA% G ik hir 5 45 B
JT, T AE i AR 14 35 e DU e R Ay 7 2 4 B IOt
(acoustic plasmon, AP)PS. 237 7= A4 5 F B
AN [R] B oK R 1 R A 8 T 2 1] AR B
Kl 1(a) At s, 76 f 28 00 028 8] b, K o s
K W%, i r—M J5 [ U7 e —Ff K—K 288 (i

ik, B2 [N IIE RS L7 ) W —A1L 5k
B T I —K J7 A K—M (LA, 75
WK T f K—I (6L, 7SEExT
277 1)) PR A A RR A . 5 B R ) Tt
14985 In] [ Pk hr e AN ], i T — R R A A
GPOR IR, A SBIGTE K RMHE R B 7450 B A 1%
55 0 5 T ARSI W K— K AR B 9 K G 249
8.43 x 105 m/s, M#y K—M il K—I A28 3K
B 8.21 x 10° m/s il 8.63 x 10° m/s. iX
PN [] S K BE A AT 8000 7 R A S, 80
T—K 77 1)t BUAMURR R DU 2548 . AT S A B 7R
THRVHEGE 4K A7 ve 55 BT R M.

Fe N ORTEAN 73 B A 85 4 U AN 8] I 1) — 2 2k
L 38 55 B POTBE I R A2 A B HIOG 2, 1AL 2(c)
FezR. TR ) FEB R B/ NI BRI, (L
KEZEIHAR IR, I A S RENL T 2K R

217101-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 217101

1.6 1.4

2.5

(a) (b) (c) - "M —o— 'K
14+ L
2DP 1.2 AP 2DP 0.306 Sol
—~ 1.2} =~ 1.0
3 3 L 0.255 5
s 1.0 S ¢ 15¢
T = 08 0.204 = L
w 08 W 0.153 5
£ 06 g 06 : g 1.0t
= O = 0.102 A !
‘ 0.4 I 0.4 !
’ 0.051 0.5 kg
0.2 0.2 !
1
0 . . . 0 e 0 i .
0 0.5 1.0 1.5 2.0 0 0.5 1.0 15 20 25 3.0 0 0.1 0.2 0.3
Energy/eV Energy/eV q/A-1

K2 SRk SF O A S G EEL (a) WY D—M IS5 (b) Wy D—K J7 W5 (c) PRSI J7 ] — 4k 5
FEWOT OHOCR B L, b BB AR TR R ke BB

Fig. 2. Distribution and dispersion behaviors of graphene Dirac plasmons: (a) Distributions along the I'—M direction; (b) distribu-

tions along the I'— K direction; (¢) a comparative of the dispersion relationships for two-dimensional Dirac plasmons along I'— M

and I'— K directions, where the blue vertical dashed line represents the position of the Fermi wave vector kg .
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Fig. 5. Tuning graphene Dirac plasmons via substrate integration: (a) Band structure of graphene/hexagonal boron nitride (hBN)
heterostructure near the Fermi level, where the black line indicates the contribution from graphene and the red line represents the
contribution from hBN; (b) Dirac plasmon dispersions along I'—M direction at 0.03 electrons/unit cell; (¢) strain-dependent Dir-
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al strain in graphene/hBN heterostructure.
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Abstract

Graphene Dirac plasmons, which are collective oscillations of charge carriers behaving as massless Dirac
fermions, have emerged as a transformative platform for nanophotonics due to their exceptional capability for
deep subwavelength light confinement in the infrared-to-terahertz spectral region and their unique dynamic
tunability. Although external controls such as electrostatic doping, mechanical strain, and substrate engineering
are empirically known to be able to modulate plasmonic responses, a comprehensive and quantitative theoretical
framework from first principles is essential to reveal the distinct efficiency and fundamental mechanisms of each
tuning strategy. To address this issue, we conduct a systematic first-principles study of three primary
modulation pathways—carrier density, biaxial strain, and substrate integration—by using linear-response time-
dependent density functional theory in the random-phase approximation (LR-TDDFT-RPA) as implemented in
the computational code ABACUS. A truncated Coulomb potential is adopted in order to accurately model the
isolated two-dimensional system, while structural and electronic properties are computed using the PBE
functional with SG15 norm-conserving pseudopotentials and van der Waals corrections for heterostructures. Our
research results indicate that modulating carrier concentration can cause the plasmon dispersion to follow the

characteristic w oc n'/*

scaling law, thereby tuning within a wide range from 0.45 eV to 1.38 ¢V at the Landau
damping threshold—a 207% change for the carrier density varying from 0.005 to 0.1 electrons/unit cell,
although efficiency decreases at higher concentrations due to the sublinear nature of the scaling law. Biaxial
strain linearly changes the plasmon energy by modifying the Fermi velocity (vr) near the Dirac point, yielding
a 30.4% tuning range (0.78-1.12 eV) under +10% strain. Introducing an hBN substrate induces a small band
gap (~43 meV) and causes a general redshift in plasmon energy due to band renormalization, while remarkably
preserving the linear strain-tuning capability in a 30.1% energy range (0.72-1.03 eV) in the heterostructure,
demonstrating robust compatibility between strain engineering and substrate integration. These results
quantitatively elucidate the different physical mechanisms—Fermi level shifting, Fermi velocity modification,
and substrate-induced symmetry breaking and hybridization—underpinning each strategy, thereby providing a
solid theoretical foundation for designing dynamically tunable optoelectronic devices based on graphene and its

van der Waals heterostructures.
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