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Photonic and Plasmonic Transition Radiation from Bilayer

Graphene

ABSTRACT

In this paper, the electromagnetic field distribution of a swift electron passing through
bilayer graphene is analytically calculated under the framework of classical Maxwell
electromagnetic theory, and the far-field photon emission and near-field plasmon energy
spectrum characteristics are investigated. Furthermore, the effects of electron velocity, band
gap difference, and photodoping on the intensity, energy spectrum, and directivity of transition
radiation are thoroughly investigated.

For the first time in the study of transition radiation, an artificial electromagnetic interface
with adjustable optical properties and resonant gain is introduced in this paper. The interlayer
coupling, field effect and pump-induced properties of bilayer graphene introduce a new
radiation mechanism for transition radiation. The frequency point of the far-field radiation
spectrum peak is found to be consistent with that of the optical conductivity spectrum of bilayer
graphene, suggesting a new method for detecting 2D material properties that differs from the
traditional Electron Energy Loss Spectrum method. In terms of radiation intensity, the pump-
induced resonant gain in the optical spectrum increases the far-field radiation by three orders
of magnitude. As for radiation directivity, the physical mechanism of better directivity caused
by increased particle velocity is revealed. In terms of radiation excitation characteristics, it is
found that the far-field photon is obviously excited by high-speed particles, whereas the near-
field plasmons favor low-speed electron, and the near-field radiation intensity tends to
saturation with the increase of particle velocity. At for the polarization of plasmons, the support
of bilayer graphene for TE plasmons with strong confinement is described in this paper
theoretically. And this paper improves the confinement of TE plasmons by 5 times based on
pump-induced resonant gain which is expected to break the restriction of polarization type of
plasmonic applications. In terms of electromagnetic regulation, different from structured
electromagnetic environment, this paper creatively expounds how to regulate far-field photon
emission by changing the optical properties of 2D materials, field effect and optical doping, for
example, providing theoretical guidance for terahertz light source and particle detector based
on transition radiation.

KEY WORDS Bilayer graphene Transition radiation Far-field radiation
regulation Surface plasmon polaritons Terahertz technology



BB T oottt ettt 1
|0 T = OO OO OO 1
111 VERAEST (Transition RAdiQtion) ....o.ooeeeeeeeeeeeeee e 1
112 U AT ERH oottt 1
113 T iR IEERAEET oo 1
1.2 THFTEEE N oo 2
1.3 BB TTIZR oottt 2
LA ZRTSCEERY oo 2
BIE R AT I e 3
2.1 HEB T IFIBEHTZETA oo 3
2.2 KUDO LI ..o 4
2.3 KK TRFR oottt 6
231 R R et 6
232 B IRAEFEII oo 7
233 BEALABIIFIL oo 8
24 BER LTI oot 8
O B L . OO OTOROOOOON 9
242 BETUIGTIIME oot 9
2.5 RFEZINTT et 9
BT BBETHRERERY e 10
3.1 BBIHIER (oo 10
32 HRHEIZIIRIB oo 11
320 ZJT A B I 2L TR oo 11
322 THFEZEAFULTL .o, 12
323 FEABFR FHIIETEIN oo 13
324 BIRIEFT oo, 14
33 HBEIZI AT oot 17
34 ZREEIINTT e, 18
BIUT B JE T BT oo 19
A1 BT GBI oot 19
42 FEMTIBUELEIR oo 20



A2 L BT oottt ettt ettt 20

4.2 R G B 1L oottt ettt 21
O S N ] N OSSR SORRUSTRRSUPPSRRP 23
FTHE O IE: FEETT (TM AR oo 24
5l B I T B T 0 Al oo, 24

5.0.0 T B T R I B R e, 24

5.1.2  TM A B I OB oo, 26
5.2 BB T oo, 27
5.3 T G B T TR 0 i oo e oo e s e e r s e n s, 28
5.4 R TE A T B T T oo, 30
R S N 01 N OO SO PR OTUUSUPRPURTRURRRRON 31
BN B T3 EE B EE oo 32
0. L T et e et eren e, 32
0.2 TR OB ) oot 32
0.3 BB RN e, 33
6.4 VFFEVET] <ottt et et ettt e et een e, 34
0.5 R B N T ettt ettt ettt et ettt et eaans 34
BtE T R T oottt rer e 35
Tl R TETTRIR oottt et et et et e ettt e et e e e e e 35
7.2 BRI I LIE I R T oo, 35
AR T =R e 5 5 s VOSSOSO PR SURTRR 36
T4 BRI B IIR IR oottt ettt en e, 36

TA L Bl e, 36

T2 T T S oottt er e, 36

7.4.3 L) BT TN TTAR oo, 36
BB R e e e s e s e e r e 38
BB ettt ettt et a ettt ettt et eeneen e 42
B0 TR e 43
B T L B 0 B 0 e et 43
B 37 2. SR AR A A Y B TR 8 7 2 e, 43

II



AEFUIR H R 2 AR EL T GBSO

1.1 ER®

1.1.1 E#E%E8+ (Transition Radiation)

VER—Fp R (AR S AE, JERARST (TR) USIE 1945 SE45 DURWFE A5 ¥
Vitaly Ginzburg Z#% 1 Ilya Frank ZUX 04 L, 78 1959 FAF R SLIRIGUEN . a7 kL
?T AR — A Bihigsh (Fling e BZ G 2 AR AR, T R LAR

LRWOTIE AEAE, 1wy Lot TR EE M . AT UME R KRG (Cherenkov
&mWWJﬁM¥LTWM@ﬁWﬂCm>—% KL R T B ORI EE, ¢y

FAGHE, noN R A, JEBER S R A R, I HLA & A I e 45 1
(Ieg e A 30, T AR SR R 5, 5 TR SE 3R R IR0 S 02,
DRIt JERAR S RTAE R B, R 2503181 XU A B - S  R

3T, R ST RURL ORISR, AL AT Ot 1) RS REE IR

LT st %a R Hy (W> T T RORAR S ) v RERL TR IR T A . X T

A8 H TG B BRI 5 RN G ] ) vy R R, Y AR, S RS R SIS A KR o El
TR R, U RRAR S BRI SOR A A R G U Dy R, 50 B AR s R 5 R
AL AR R E PR RS, NS AR R R TR TR 2R IE S

112 NEARERE

FZ D 3 1 AR RIS = SRR R AT DLIRAS VT 22 5 ARV o 0 B3 2 A S ) 1)
VENBRIE T eSS R G, UGS BoAT 2 VEARs UM XS RR I, DA KI5 1R H
TE % 2R U 1) H 2 AT AR, AT 2 ORI GK 2 T S A 2 A s 36 . g
I k=

WA s A 20 a] H Z4EA RIS A , 28677 W70y A-A HiT A-B(Bernal Stacking)
iR, Hori A-A HEB AL T WARASEY, A-B HEE WUZ A S5 T oNTRE, N 2T
S5 2 rh . Edward McCannl?212006 SE HY 1 250 1) 5 R AR A5 R 14 38 X2 A 2804 1) ey 45
¥, 3T JE SR Fi 3R T Kubo ALERAS H A-B X2 S8 (1) 2 1 HEL 3 51230, 1R SLG Hh 45 2]
FHIE. A FERA20R B, FE3e B2 A B0 RIFORS R LR b, SUZA S )17 B 22 )
DL I 2 10 2 7] JE P SEILAE 0.1 eV~0.3 eV Ju [l N2 nT i, i 7E ik b o 30 v] i i
W S0 27-291, Sk, B TR IOR AT DA AR VSR G 2, DRI B RO 24 8 A Ak 2t 1 e B0
5 g Bt 7 R A5

T XUEA SEMER G SR, RIS SHUTR a2 3 kI, sty
b R AN TR DG ARG 2 51 R BT S5 S AR BOoo AR B3 DL AT R 1) 2208
g 1B435T, B b, BTN RIBUR AR XUZ A S8R0, W PR 2 Mo B
PRIG RS R ) HOGH S B I T 110, JhE: T 3R 55 B ROt UK 48
AFOEETERAL T N A5

113 ETZHMRRESES



AEFUIR H R 2 AR EL T GBSO

HLT PR BE SEDLAE AR TR B ) 2 TR, IO 7E iy T L 1 5 4 08T (B
SR AN AR AR SR 7 R AT B T I T SRR R T A o
FRPEMOIR RS T, Bl T REE SRR (BELS) MHSIn s B 7 F IR I
AR, HEMR R P SR B 9 SCEILE D SR R RO AR A ) 4%
b7 S =

1.2 #IREX

M= F sdf (Bilayer graphene) FELZEAT 5245 (Monolayer graphene) # B A ML A1 —
YEAFBL B G SRR, AEE HT O 3 RS S i i i B 22 R DGR & 7= A 1
DG TEMR UG DL RO 645 2% 51 R I FEIRIG 53 55, Y WA BEAS B SIS BB SR 45 e it 1
—MEIREFE . A, ZARDGEUR 58 FE I HEF 47 7858 U2 A SR B0 SR A [\ i1 4k
Was, WONSTIUEE SRR RIS SR AL T 2% AE. R, YEPETAS RUZE A S IE BOR DL R R
#, A SIS A TE R 3R 10 55 B BT O P RE .

TEZ SO B AR SR T, BN IOR 2 A SR I 3R T 4 BT M 701
[RIATLERT L2 15 2R T, A A a) ek B S SEIAE R s B2 7 Il B A S — 2
RIBEFE . S5 A AL () AL A 53 RE A T SR R T ImD R o s BE AT 4, H2 ot G,
SEER AN A2, DR G eT e I B8 AR LA By ()0 AR P R AR S S i A
1.3 XEHRAR

ASAEBUE R EXUE A SR RINATIE N, BT 22 v 45 07 R A AT 49 1 it o0
A LA | T Re SRR, o T, @mig Ok ML S Al HETTRT TR L Al bR 22
BT BB S B B FRUN R R SESE0E R SR, A
SELR T Z4ERPRLA B0l AN i G AT AR SR IR 4R T o A SCE YOI
T IHT AN IR S I FEYE B, iR S R A T A AL
14 AXEH

5 — B AR T YRR AR S ORI U s SR S B BN H BRI AR
FIRZ A B K RE 4514 IFEE T Kubo MLERAS HHOL StE . SR =F A Wil H 7R 4A
22 ST P AE SR T P THD B TR TG RORFERR B AR AT TH 5 7 I fe 4
A 0. AEIE TR e HA BT, ImReiE . HNEMNER EEBRHNEA
S MG T SIS I R S HEAT TR O HE I, Dy SEBIRHR2Z 22 06 B AT DGR L sndRE
TR ST AL R BLAl s S5 LR ERAR I R B A . N R SR T AT TR



AEFUIR H R 2 AR EL T GBSO

F-E VWEAEBELSHHE
AT SRR A S80S NEZ, WHER DTNV, R SR AR R 0= A7 28
Wi B REAT SE A EAT IR, BETITA P 2 AW 3 rp 25 44 19 Kubo 2 ARG & 5 Re i LG 1Y
Mo BEi, A REAT A B IR R AR, BT K-K RARREIETFRERS, 8% 17X
JEASBGEES . V)a SRR S DL IO S st AR S MRS S AT IR . T A-A
HEBXUR A SBIGAL T AR, AT B E A-B HER U= A7 8806 -

2.1 EEARFEEHFEN

(b)

A 2-1(a) A-A 3 & BARIE B a,db A8 4kb; (D)A-B 3 E: RTFHEKIERL V1, Vs Vao

A U AT B (K96 S, AR U B A . A-B HES 0, f3 A B
=M AR, L2 A TS FNE B EooxMmE, Hihdkorr FENLEH -
EIrtnE 2-1 . (A-A HEEH, JZAE 78] L ——Xf R )

(a) (b) Ak,

]
]
:
s
.
A
3
.
3
\
K
3
\
{
\
s
\
3
-
d
j
;
/
’,/
K"
;
]
:
i
:
’
/

B 22 ¥ 25 EHdn A AA R R (a) B EHo< A dhtss (b) A R0 R K044 F K A=K
IR N R A SR AT T A, ST KARAIL 0L, A e
H=-t Z(al—,nﬂsbl,n + H. C') -t Z(a;,nbz,nﬂY' + H. C') +7 Z(a;,nbl,n + H. C-) -

n,é

n,é’ n

<
xkv

(2-1)

A E T t A § t t

7 (al,n+81a1,n+51 + bl,nbl.n) + 7 (aZ,naZ.n + bz,n+5’1b2,n+8'1)
n n



AEFUIR H R 2 AR EL T GBSO

Hop, AIPIERRE W B PR A GE T, t240h 2.8eV, e 2. 1 ®om b TZ,
BEIERRNE I Gy, (£1039eV), Zi%y; (£410315eV), y, (£10.04eV), &IEM
TFR 1 TGS 2 2 R

KPR al . (bl ) FoRIEMZWE A SBIRIETCA,, (By) MR KN A4 — N
T amn Cbmpn) BARELEMZEIEABIFHIEICA, (By) FInbEK—NHET. H.c.&
IR TR EKIEHE, Wal, , shin + Hoco=al ,sb1n + aynssbl e MRSRRIEN KN
SbFR A EE AR R T IR E R 2-2 7k, Hé; = —6;.

RIS B WL H = 3 WTROHY (k), REREY (k) = (ayk bop Gop bix), FE]
Fe 7S (R HE 25T 5y -

- 0 0 ¢ (k)
A
0 — ¢k) O
A= 2 X (2-2)
0 ¢ (k) ) V1
A
0109) 0 V1 )

Hrfp(k) = —tYselkd = —t Y5 e 6" LA BRI 14 Be s 45 K22 by B (0 A AE 18 5
XUnR:

2 2 4
200 =4 St gl + (-1 j(%+ $CI (v2 + A2)> 2-3)
SerhaRl B 1, 2, TERPUMER, e, (R FRAPIAEISIE T I B EAE,
ey () W T HTCA, HIB, 2 A~ (BRIEREy,), HIF 1 OIRA I R (7 8
WA SN AR KRR 4, () T LTRSS AN R LK R TF b (K) =
hopk ity = VBth/(2h). BANERIR, Y MR LRI B A Sy R
1090 SRS AR TR B ORI

2.2 Kubo H I

HE—, FT Kubo &AM, At A 806 o SR HHT R . E R G
W

A
z+— 0 0 d*(k)
A
0 z—— ¢k 0
Cl=zl—H= 2 R (2-4)
0 ¢*(k) Z—? V1
A
¢(k) 0 Y1 Z+7
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Hrz = iwy, w, = 1T@n + DRIKTRIES R = 0,£1,+2, ..., THIF/RCEE,
FRMEIET AL Grys Grar Gazr Gaar Grzr Gpgr WFR(Q2-4)RI, 15
(& —22) (A" +4y? —422) — 4lp()2( A + 22)
b1 = 8(22 — €2)(22 — €2)
(2 -2)[(a -22)" - 419 0O0?] 2:5)
8(z2 — €2)(22 — €2)
_ (22— 8)yek)
2(22 — €2) (2% — €2)
EB;'%/%GZZ( A ) = Gll(_ A )’ G33( A) = G44(_ A )’ 624( A, ¢) = G13(— A, ¢*)fEij
TR, TR HE Kubo AR H L Fo,s:

s () = Im[]_[aﬁ(!.(; +i0)] 06

Hoba, B2, ATELx, y, 2, ALK AT T A B (2 = 0B M\
G, 0,0 [lap(Q + (0) AR FRV- UL P 7 A2 (AL 7R, T AR JR 23 S5 1
Mapiva) = — J; dre™n™(T,J,(D)]5(0)), THRERH I, TAHEES T vy = 2nmT ,m =
0,41, 42, ..., Jo(*) = X jE(t, n) NHEIRELSF . ATHESE (r,n), i B /R 8 #1491 (Peierls

. . N S BR =t T f:+6dT'A . _ OH S
substitution) JHKIG W, , shin = Apig © byne Hjg,(n) = ~ ) it

G4-4

Gl3

ATE—INZMRIF R al ,, sbin = al e 7 0byy, FTLAATS:
ite ite
Pm) = — 72(6)a(a1r’n+5b1,n —H.e)+ 72(5')a(a;_nb2ﬁ+y ~He) @7
) &'
ST AR 22 Rt X ek A, A SR R T N, (k) = —e X W10, ¥, H:
0 0 0 vy
0 Vak 0
vor O 0
v O 0 0
il v = — (2) Z5(8)a 0 = T8, R, AL AL A

~ 0
b=\ , (2-8)

n(ivm) = esz f (Czi:)(z Tr|[9,G (iw, + iV, k) DG (iwy, k)] (2-9)

af ilwp
B RS AR BRBURTT OB AR KA AR H ) i eR 28
. - ' Aij(w')
Gij(Z) = f_oodw m (2-10)
TEFRATA FETT 1 R 2 -
4ij(w,4) = z [al-j(a, A )6(a) —€,) + al-j(a, —A )6(a) + ea)] (2-11)
a=1,2

BT (2-5), (2-10), (2-11), 15:
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—1)(@+1) A 2 A A
e 4) = ”%(I(?) s ‘ (122, #1003 +2—>>
—p@ g fay’ A A 2-12
“44(“'A)=(63Tf<l<7> ‘64 <1‘f>+'¢“‘)'2(”z>> o

—1)« A
a13(a, A) = %(1 - ?) Y19 (k)

€; — €1
BT .
o2 [ 2

~ dE ,
rap (@) =50 | SEUFE) = FE+ )] | s

Tr[9,A(E + how, K)DgA(E, k)] (2-13)
o -1
Hr, f(E) = (e# + 1) N K- Ik B 43 AT (Fermi-Dirac Distribution), kg N3
IR%5 2 H L (Boltzmann constant), p N # (Chemical Potential)o 4= s 454k T
FEIERRAS, WOCRBR T, B-Z5O e T HIR FRIES, &5 —PKEES p Muy, O
ARG, u, = —uy), FIFHAEPE D fing (. )EH £(.):
np(E) = 0(E)f(E — pe) + 0(=E)f(E — pp) (2-14)
HAg(E) N HALI K R % (Heaviside step function) . #F— 4L {15 2] A-B HESXZE

fwws=——f CUE ~ fE + )] 5

A11(E AN A (E + ho, A) + Ay, (E, A)All(E + ho, A) (2-15)
2A13(E A)AL(E + ha) A) + 2A13(E —~N)A(E + hw A)

Hor Ay (o, A)HIRQ-1)E Lo (AR IIE, HBTRR FAKL o B8 B 1 2
220 7 SR o o T O
1 7 1

) =— =2 2-16

Timp IR SE PATHG HIDGHE (Intensity-modulated photocurrent spectroscopy) SBR[
R TPt |, A — S AR RO BT st I 1A

23 K-KXH

R 5% /£ Kramers-Kronig relations:
20.) « O-SR (a) - O-S co
[
0

o5 (w) = -7 22 — o?
HorhP ARG FE . 4, A-B HEBEHWE A SR E SR H02-15), (-
IR S, THEITTFA RS R ILE 24, AT KK KRAHET.
231 EARE

(2-17)
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B HT R A S 5 B, D(6) T BABAEE (6) 2 ik R Gie(t) 19 b i
D(t) = [*_dte(t —DE (1) = [ dre(D)E(t — 1), 3L AHE S

f dwD(w)e @t =f dre(r)f dwE (w)e tet-1)
— 0 -

- o (2-18)
=f dw [f dre(r)ei“”l E(w)e it
— o0 0
SR LG X TR e T ot IR I, 72 X e(w) s
e(w) = food te(7)et?? (2-19)
0

FEERL R TR 0, 32 T R FAIL, H B RQ-19)AHEFH], e(—w) =
e (w), FrESSEEFIRESS, 7RE[:
er(—w) = eg(w), €, (-w) = —¢;(w) (2-20)
[ EE, XU [m) S PR A L R AR A S 50 7 DR SR AR T 24 5R T 3503 2 L HE TR o
BT AL, BRI E R, =0 - EMFE 5V x H = —iwD + ], + ] 13-
\7><I7=—iw[e=+éﬁ]-l?—iw§-l7+]; (2-21)
MIME, = E+i—, Bl: G EIEWQR-19)MIH R, R _4EH IR, 2946 AT H
%!17 EX'

g |al

oo

os(w) =f d to,(t)e'” (2-22)
EBL%)‘(ﬁ*%ﬁ%tBasﬁﬁ’EE%%Xﬂ%/ﬁas(—w) = 0" (w) Hos(iw;) = 05 (iw;)
232 FHRBEFER
Hog(w)E X, Hog(wg + iw;) = fooo dto,(1)e'@RT . e=@IT, o= @IT [ I G [T+, e!@RT

PRGN T AMERF AL 1 L3803 |05 (w) — oy | 2IEHOEEE 0, IEw B3
AR, X2 R T > OfE M B R

o

Cr
Cy -
7\
— & =
~R w R

A 2-3 45 K-K X 20985 %42, Ro> o, § > 0%,
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wﬁﬁﬁﬁﬁﬁm , AT VG E B
os(@-o,., » .
<§ﬁc da+§, da+P | ood(x)— =0, Hh: XWET, ba=w+oe®, N
8 R - a—-w
) o-s(o_r)—aS as(w+6ei9)—a e
Jim Gy da= = i, [0 =g (18) = —in [oy(w) o, 4R

" ogs(a)—o . o as(@)-o,,
T, )= 5] s, Eﬁ da—w—O: 3: ?f_wda—w

E.;FIJ)EHO-SOO:O-SRW’ EI:I: SIOO:O’ )I_\”J:

—im [os(a)) — asw] 0,

g5 (@)

1 oo
o (@) = 0, = H(oy(@) =7 | daZD

(2-23)

os1(w) = _}[(JsR(a) —o-soo) = _%:Pf_oodaaSR(:)_—wsw

Horb, MR Hald B ol 7y R A4 A e . BRI AR T 2 R AR R 1 i S
WS B IR AR, BN K-K KA, HACAA U RA IR AR B-F 5 I AR R AU
i IR AR AL

2.3.3 Ak LaSHnE R
FESR ARG S, T 3LBE RR M R 20, AR B k58 T U N o (—w) =
05" (W), Bl ggp(—w) = ogg(w), og(—w) = —og(w), FETR AR BEAT 4 (BEAR

B (o + @) I FUTSEHORFRYE (SR MEEL, AR AD): 2P [ da 29 =

(? [* da “"5’(“)+“"’S'(“))=;? [, da 22, 45

w2 a2—w?
2 © . agg(a)
asR(a)) — 0., :;fpfo am (2-24)
[ AT A3 HAHE T E0(2-17)
24 SRR
(a) (b)
: : ‘ : 5
5 e -
B ko
< >
T ©
3 g
3 3
-5 / . . .
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
frequency/eV frequency/eV

B 2-4A-B AR EE EWHAF. o0, =e?/(4h), T=300K, &-FE#KEn =10/2n)mV, IExTHF R
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A =02¢eV, (a)BFZERE KR, =, =03 eV; O TFHEATEEESU, = —p, =03eV.

241 XZBHS

W 2-4(a)Fw, DA THRZEA £, B4 A-B LA =G ESMN IS EH FTF 0.2
eV WREN, f£hw ~ v AERWE, FTRGME W ZEy, THT A RFE,
fEFZ IS Sy, FFERS WS, IF FOR ISR 58 Bl heo + %75 TEGHUR G IR 1
BB, T A S ho S pp — pp, BAEy, T FIRBETIIRETE, 38 276 R
m EEOGFR, 78 A AR E R IE TR o .

242 EREBEHYMH

B JE 753 K% Tony LowBI#EEZXT A-B AU S8 )d 06 TR A o — BN TS R IATE

_ . ghe2 f(Enk) _f(En’k’) I(anklﬁalan'k'nz

0aa(q, ) = —i dk X -
(27'[)2 Enk - En’k’ Enk - En'k' + hw + n

n

(2-25)

Hrhg = gsg, NTTHEE . IERIFF SRR FF IR Wop NIEREL, Eg NEEE AL,
Al X AATE R . 1 = h/t,, T N FITEE . ANFEIIE, ASCE]NESE AR R $ A 3k b
o PR A 2E R T R IR U R, A 2-4 CRREILED 5 Tony Low ZU% 1
TAEBST CULPHs% 20 CRARIEED ZE475%F B as ik & 3

SIS R A2 2n iy, WSS, JRIEIEE Y “BElE 7, MEEH, &5
— 8, FER Ty, EHEBERE EEME, BT EMERERE T35 H K-K KREBH, X
B TR MIZERRE Ty ARG R B 2 . JERRTE T M BT R TH e GBI 1k
T AE, MHZE 2nfs (ZF 2nfE R, B—FA KT E Tony Low #HiZ %
BZHEH T, @I HSCERE33 b X E A S 6 2 K, BAR Tony Low HURIER T
AFEFIBE R 8, BHPERREEIAEE ). [HERIEML, Enkihe, —F&ZRw LA
W&, ASCHCRS AL T R AR A R "R, HUnEokrl, FESIAHRERE.

Fob, PR E AR SR DG TR & RBUNIR I (0.2eV 240D, BUONBIR MR
FEFAIIRAEAE S

HAF VA2, BARA ST 5] ANAS AR R EON G T 1R E XA, HiEE R
fE B RAE RIS . WEERHE FE R FRILPORE S K 4x4 FERERIXS ik, b oig R
BRECAE R 3 AN TUER SRR, THEERVDN TR R
25 FEN

A B VEA AR G0 T Kubo ALERAS HXUUZ A 5805 106 SR . & R A B R4
RIS RE T 4504, AR Kubo A3, FIFIERITETES HOL S8, A A
F K-K 5 2 DL SR SR A5 H IR ARG ] N DG 3 R0 o d e XU A s 0 06 b AT 404, It
Had it bR O R RBP4 A SOE SR T S, I FURE 5 B — £ DA
.
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BIE EHHEEIER
AR A RO A A OSSR L, A5 3BT ROR 1A S AL A1,
HETT A 57 e v 7 5 e U AT S R Y B . PR P TR IT, 2 iy
I 5 6 P RN AT A3 55 VN F AT SR A

3.1 EFhik

B 3-1 A TER: &FikEvdE AAS 2D A AB RREES Bh (2 =0F@) AL AT
Failt 3 & B 5 B .
wEl 3-1, 57 (BATENg = —e) DHHEHEvE ATz = 0K H-F Nos(w) K
A-BXWZEASEM, M1 (z<0) A2 Cz>0) PIAHXHES ZAFNAR XA B B0y
AUy 1s €My 2y €rgr BTWE TR Uy, HTN AT E e, BiTq ™ ERRIRMEERN:
TR, 6) = 2qus(x)8 ()8 (z — vt) (3-1)
M IZ BN s, R XTI AR S, R B T PUEIs 3 U7 m s — 1w, B
PUKt, 7 ARSI R Rw, k-

10
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]_g(f; t) = fd(l) dl_C _I—lelw(z)eiﬁlﬁ_—iwt
E 'F,t = w _J.E_'E © VA e'_J._J_—' _
( ) do dk J_,()lkrlwt 3.9
H(T_‘, t) = fdw dl_(lﬁkl,w(z)eih'ﬁ_iwt
Herft, ky = (kx ,0), 7y = (17,0), RS
y y

Re@= @n)? f dtd7, 2qus (x)8(y)8(z — vt)e~keTitiot = 3 (22)3 eV
3.2 EBEEIAKER
T EH A M B HELE TS, MR TEMA R (D =€eE, B=uH) H:
VXE =iwuH
Vx H=—iweE +]

V-H=0 (3-3)

v.E="2
€

% Eio@ = (B2, By (2), E.(2) » B, = (00,E,(2) » Es = (Bx(2),Ey(2),0) .
Hy,o(2) = (H (2),H,(2), H (z)) H, = (0,0,E,(2)), Hy = (H,(2),H,(2),0), AL
Sh “HE, H RH B &7 B, 1o E s RS ANE,(2), H,(2)i
SRAE o

321 2HEEZBELZHE

277 A1y B ZE AR 28 7 R T e B T AR SR e R, R R BESE RV XV X 4 = (VV) -
A= V(- AFFPALE T REEE, (ENUN R EE,, H, 585 EE, H 1R
R, PR R, HEHARETFEN:

o\ L
(vs + za—) x (B, + E,) = iwu(A, + H,) (3-4)
9

(v +za)><(H +A) = —iwe(E, + E) + (T, +J.) (3-5)

Y N R = P G

9
iwpH, = Vg X E, +ZX£E (3-6)
o _
—iweEs + J; = Vg X H, +ZX£HS (3-7)
iwuH, =V, X E; (3-8)
—iweE, + J, = Vg X H (3-9)
(22 X ) IEFIFRG-6), I EG-T)H %2 x - Hy B —iweE, + ], = Vs x Hy +
1 ,_ 9 N D = n =N A ra

il X5 (Vs X Z)+(mzx )(ZXZES) , M 2Z2x(VyxE,)=VE, M 2x (Zx

a
Eo) = —ELFIfIE;, EARNG-6)/H, WT:

11
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. 6
iwp(Vs X Hy = J§) + Vs o
s = 3 ) (3-10)
W + w-ue
_ —iweVyxXE, — 2 X Bz s 61-;
H, = . (3-11)

%+w ue

B, ACAEEN T AR BRSBTS B RRG-10)5(3-11), 2 BIAAG-S),
(3-9)1F277 I) 775 R ) X W 285 72 -
0% 2€ Jz v/ 6_]_5

<62 )\ (E, |az2 Heliwe ™ ' "oz
+a),ue+V>< )= 9 - (3-12)
0z? H: Vs g
oy

HJs = 0HIH, = 0, [EARERNZ, M FH, RAF IR, RE0TUBUEEE,
HY TME— e TN EE, H SRR SNBSS A ) — MAE R L (TE
B RN, FTLAH, = 0. XE,, MX@-2)FHEEIA: V= (ik,, ik,,0),
M, BT E, il /2 1 X O EE 25 5 2

A 2 g = laer (< 3-13
azz z C2 Ur€r L z (27_[)3 UZET,U.r ( )

i /
Egm :—qa el( nHm zﬂrmfrm kJ_Z (3_14)

wey, 2m)3 ™
EFMERNFmAP ISR E, Uy €pm T BN TR B m b e T 5%, ARXS A
, miHLL, 20 (—1)™AH 7 HBBBALRE TR, N1 (z < 0) HEi—z07 afeHE, i
2 Cz>0) HEi+z0 mfEHE;
AR T IR S

FAR BN

2
iqwp (vzi o 1) "
T wz ele
(2 (Y ey - k2 - 27)
E N q R AR Y, BIYIMG R IR S 1 g .
32.2 Lﬁ%ﬁmm
T VE R SR R ay,, HIARLIULADL (BESE) 15k, = ki, =k, B
=-2, ﬁ AX (Hyp—Hyq) =0E  H (B —E) =0 (BIAX (B, —Ey) =000 55
APk, FHARMV= (iky, 0) 8k, MEEENA(V x Hy) = ik, - (A x H))f8: V-
(B, —E1) = 0H(V X (Hy — H3)), = Vs Eu,ﬂﬂﬂ%ﬁ/ﬁﬁiﬁjﬁiéﬂ?%ﬁ, ffz = 0:

d (], Jz
— —F E 3-16
0z (iwel Z’l) 0z <la)62 Z’Z) ( )

. . (]
(—lwelEz,l +]Z) — (—leZEZ'Z +]Z) = GS&(iwzel — Ez,l) (3-17)

E} =

z

(3-15)

12
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N — ,
/ft)\EZ 1/ Ez 2!]2 ’ ﬁn _‘{jﬂ\ﬁ?ﬂjiéﬂ—‘”:af
v k v? v k2c? k2c2
T e (Erz €r.1) K — ety 7) mjfrz (” anz—#ﬂ
a; = 2 k22 kZ 2 K2c2 Kol 2oz (3'18)
(1_C_er1+ :) ( L0 >[T1JT2 2 +er2\/r1 J_ +a €r1— :)2 '\/Er,z_ ;Z:|
k 2 kz 2 k 2 K22
% (Erz €r1) [(1—32 €rz— Z Er, wg >_ﬁ‘/6” < (1+ Jem— (ti >]
a5 = o€z — €1 (3_19)

PR (oo e o e B
B UL BH () 2 EBﬂ:J;ijJEI’JXT M, ay 5a i€, © €15 Hpo © lpys Vo —VI
SRR R, fiffa 5B AHER R Ha, .
323 HAFRTHIZERN
Z G Hw, ky BE,WENTRE, ARSI AR, ATA3E g, B
ER, (F,t) = if dodk, —I__4 ei(‘l)mx](g_zz”ﬂmfﬂm"‘izeil‘clﬁ—iwt (3-20)

wey (2m)3 ™

Ehfdl;l = fozﬂdefoookldkj_a FJ_ = (TJ_COS(l),TJ_Sind)), I_CJ_ = (kJ_ COSQ;kJ_SinQ)’
AWNES
Ef,m(r,t) :zfda)fo dklmamel cTHrme fz-iot
2n (3-21)
f d@eiklrl cos(6—-¢)
0

A — 2 DUZE R R 0RA 73 5 AP foz“ dBetkiricos® — oqp (k1) LA @Irjiets
X, AgiHg =0, 18:

((_1ym fw_z 2
ERn(t) =2 f d“’f ey —— 8 a (2o (kr))e T eErmerndaior (3. 59)

wEe 0(2 )
A Ja) @R A X FR M, TEAE AR KR (o, ¢, 2) FRINFTAE &=, LA (3-10), (3-11),
ppd O
~100 — 1] 0 a 3} dJjo(klp) E
MAV® = p +¢;£ sxH=212 55 &l ]d—[f:—klh(klp)’ (EE
H, pHy H,

_ re < iq .
HR (7 t) = qbf_ooda)fo ko_mam(_weofr,m)(lznfl(klp)) X (3-23)

. ’wz .
i(- 1)m-< C—Zur_mer,m—kf_>z—lwt

e

—— ~ (7 © L iqa(CD™ w? .

ER(F,t) = Pf dwf dklm —5 € m — k3| (i27]; (k1 p)) X
—0 0

C2
2
.(_l)m.( @ T’m_k2> it [ o i (3-24)
¢ czhrme *“”Hf dwf i, — 2
0

—_—X
wey(2m)3

fo_a\m., (1)_2 2 s

13
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Hl, sy € 73 AT AR Em A S R AR L H, meT B 1, 2. [FJ 3,
SRIGVMERERGEST, VR AL e

iqwu (C—Z - 1)
El(Ft) =2 f do dk, — vierih — eiv7gikurLiwt (3-25)
(zn)S( rhre — k=)
41— e > 0, \/_ A RUMC B R4 5 s B B %), B

PR EIER, = = Vi€, |1 FEM s, AE ORI R, N ERRA A
R, WIS R AR IER 0 4 H&Liﬁﬁﬁﬂmm SREAE T/ ig .

— _ R e iq (4)2 (,L)Z (1) wz (UZ w .
HTCTI'l(r; t) = p foodngc_z er,m#r'm - ?Hl p C_zer’m#r,m _ ? elUZ w (3-26)
— _ > q .a) wz 0)2
El(F t)=p do—2T  (;ZY £, _wt
m( ) P f_w 87‘[(4)6067«'7”( 1]) \[Cz rmMrm 2

2 2 b 2 2
1 w w i@, . —q w w
Hi ) <p\[cz €rmbUrm — 172) e v T + Zf dw STwene <C2 €rmbrm — vz) X (3-27)
— oo 0crm

2 2 w
(v w w i—z—wt
Ho P C_2 €r,mMUrm — ? ev

E,(Ft)=EL(t) +ER(Ft), H,@Ft)=HL(F )+ HR(T ) (3-28)
45 1(3-23), (3-24), (3-26) » (32NMIB-28)3K, ASLAFth T AT 445 B -
324 EFRIEFS
WEER(3-23)-(3-24), ke WSHSHRY . HORREE (1 - S e, p + kivz) (1-2de

w? w2erpy
2 ) ’
c _ kic kJ_c Os kJ_C
v2e ) =0, ler,l €r2 — w2 + €r2 6-1',1 - 2 + o 6-1',1 - €r2 — =0 &\
rir w

7 EENO, B EEEX 15‘30\5&5%6’]%%3!3 Fi @ﬁzlil g fERF IR I R AR 42 b
R BUE KA - ﬁuééﬂﬂﬁﬁf%ﬂiﬂEEXﬁ A AW 5 45 2 BT 95 AR ATE T i (BT 98D

RIF. CIRE N el R HS" (K o) 2T BLERAE AR N2 HED (k) 10T T

eikzlzl):

thr k,
—=- f dk, Pl L HM (k,p)eizl?! (3-29)

Hrpk, = [(k3 —k2)-
BEAE AT A(3-29) B B 151 (3-25), MHEAERENFip = po» u =1, A:

e

14
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. c?
g ” MoK (F— 1) © (2
Eg(f, t) = z“fda)f dk, rhr > elyz—lwff dfeikLp cos(@—¢)
0 ) 0

2
@) (Sruve, — 3 — 2
CZ
<v26r.ur _ 1)
C2

v2
2.2
kic

—— —
w ET#T

(27Tk_|_]0 (kJ_P))

= 2fdw ei%z‘i“’tfwdk ‘q :
0 L weye, (2m)3 (

2
Vo€rlhy

X iLyi “ iq k; k.
= Zfdw e’ lwtfo dk, wege, (2m)3 'kzpq (ano(klp))

ik, = (w—z €

cz2 T

=

kqul

2
—(;)—2), 2SI (w, p)—f dk,

(Zﬂ]o (kip))s M

=q (= A i2z_iwt iq
E;,(rt)=2| dwev

wey€e,(2m)3 SHw, p)

k3 k
kzp qsz.

WS (w, 1)) = f dk,

(—DHP (emx) = HP (x), 13-

n[H (ke p) + HP Ue,p)], HIUS AR B HUR A 2

co

Sl(w, p) —f dk,

k2 k.,
—kzp mpE (3-31)

Mk, € R v > c/\e, TESLHIKk, = tk,  AbF= AR AL AN BT AR RFESS -
Kog = Kpqr +ikpqrr Bk, qrikpqr € Res kyqr— 0%, BRI EARWIE 3-2() 7R

nH (k,p)

(a) A ks (b) A Ky,

k

+
°

PAa

b

>

0 \ ki r
Integration Path in
lossy medium

v

Contour for
analytical calculation

© A iy, (d) h ki,
C Cs +k —k, Cs C;
S - . i >
) >
—kpq 0{ (2 kg C,

\

Sommerfeld integration path

o . o

Physically wrong
integration contour

A 3- )% & RIERHP84% (Sommerfeld integration path, SIP ). (a)H FIEN9 AR 5F442;  (b)F FAENF)

8RR I IRAT R
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T H ey )6 B Pk, — oo 2R CHH (©)~/2/mE exp [i (€ -
D), g o o), MHEI, CokIA LB 0 AT, HIE BB AT (o) R AR,

KGR TD, CB R K BHG (O~ —i=InE, £ - 0), ik, = 6e973
Jo dky = J;T iBei®dep M AR A tH Cs LR BLAr 9 0, ol B M 2

wan-[(].

= (2mi)Res [+kp’q]

k2 k
dk, + f dkl> kz"'q klz nHél)(klp)l+(2m')Res [+, ]
Cs 17 "paq

k2 k (3-32)
= (2mi) 21—

(1)
Hy " (k

kJ.=kp.q

= iﬂzkpz,qH(gl) (ko.qaP)
FRNG28YEES(7,0) = 2 [ dw """ — L in?)kZ H (K 0p) O

weger(2m)3

Y (= —q w? w? w? w?\ o,

EAARAG-10 AT15(3-27), Z AR A3 R IHE R T VIR REN Y, 5
SRR (T RIT) KA ESR — .

LA T ER (MY BB [~ dk, = Jo, die+ [, dky + [ dky +

PV [ dky, Crv GRERETN, MBI H@NEIER, %3205 ©R%5NN,
KA G-33) M B IV AT (v < ¢/yer LIRS, (AT R A1), AT
()t — R RE B 2, (R IR 3 T 9 H Y <—p /“’—e—“’—> oL B
87 193K (Incoming wave) T4 (Outgoing wave), 7N & R AT 1,
EEIAR.

(@) A (b) A

kl,l kl,’
S +kio —kio O
|- ry ;
= ———§——» —5
k1o 0 kiR 0 thio  kig

Natural material Negative index metamaterials

B 3-3 £ RFERSHKIZ, (a) A ARy BRALEZ, W RIRH L& RIERFEMN, O)RITHEHE
NI AR A2 — = S PR
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ABURSTRAIOR, BRI (S e, — k2 —25) = OUEBEA B CREBHD), 74
B BT BASR P SEARATAR (AR T B 0 P B M B AT AL, (ARt
AR IR BRSO B, AR IR, AT T A
ZRTHR A ROR. DUZORTEE LRGN0, R F IR IR B
33 iR, ARk SR,

3.3 HBHSHSH
X 15X 2 RS H e, = €2 = 1o pry = Hrp = 1, BT

T

a=a, = —a-, =
1 2 12 kJZ_UZ o5 sz-Cz
(1—C—Zer+—w2) 2€r+—0 & ——5—

ATARLROAEE 2 g (47.1THz) SWRIE (96.7THZ) ALHIRo- A, BT 4G
R~ A

(3-34)

- @
\:;)Bf_gin equilibrium
S =2

4

96.7THz

2

96.7THz

0

-2
H'x107(A -—s/m)

()

-4

“BLG in equilibrium

47.1THz

-50 0 50
X/um

471THz

A 3-4 XMEMEG A, BTFREH09c, NEREHAHER 2-4 —3L. (a)96.7THz, FHAER
B% £ (0)96.7THz, RSAREL EH; }(5)47521}%&, FRERES M (DAT1THz, LA
ST B,

Gk, RSO T BRIV, SRR T 5, R th eI 4
& CLHAEH 3506 47.1THZ &) TG 380 B3R T VA IO A 3R, 15 ANG590 12 P
[y, 30 R BRI (77 T SRR , A — 25 XA A R AT AL
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3.4 EXFPT

AR FIESE T DURPELF 245 F Vitaly Ginzburg ZURTE 1973 FEUHE H 1) B4R 5T
H— AR, R PV T B e 20 H R Sy B AT A B, 31T DL O3 2 A b SR A5 ke, =5
1],k (1 FL 37 70 A o

AFIRE, A SC AR R F A —E SR ARSI OB RN L R ROUR AT S AT
B4, I HTEGE— DX Zs T FE AL bR 2 B 38037 A S B 2 (] i G =, 380 2R R4
ERG 45 H B B o AN, AR B ER NSRS 1R r 7 B A U3 9 ) o) B EAE
I H ARG 1 R REAR S An TR P R FEAR 0 X AR 0 AR s AT LakE I BLUIE LR
TR B, BETHR AP T TR A & ZORE BRI TS T UM RER AR S 3
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EME E: ETE
%E%%ﬁ%ﬁ“ﬁ,szﬁmme K2 Sk, > LVER, K RAUEEL &
RESHTE275 TR ik, < Ve , AR AR Y T A 5, AR 0 T

iz iR R AR A Jﬁy‘ﬁ?'ﬁi@ﬁ Bt RRAEk, > > Ve A THI TR

RS, B /NSRS e TR S RE R SR N EUME T AR R S
SE Al

41 REEBAIESHEE
SESUER CRTFD BEEA N NU, (0,0,B8) (Uy(w,8,B)), ke
+oo +co 2n
W, =f dow,,(w) =f da)f doU,,(w,6,B) - (2msinb) (4-1)
0 0

Horh, OFRRB R GHEEZTTTARA, BRARA—MEEv/c, o NAHE. LU
BRI, E T R R

t— oo t— oo

W, = €. lim | dF|ER(F, t)|? = €, lim dﬁf dz |ER(7,t)|? (4-2)

LR, < 2y, HIRURERRA, Jf MBI, PR R S
L ﬁiAr»wﬁﬁK%HHTAD%ﬂF\’@%E%%%,ﬁ%ﬁﬁﬁ
S oofif, HES L B U A A, 5 A ET
4 44 (3-2) 2P T B T 2k

EF DI =€, [ f dw dk, g, w_l(z)e“hfriwt] : [ f dw’dl?’lﬁgi'w,’l(z)eikifl“"“'t]* (4-3)
RNTF@-2), 5657, By, FIF [ dieRar-kife = (2m)2 §(ky — k) 145

W, = (2m)%e, f dz f dw f Oodw’ f dlELEERMl(z) [ng,,l(z)]*e—iwtﬂm'r (4-4)

Febr b, faR(4-2) 30N (4-4) T B H I ZE FL R E A . AW, Wy =

Wi+ Wi BWES ,1(2) = —a ——— A, wal mzﬁkﬁm 4), JetfztE (=0, +°)

weq (2m)3
1)
B, SO0 —y) = 252

f @)

Ve
> P L S er K2z
.f dze Nererkiz Yoem|sw-w)—=| @45
1 kit
w2e,

RN (@4-4)15:
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5 k262
R R e *6)
2 2
Vs(—i (;)—Zzer—kf_> ikJ_<—i ,(g—zzer—ki>
EB j_:t(3'10)'/f%[‘: Wl,J_ == Wl,Z . ; . 7 = Wl,Z . kJZ_ = Wl,Z
(z_zer_( (Z—Zer—ki>
2
(I{(J;_)T 67« - 1)7 D—\IIJ:
e _ qz " w? c kzcz
Wl.J. = Erf_oodwfdklmlall @Er \/_ 1-— (4-7)
NIIRZEEE
w? c k2c2
W, = d dk, ———— 2 1- 4-8
1 €, f wf 1 2 2 (27_[)3| 1| kzcz T\/—T ( )

HiZk, < ;\/a , ATE Xk = ;\/e_r sin@, fXHedk, = 2rk, dk,dé, ?‘—E%IEM-S)?%:

w, = f o f " g @ cos Olal” o sing) (4-9)
A 0 4Am3€e,c sin? 0

fE 25 LA (4-1),(4-9), f:muf:mﬁmajj

g% cos? 0 |a,|?

GT
Ur(@,6,8) = 4m3eycsin? O (4-10)

Em:ﬁ@tpfr,l =€2=1 =l =1 RETFARE A : Uy(w, 0,6) = Us(w,0,p).
A
2m 3/2 2 2 2
cos“ 0 |a
wy () :f dH q la, |
0
AT RE B 1w, (0) = wy(w). BREEN: wlw) = wi(w) + wy(w) = 2w, (w)-

4.2 BRITRBELER

21 sinf 4-11
4m3€,c sin? 6 (2 sinf) ( )

42.1 fRITER
—Q ﬁ~sin29-%
L E0(3-18), (3-19), a(w,8,B) = a; = a, = =Pt ie, sin? 0){ 26+ 25 ey, ?d)
B-sin? 0-25 CEO -~ .
(1-B%€, cos? 9)(26r+cgf]\/€_rCOS€)’ Jﬁ (4'10), ~:
2
3/2 2 cos? B - sin?@ -
q-cos< 0 CE
Ul(w; GPB) 4 ; 28 05 (4-12)
m3€qc sin (1 — B2€, cos? 6) (Zer n E\/E_rcos 9)
0
LSRR
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3/2_2p2 | s | 2
&' q°p |a| sin@ - cos 6
Ul(w; Hlﬁ) = A3enC ' 5 ) Os
0 (1 — B?€,cos?6) (Zsr + E\/Ecos 9)
0
3/2 22 | 0s |2 sin? 6 - cos? 6
_ &qa°p |ce0| . (1 — B?¢, cos? 6)?
= 4m3e,c (2 N @\/_ 9)2 N (&\/_ 9)2 (4-13)
&+ g, VEr cos ce, VEr cos
3/2 5 p2 | 0s |2 sin? 0 - cos? 6
_ & 4B |C£0| (1 — B2?¢, cos? 6)?
B 4m3e,C

[4£T (sr + %?’S\/Ecos 9) + |CUT50|2 cos? 9]
11 L3R5 B S AR 506 % S o A S, T (%2 VB cos6) T,
O e Wi, YR 53BN (BT SR SO 5 R IR,
AR DR TR, A AT SR AR

U’SZ

cegg EQ N

4m3eyc-tan? 19[4(1+UCST'(‘;2 cos 49)+|C"Tf)|2 cos? 9] ’
Off, MIGREE LTI K. Bk, k3B TR, LA imstraimit i1
IBTT IR ARG

422 BESEEY

T, KRVFEEUK AT fE X I e o R 5 € PRS2 o U SR AR AR S an T ] 4-
1 fzs, AXMERH, FRSTREETTI: JGEUR E REN LL-F S I AN E R, ORI 9%
TR R SE MR BEE S IE R, BRI ORI 16, 5 E R RICH
AL, (HEMAREEBRTLLE H, SRS 0 E m) PG 0

(a) (b)1 ; . L . (C)O-:w

q2|

*%%i&; i—/lﬁ e 1EH‘, ﬁ: U1(0);9.,3) —

BLG in equilibrium
Pumped BLG

» (4
v/ic

Energy spectrum w(w)/(J-s)

Angular energy spectrum (backward) x10-2°(J-s/Sr)
- N w

;i 03 . . .
20 40 60 80 20 40 60 80 0.2 0.4 0.6 0.8 1

8(°) 6(° vic

B 4-1 TAESE A 47.1THz, RE & B A4l 2-4 RIF—5, () F#r& e EHE@ A (bl
KGR BW G @) Ak, (o)fbit&E.
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5Y8h, ARSI, SR, TR T IR A A R A
SO MZAT BT E (RTHIR A =02 eV 4h, SHSTHiA A BIR 45,
H: 7=300K, HUHHn = = =22 meV, W¥Huh 036V, 55k, FlRIEH B
At = —pp = p =0.3eV.) Hrh T B (11 F B FOIHEL A SURE JUBEIR (LB ¢
1):

(a) (b)

1 m— 1

0.9 0.9

0.8 0.8

0.7 0.7

v/c

0.6 0.6

0.5 0.5

Photon energy spectrum
w(w,B)x1020(eV-s)

0.4 0.4

0.3 0.3

0.2
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

hw/eV hw/eV hw/eV

@4aﬁii%ﬁﬁéﬁ$,ﬁa%%%n@iiziﬁ;@ﬂé%%&zg%;@%ﬁﬁﬂé
M.

0.2

M 4-2 HRE, S RE R U AN NUZ A S5 0 3 IS RIS (0.4eV b)) 1Y B I
(0.5eV 4b) PR EFIIIE (0.3eV Ab) 5e4——XtM, WEb)FE 0.3, 0.4, 0.5eV 4L
g, FE(c)E 0.2, 0.3, 0.4eV AbMeitig, 5K 2-4 5808, I HAEME Lif—gxf
R FR. B, IXFERIFESHLE Dy 4R SRR R R i A ) RS FE, A
[ 7 EELS (HLFREEIIAGE), A5k EEHzg e 7 s T, 7 Higd e 7
AT IS UG, 3 25 b R P2 AR I 3, IX 51 3255 B WO A W e e Ak 77 A 35 RE R AL 1
A—HOFHid &k 7FIN, RTREEIEREMIT R, X755 RN R E S —
W5t

Fhh, AMEFRW, EREEREE T, AEEMREEN ST ZEE, M52, &%
B B i BB s K T, B IR GIEUR R IRUZ A 320, BUE SR AN [ FE 7 [
W 4-3 7.

MK 4-3 ATLAEH, 4 5%EE 0.85¢, 0.95¢, 0.98c, 0.999c [ TR, (ERUKIE
FERT, W37 WP TH e R PE AU B ., (EUR A S R 3, WA s Bg n, S B A,
ST PR AR 1 2 AR T SR, U B BRI R AR S e R, JE T SRR
BAT R IHT 5.
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B 4-347.1THz XA EL 2 AR TR AT 6990, (a)-(d)e Tk E 5% %4 0.85¢, 0.95¢,
0.98c, 0.999c.

43 EFPT

REAEE =R T R R R, PRSI R EF
BB RE AT R, S VIR A RERE IR R

ARFRIL, AEXREABIGSZCHOATE, ST FVEE W AR, HEETE G LM
ANECE L . I HLRE TS I (R R A 55 D i R WSO Ue | 5 R U R Rl S M M1 0 2 — — X LR G &R
N SEBLE B T AERTRHROG SR E IR TN 5 B ST 5 Ot 58 AN R AR G T e AR RO
(EELS) HISEILREHE . [, X8 RASSCER R 4RGSR BT %, 2
HRT g b R S B CER N T VRARI IR ) o AR, S8 A AR T 3 B A, #87s
S LT RE S IO R SRR . T A ME SRR D T RIELR 5L
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FRE iy FEHT (TM#)
AREAER, < Ve A TG GRST, 55— N IR IR ) T™ L
ORISR, LU A A e AR TR Eofs el i Bl B R R — Rk G 3 B R

B0, B /N E AT TM AEAE B HOT R I BOR A58 5 GREKIRID); 3=/ NiE It —
£, REGHUKE B AT s 4 TE A8E B I0c 2 e B SR«

51 FEHTEESSH

WA SR B WoT AT BEW T IR IL, RIS RHIAE, ¢ - i, 55 %‘Jﬁﬁﬂﬂ‘
V2 %EéﬁiﬁE’J%‘ES—;EU%?%&E%%?%&%E’J%‘EE RIBWOR S BT IoT i B RE &

t
W = lim dﬂf dzf
)

+HR(F, t) -5 BR(r t') + HY (7, ) -%Ef(ﬁt’)>

_ Jd _
R, t") -@Df(ﬁ t") +

(-1

HAFERENE, J::EQEPkl > —\/_ R F YR AE 2 07 F) Lo et i, RGeS
I REE IS, R TR 4R 8k 4-2) 2Nk T8, F B aR@-5) Ao, B
TeAe i X 277 AR [ dzi S (w — ') T

H B, RS-DRIERG, 1) - -2 DR, ) AFe, [ER(F, £)[2 % 1AM € Ity 2 5054,
TERBEIEA N h = FHE N (5-1) TR (4-2) U — e 2, FETL BB Rk T
i M (4-2) 70,

511 FREHENPRIETER

RNTRBEN, APz mdBgaeE, SERG L) - DR(T tWUAG: i
RARKGS-1), FIHRS SRS ERREATK, ﬁﬁlﬁ?ﬁ%w s -, k, Sk, B4
XPFRA T, B

ER(F ) =2 [ f d(—")d (~kDES_ o 1 (Z)ei(_’_fi)r]_—i(—w')t] (5-2)
yeialii]
tllmfdﬁf dzf dt'ER(r,t') - DR(rt)——llmfdrlf dzf dt’
[ f d(—w")d(-k}) Z’_w,,_h(z)el(_kl)ﬁ_l(_ @)’ x
_f dwdl_(lez(z’ w)E—f,wﬁl(Z)eil_ﬁ_ﬂ_—iwt ] [f da)ko_ zwk) (Z)eil_CJ_fJ_—ith:I 5
' f d(-)d(=kL)e,(z—0)EF s (2)el-Kri-i-o) ]}
FIF [ diekeri-ikifs = (2m)2 §(ky — k), R(5-3)MLHIN:

(5-3)
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llm2n2f dzf dwdw’ fdklf dt'e=ilw-o)t' F wk (2)EX o -k, @D[—iwe,(z, ) +
iw'e,(z,—w)] . JXtt M /\f dt'e=ilw-w")t’ (—iwe,(z,w) + iw'e,(z,—w")) » 13-
- Y = 2( z
tlgan.ZI de dodow' fdk e i(w-w")t’' Iz _t_ooa)s za))wa)ws (z, w) Zwk (Z)ER ’,—EJ_(Z)

[, AMES HHAR T M. HigneE, HFRIHHE, =0, 13:
WS = lim2n? f dz f dwdw’ f d emi(o=o)e 1=t o

t—oo t'=—oco

lwez(z,w)w a)we (z,—w") ER, . (DEF, or

we, (z,w) —w'e (z,— ’) 5-4)
w—w' J_a)k (2)-E (u',—l_cJ_(Z) +

wp(z, w)w— wwu(z —) & F @ (Z)]l

ERFFSET, EARTEHENTT, We(z,0) =¢,(z,0"), EEHRELRTH
WSE ALY R e, (2, —0") = €5(z, ' )1F: €,(z,0") = €,(z, —w"), HET:
o we(z,w) —w'e(z,—w") o we(z,w) —w'e(z,0")  d(e(w)w)
lim = lim = (5-5)

w-w' w—o' w-w' w—w' Jw

He(w) N R H AP AR, G-H54-2)5 . HZe # o', it -
ook, o) TR HL Tl A BRI ) COEIR G . FTLA A RE AER, (Mo = '
R R EE BT RE A DU IR I BT A B Rk

W* = lim2n? f dz f dodw’ f dk e ilw=-o)e" 1=t

9(e, (2, 0)w) ¢ =R 0(eL(z, )) o
l# Zwk, (z) - E, o —ky (2) + # Lk, (2)-E w',—EJ_(Z)-I_ (5-6)

d _
W DD gt - Y wkhxwﬂ

Sebr LRSS B A B L. WA G =4y, B[ dz = dz=
[odz+ [T dze SEBENE 7 dz): ASORT SRR R R A 50,
B: Egrat = 28(2)s €gray = 05 FTBLIUAHFATF BMGRIE ) (T LKL T2 30 J7 )
F 3 B A S B RE B TUks XTIz > OXIRARSY ([T dz) s

co

0)2 2 Jw’z 2 1
- |—=€r—kiz — |—€r—kiz
f dze Nc*" e Nc2 T LT = (5-7)
0+

2 12
w w
\/_c e — k2 + \/_c2 € — k?

W, %G Az < O ([0 dz):
0- w? 2 w'? 2
f dZe\/C_ZET_klZe\/c_ZGT_kJ-Z = 1 (5-8)

2 12
w 2 w 2
\/C_Zer — kI +Jc—z€r — ki
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512 TMESEEHRTEE
X 2(5-4) e — AL T AT R TM 25 ot o & (FERAR S ).

k2 c? k%c?z o k2 c? k% c?
€r1 [€ra == 5 T €rp [~ ceo T Wz T e T 0 (5-9)
MR, & CERE T
_ kzc2 kzc2 ms k%c? k%c?
Zu),kJ_ €r1 |~ 5 —€Er2 T € r1 T cep le 2 —€r1 7 — € = 0 (5'10)
2 RN — Mz
%kﬂ%?/ — WJ“C € M, B0 o O S U 52 2R

iw blu)kJ_raZ = iw—_bz,w,kl (5-11)
leca)kl lezw,kl

e = 2.2
%EZK,WIJ*%:@EP’ a, = —ay» Erlzerzzerzly }‘)\ﬁﬁ: (w’kJ_=26r /k;'; _6T+
2.2
lO's w (kJ__C_ErZ), iﬁﬁﬁﬁﬁ/%{‘:

a, =

ceg lw| \ w?
v k3c? o |[kic?
¢ we teN w?
_ _ _ r
b(A),kJ_ - bl,(k),kJ_ - _bZ,w,kJ_ - vz (5-12)
L

Filb, ., % (5-6)2 WS A9
2 —l(a) a))t b 2
WS = lim — f d(kl)f dwf dor 27 o
0

t—o0 3213 € {m kJ_C—a) e w?
€W WeE; (w) 5-13
ke R RS
+ 1-
w2 ow k2 c?
kJZ. - 72 €r
c
) :_EQEF'HF%#%)ﬁﬁﬁlﬁlﬁﬁTw = o' MB, X mAER(5-6) P HET
T, EER ERE T RE:
e~ i(w-0")t © ((wk )
_ = 2 _ Ll -
llmf daxp(a))f do' ok n, 8m fo dwp(w )(6/6 ©)or, (5-14)
Hrbp(w) NEREL . AAN(G-13)1F:
s dw |bwa_ ({_w kJ_)
f””””w‘h%f w, @ 000,
0(we,) 0) w?e? _
e (z - kic2) + s (5-15)
k2 (:—zzer
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2

vZlos(w) _,  €c
WS((,()) — qze‘r Cz €oC 467‘ Og . 1 (5_16)
Tt€oC V2 (2€,€64C\° ? _1os |5, 1 (0o5(w) 2
1 _C_Z( Og ) Ec|™ T 2\ €c

EAUIIIR, EREA R T ARSE, s BRI F LRI, BN7E
(5-5) AR T T AT le, (2, —w') = €,(z, w"), RIS EHE B SN 0. FT A
PR SRy A S A, ORI, i R A WS (0) WA K (R
05 () SEHRANIE, A SCRERERS (T SO R 4598 1O TE R

52 WEER

AR TR TE BB HoT, NILEEEWS (w, B)BUE R ARSI . 44X
0.05-0.2 eV Ju [H T™M 25 &0 Re e Rt . I H2U(5-16) R & 1E oy (w) SEFRH /NG AL
X AT LLVE NS BUR 5 WUE A S W Re i AT HERf SR g . TP SR A G 12
£ EBIFAE 0.05 -0.2 eV YU N S A LB CLRE 1 RS E 2-4), AlLLA
X (5-16)FEATIEAL, AEAE AT U B 102 A SO I 3% 37 PR 22 i 2 o G BA T, B DA T
()52 3xk 37 PRl Ak L B AT A0 37 B KD

(@

0.2
5
4
0.15 E__
Eo
3:‘%@
3 93
3 20
= g*;
20 2
sa
ES3
0.1 @3
o
0
0.05
0 02 04 06 08 0 02 04 06 08

v/c v/c

B 5-13i39% BHTHE, HAFBETHTRIEERE, RENXE, LEEEH, (b) FHA
R EM (a)-(b) P A A A 42 A —5K.
H EEPTLISE, SHREASEMFE, B BEa 80, BrE s T he
E 55 58 AR Y0 B N IO S5 o, I s+ 2 AR RS, s Dl priA,
WHNF K EEREE T 74, 5@t Rl s E T i, T E R
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Launching of plasmons by swift electrons has long been used in electron energy-loss spectroscopy (EELS) to investi-
gate the plasmonic properties of ultrathin, or two-dimensional (2D), electron systems. However, the question of how a
swift electron generates plasmons in space and time has never been answered. We address this issue by calculating
and demonstrating the spatial-temporal dynamics of 2D plasmon generation in graphene. We predict a jet-like rise of
excessive charge concentration that delays the generation of 2D plasmons in EELS, exhibiting an analog to the hydro-
dynamic Rayleigh jet in a splashing phenomenon before the launching of ripples. The photon radiation, analogous to
the splashing sound, accompanies the plasmon emission and can be understood as being shaken off by the Rayleigh
jet-like charge concentration. Considering this newly revealed process, we argue that previous estimates on the yields

of graphene plasmons in EELS need to be reevaluated.

INTRODUCTION

Since the first successful confirmation of surface plasmons (1, 2) on the
platform of thin metal films, swift electrons have long been used to in-
vestigate plasmonic properties of ultrathin, or two-dimensional (2D),
electron systems, including graphene plasmons recently (3-10). Elec-
tron energy-loss spectroscopy (EELS) (1, 3, 11), which uses swift elec-
trons as a probe, has been an indispensable tool in studying 2D
plasmons. On the other hand, despite the long history of studies of
2D plasmons (I, 2), the dynamic mechanism of how a swift electron
launches 2D plasmons has never been clearly revealed.

This is because the impact of an electron will generate not only plas-
mons but also photons [the so called “transition radiation” (12, 13)],
whose emission cannot be achieved at a single space-time point but
demands a finite space-time region. Historically, the concepts of “for-
mation time” and “formation zone” [that is, “it takes a relatively long
time and, therefore, a long distance for an energetic electron to create
a photon,” as retailed by Uggerhoj (14)] were first presented by Ter-
Mikaelian in Landau’s seminar in 1952 (15). Landau strongly
opposed these concepts at first (15), but soon realized their correct-
ness and significance and further developed them in the Landau-
Pomeranchuk-Migdal effect, which was experimentally confirmed 40
years later. The existence of formation time and formation zone reflects
our ignorance about the exact moment and location at which a photon
is generated. In the early days of the quantum uncertainty principle,
Bohr already commented on the impossibility of describing the electron-
photon interaction “without considering a finite space-time region” (16).
Later, it was Ginzburg and colleagues (12, 13) who included the formation
time and formation zone with mathematical form into the classical
framework of transition radiation (established by Ginzburg and Frank in
1945) while still admitting that “comparatively little is known.”
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Although the above space-time discussions in the context of photon
emission have lasted for decades, similar discussions have never been
conducted on the generation of plasmons in EELS experiments. This
explains why the spatiotemporal process of 2D plasmon launching by
a swift electron remains elusive after a long research history.

In this paper, we introduce the concepts of formation time and for-
mation zone into plasmon generation in EELS. On the platform of a
graphene monolayer, we show within the framework of classical
electrodynamics the dynamical process of 2D plasmon launching by
a swift electron affecting on the graphene monolayer (see movie S1
for this process). We link this dynamical process during the formation
time of graphene plasmons to the deep-water hydrodynamic splashing
phenomenon, in which a picosecond jet-like rise of excessive charge
concentration is formed on graphene as an analog of the “Rayleigh
jet” (also called “Worthington jet”) in hydrodynamic splashing
(17, 18). In this newly revealed physical process, a significant part
of electromagnetic energy has already been dissipated before graphene
plasmons are generated. In view of this consideration, we show that pre-
vious estimates of graphene plasmon yields (3-6) from the electron
energy-loss (EEL) spectra need to be reevaluated. Note that although
we adopt graphene as the platform, our analysis is general in any
2D electron system. In addition, although the formal similarity of dis-
persion between hydrodynamic water waves and 2D electron systems
(19-23) [including graphene plasmons (24, 25)] has been investigated
with some hydrodynamic wave-like phenomena predicted (26-29),
the analog to the splashing phenomenon has never been discussed.

RESULTS

Modeling of 2D plasmon launching by swift electrons

The model of calculation is schematically shown in Fig. 1. We consider a
swift electron with charge g, moving with a velocity ¥ = zv = zpc,
where ¢ is the speed of light in free space. Because the energy loss
of the electron (coupled to plasmons and transition radiation) is
much lower than the electron’s kinetic energy, the electron’s velocity
is treated as constant (13). The space-time dependence of the current
density due to the electron is classically described as J*(7,t) =
2J2(7,t) = 2qvd(7 — t), in which t = 0 when the electron goes
through the origin. A graphene layer is located at the interface between
medium 1 (z < 0) with permittivity €,,€¢ and medium 2 (z > 0) with
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Fig. 1. Schematic of 2D plasmons launching with a swift electron penetrating
through a graphene monolayer. L, and Ly, are the lengths of the formation
zone in the region above and below the graphene layer, respectively.

permittivity €,,€,, where g is the permittivity of free space. To simplify
the analysis, we set mediums 1 and 2 to be free space. As a typical 2D
electron system, graphene can be characterized by two macroscopic
variables (24): the deviation of the electron density from its average val-
uedn(7, t) and the associated current density 8] (7, t), which depends on
graphene’s surface conductivity o,. Here, we calculate graphene’s sur-
face conductivity based on the Kubo formula (see section S2) (30, 31)
and set the relaxation time to T = 0.5 ps and the chemical potential in
graphene to 1. = 0.4 eV [well within experimental capabilities (32, 33)].
Because of the rotational symmetry of the system, all fields must be
transverse magnetic and thus can be characterized by an electric field
component E, in the z direction. By decomposing all the quantities into
Fourier components in time and in the coordinates 7, = Xx + yy with
corresponding wavevectors K, = Xk, + Jk,, we have

fJK n)

]q r t lK‘l 7L —0t) dK d(x)

(1

E.(7,1) = [Ex o(2)d™ 7 dk, do )
By writing the fields due to the electron field as Ef_, and the radiation
fields in regions of z< 0and z>0asEL , and EZ , we can get the total
fields in regions of z<0Oand z>0as E! , +EL jandE! ,+E2
respectively. Derivation from matching boundary conditions at the
graphene plane shows phase relations of E! , ~ exp(ioz/v) and
EM* ~ exp(Fiwz/c\/1 — xic*/0?), where “F” in the ° exponent cor-
responds to “1,2” in the superscript of E sz and k? =2 + K (see
section S2).

Formation zone and formation time

Ginzburg estimated the length of the formation zone (denoted as
“formation length” Ly) for photon emission in transition radiation
based on the following considerations (13). Ins1de the formation
zone, the total energy of the fields Eq o+ E— "o 1s proportional to
(E2 E‘lclzw)2 The length Ly describes a boundary at which the total

wl,m
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energy becomes practically equal to the sum of the energy of the elec-
tron field [that is, (Egl_m)z] and the energy of the radiation field [that is,
(Eé"z_w)z] meaning that the electron field and the radiation field are sepa-

rated from each other. That is, the interference term E{ - Eéf ©

must play
a trivial role. Ginzburg thus set the phase difference of 2 between E{

and E”, to determine the length L. That is, of Ly \/ 1- Kifz =2m,

which glves

2n

Ly =
9+

where Ly and Ly, correspond to the length of the formation zones in
regions of z < 0 and z > 0, respectively (see Fig. 1). Apparently, the
formation length depends not only on the frequency of emitted
photons and the swift electron’s velocity but also on the emission
angle of photons. As a numerical example, with the electron’s velocity
v = 0.8¢, to emit a photon at frequency 10 THZ in the backward -z
direction (k? = 0), it takes the electron about =* = 0.06 ps to accom-
plish it. For photon emission in the forward +3 direction (k2 =0)at
the same frequency, it takes about -* f 2 = 0.5 ps. These time intervals of
0.06 and 0.5 ps are considered as formation times for the backward
and forward photon emission at 10 THz.

Ginzburg’s estimation only applies to photon emission with the
condition k? < @*/c* to satisfy the square root in Eq. 3. Yet, it is
well known that surface plasmons have k? > ©?/c*. Compared to
the electron-photon interaction as analyzed by Ginzburg, in the in-
teraction between the electron and surface plasmons, only the elec-
tron field has phase variation along the z axis, whereas the surface
plasmons have zero phase variation. Therefore, along the line of
Ginzburg’s thought, the phase dlfference of 2r between Ef , and

1,0

E1 2, should only come from E 7 o thatis, L’ = 2m. This glves
2ny
Ly =Lp =— 4
n=1lp=-- (4)

Numerically, it means that it will take the electron about (Ly + Lp)/
v = 0.2 ps to launch a 2D plasmon at 10 THz. The value 0.2 ps is
considered as the formation time for the 2D plasmon at 10 THz.

Transients of photon emission

It is interesting to see what happens during the formation time of 2D
plasmons when the electron goes through the formation zone, as sche-
matically illustrated in Fig. 1. The dynamical process of photon emis-
sion and 2D plasmon launching by a swift electron moving with v = 0.8¢
(or kinetic energy 340 keV), which can be conveniently realized in mod-
ern electron microscope systems (I, 34), is shown in movie S1. (The
relatively large velocity considered in this simulation shows that our the-
oretical analysis is not limited to low electron speeds.) The bandwidth of
calculation is from 0 to 20 THz, as justified in fig. S3. Figure 2 shows the
temporal evolution of photon emission. When the incident electron
moves close to the graphene interface (Fig. 2A), its evanescent field
touches graphene, expelling the conduction electrons from the vicinity
of the swift electron’s trajectory. Because of electromagnetic induction,
the induced surface current in turn blocks the penetration of the eva-
nescent electron field by accumulating fields on the upper side of gra-
phene (Fig. 2, A and B). Immediately after the electron crosses the
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graphene (Fig. 2, B and C), the fields previously accumulated on the
upper side have lost direct contact with the electron and thus are
“shaken off” into the upper space. Meanwhile, the insufficient fields
on the lower side of graphene need to recover their strength in the pres-
ence of the electron and thus “shake off” radiation into the lower space
(Fig. 2, Cand D). It can be seen that, at the central frequency (10 THz) of
the calculation bandwidth, the formation time of 0.06 ps for the back-
ward radiation is consistent with Fig. 2 (A and B) and that of 0.5 ps for
the forward radiation is consistent with Fig. 2 (C and D).

Transients of 2D plasmon launching
Of greater interest is the charge motion on graphene itself. We plot the
dynamics of the deviation of electron density from its average value
dn(7,t) on graphene during the penetration of the swift electron in
Fig. 3. Similarities to the hydrodynamic splashing scenario caused by a
little droplet falling on a 2D liquid surface are evident, as described below.
First, in hydrodynamics (17, 18), when a small droplet affects a calm,
deep-water surface, a crater is formed first and water splashes to the side.

-200 200 -200

X (um)
Fig. 2. Time evolution of magnetic field Hy(r,t) when a swift electron
perpendicularly p througha t | . The green dashed line
represents graphene. The electron is located (A) above graphene, (B) at graphene, and
(C) below graphene.

As the water rushes back to fill the crater, a central jet column called the
Rayleigh jet due to its instability (17), or the Worthington jet because
Worthington performed extensive observations back in 1908 (17, 18),
will rise above the initial water surface along the collapse axis. When it
comes to charge motion on graphene, a “crater” of the density of con-
duction electron in graphene is first formed when the incident electron
approaches the graphene layer (Fig. 3, A to C). Immediately after the
penetration of the electron through the graphene layer, a rebound of
the density of conduction electrons is formed with a central jet-like rise
(Fig. 3, D and E), analogous to the hallmark of Rayleigh jet or Worthington
jet in hydrodynamics. We observe, as in Fig. 3E, that the jet-like rise
reaches its peak at about t = 0.15 ps. Other analogs of this hydro-
dynamic splashing jet have also been widely discussed, including those
occurring during the meteor impact (17, 18) and during the interac-
tion between the highly focused femtosecond laser pulses and a metal
film surface (35).

Second, after the central jet-like rise falls down, ripples of 2D plas-
mons propagate outward as concentric circles, as shown in Fig. 3, F to
H. The excited 2D plasmons, which cover a broad spectrum of frequen-
cies, gradually spread into a sequence of plasmonic ripples where longer-
wavelength plasmons stay at the outer periphery and shorter-wavelength
plasmons stay closer to the inner boundary (Fig. 3H). This is because the
dispersion of 2D plasmons (including graphene plasmons) is typically
wocy/K, (24, 25), which is formally analogous to the dispersion of
deep-water waves; this is reflected in the fact that longer wavelengths
go out faster (see section S4), although they are formed later (for their
longer formation times) than the shorter wavelengths.

Energy of generated photons and 2D plasmons

We plot in Fig. 4A the time evolution of total radiated photon energy by
numerically monitoring the Poynting power going through an imagi-
nary sphere with a large radius R centered at the origin and then shifting
the time axis backward by R/c, where the photon radiation is analogous
to the sound emitted from a hydrodynamic splash. The total radiated
photon energy eventually saturates and approaches a value of 0.171 x
107* eV that we calculate analytically by letting ¢ = oo (see the Supple-
mentary Materials). It can be seen that most photon energy has been
radiated out before ¢ = 0.15 ps, which is the moment when the jet-like
rise of charge reaches its maximum (Fig. 3E) because most photon
energy is shaken off by the charge jet. We also plot the time evolution
of “energy” of the induced fields without considering the interference

dn(F, £) x108 (m2)

Fig. 3. Time evolution of the deviation of the electron density from its average value on graphene plane 3n(r, t) when a swift electron p

through a

monolayer. The electron is located (A and B) above graphene, (C) at graphene, and (D to H) below graphene.
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Fig. 4. Energy dissip during the pl; time. (A) Time evolu-
tion of emitted photon energy and the induced field energy [related to the induced
field strength (ElA?m)Z]A (B) Energy spectra of graphene plasmons by taking t = e in the
lossless case and by taking t = Le/v in the lossy case.

fields of the swift electron. Note that the 2D plasmons have not been
fully generated before their formation times, so this energy should be

treated as a parameter related to the field strength (Eé’f_m)z of induced
charges but not as the real energy. It can be seen that even before most
photon energy is radiated out, the field strength of (Eéfm)z has already

started to drop.

We calculate the real energy of generated graphene plasmons by
checking the electromagnetic energy for each frequency component im-
mediately after the time ¢ = Ly,/v. For the calculation spectrum of 2D
plasmons from 0 to 20 THz, the corresponding formation time (Ly +
Lg,)/v varies from oo to 0.1 ps, whose duration is comparable to the
propagation time (~0.5 ps) for graphene plasmons (see section S4).
The energy loss during the formation time cannot be taken into account
by simply resorting to the propagation time or propagation length of 2D
plasmons that are widely used to characterize the propagation of gra-
phene plasmons because this energy loss happens before the generation
of 2D plasmons themselves.

Only in the ideal lossless situation can one equate the EEL spectrum
to the energy spectrum of generated 2D plasmons (the energy of emitted
photons generally occupies only <5% of the energy loss of the swift elec-
tron, and considerably less for lower electron velocities, and thus is neg-
ligible). We plot in Fig. 4B the spectrum of 2D plasmons in the ideal
lossless situation by taking ¢ = eo, which exactly agrees with the EEL
spectrum calculation (see sections S5 and S6 and fig. S4). We also
plot in Fig. 4B the spectrum of 2D plasmons for the realistic lossy
graphene (the relaxation time is finite) after formation time is taken
into account by taking t = Ly,/v. The comparison between the lossless
and lossy cases shows that a significant portion of energy (more than
25% total energy from 0 to 20 THz) has already been dissipated
before 2D plasmons are generated. In addition, the losses in gra-
phene, including those caused by defects, can be theoretically char-
acterized by the relaxation time, where a smaller relaxation time
indicates a larger loss. If more defects exist in the graphene sample,
this will unavoidably degrade the relaxation time used in this work
(0.5 ps), resulting in a larger loss in graphene, and it is thus expected
that a larger portion of energy will be dissipated before 2D plasmons
are generated.
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DISCUSSION
Recent advances in electron microscopy now suggest a new way to
observe the temporal dynamics of the plasmons, including its ultrafast
and subwavelength features, by using photon-induced near-field elec-
tron microscopy (7, 36). This exciting possibility will allow one to vi-
sualize the plasmonic splashing-like effects, instead of inferring them
indirectly through EELS or transition radiation measurements.
Because graphene is just one typical example of many different 2D
electron gas systems (19-23, 37, 38) that support 2D plasmons, our
analysis could be applicable to any 2D electron system. Therefore, other
2D electron gas systems (19-23), and particularly other 2D materials
(37, 38), will likely further enrich the potential implementations of plas-
monic splashing-like transients. However, we argue that graphene is
particularly suitable for this purpose because of the flexible tunability
of the chemical potential and the recent advances in the fabrication
of graphene samples with large area, high quality, and the precise con-
trol of the layer number. In addition, it is reported that van der Waals
materials can support different kinds of polaritons (38), such as phonon
polaritons in a boron nitride slab (37, 38). We thus expect more polari-
tonic splashing-like transient to be revealed in van der Waals materials.
The above results demonstrate the transients of 2D plasmon gener-
ation in EELS experiment. An intermediate process between the impact
of the swift electron and the formation of 2D plasmons is revealed as a
result of the space-time limitation on plasmon generation. This process
is found to be analogous to the hydrodynamic splashing phenomenon.
Explicit calculation that takes into account the energy dissipation before
2D plasmons are generated has shown that previous estimates on the
yields of graphene plasmons in EELS under the assumption of negligible
loss need to be reevaluated.

MATERIALS AND METHODS

Our rigorous analytical calculations are based on an extension of
Ginzburg and Frank’s theory on transition radiation within the
framework of macroscopic electrodynamics. This can give us an an-
alytical expression of the radiated fields induced by swift electrons.
From this, we can further analytically derive the spectrum of emitted
photons; with the assumption of trivial losses in the calculated sys-
tem, we can also analytically derive the EEL spectrum. Because the
EEL spectrum is derived without the assumption of the electrostatic
approximation, our analytical formula of the EEL spectrum is appli-
cable to the cases with high electron kinetic energies. Furthermore,
by choosing the appropriate Sommerfeld branch cut and using the
Sommerfeld integration path, numerical calculation of the radiated
fields at different times can be carried out. Therefore, the emitted pho-
ton energy, the induced field energy, and the energy spectrum of in-
duced charges on lossy graphene at different times can be numerically
obtained by applying these numerically calculated radiated fields.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/3/1/€1601192/DC1

section S1. Figure caption of movie S1.

section S2. Photon emission from graphene affected by swift electrons.

section S3. Energy spectrum of induced charges on graphene.

section S4. Dispersion relation and p ion length/time of graphene plasmons.
section S5. Analytical EEL spectrum.

section S6. Comparison of EEL spectra between previous work and our result.

section S7. Total energy of emitted photons.
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section S8. Numerical implementation with Sommerfeld integration.

fig. S1. Dispersion curve of TM graphene plasmons.

fig. S2. Propagation time of TM graphene plasmons as a function of frequency.

fig. S3. EEL spectrum when an electron normally incident on an ideal lossless graphene
layer.

fig. S4. EEL spectra for an electron normally incident on graphene.

movie S1. Time evolution of 2D plasmons launched by swift electrons.
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M, AP, FHEE TREEEK? > w?/c?. 5 Ginzburg 4387 o106 M EAEH
FHEG, fERTERMEE AR EAER T, RA BT z ia A2, RS



TR AR N E . I, $E28E Ginzburg [ E U, Egl’wLﬁEkl'jw 2 AR 22 0% A
ﬂ%ﬁEgl’w, BlwLe/v = 2m. MIT:

I I 2TV i
1= Lp=— (4)

MWEE B, XERE R T RATFE(Ly + L) /v=0.2 ps A HLL 10 THz %K
S TSR TR . 15 0.2 ps BAASE 10 THz 9 2D &5 3 A 72 Rl 1)

NF RIS

Hl R, JHETFLERXE, £ 2D S8 HMAEocrE R fEr & kEH 4,
WE 1 Fis 6T R0 A 2D S8 B R &K sh 1 B 2 v = 0.8c(BizhREE 340
keV), AUATEIURH FEMB RS (1,34) T EHSZEL, WA S1 i, GZFHEH
2 8 AR T ORI B SR B AT e A AN IR TR I ) W EAR R 0
20THz, WKl S3 Fivr. B 2 R TR RS BT R . NS 580 A S0 A #
A (B 2A), HARMIH A )5, Kk 37 NP 7 PO HE . BT
R IR NG, TN 1) 3 THT R 9 S 3ol SR I 3k 70 A S 0 1) M R 2337 R BHL 1L At FL T3 1) % 3
(F 2, Al B). EHTHFEABGZE (2, B M C), Jerifl BE LMk
X T HHE PR EEEM, Ry REEC B EESNE. BN, ASE SRR LS
T AR TARE S L MR S SR g, MTREaS “dHs” N T E20m (B 2, M
D). A LAEH, eSO 8% (10 TH2) &b, 5 1A4E ST EITE RN T 0.06 ps,
5K 2 (A f1 B) —E, ®iHEEFSFEEETEAY 0.5ps, 5K 2 (C il D) —E

2D SE AR HIBES

AN ARG S P BEAES) . IATEHIERE T 5 & A S R T
5P E W ZE B 1 W E 3, 5/NERVESE 2D AR I 51 IR S 71k
s, Wk . EH5E, RSN I (17, 18), S —AN/NIKIE RSP IR IR K
RIEE, ERSTEHR—A “Hy”, REKSIRE]— . HyKef EEEG <3t m Bt
Bla Kz bo T HARE IR Rayleigh i (17) B SREHAE, BN
Washington 7£ 1908 EREAT 172 FIRLIITT #%F5 A Washington S9i (17, 18). 4 K& %]
F AR LIRSS, NG TR A SRR, BT A SR A T TR
1 “sd” (B3, AR C). EHRTHFEASMEEG, LRI RATEUR BT 5% 5 1R
5, 2TSPIR BB 3, D ED, BBIT AR S) 7127 4 Rayleigh i 5 Washington
SR pIbrd . WATUER], W 3E Fiw, BISPR EAAERZY t=0.15ps B IAH|IEAE .
HAD AR PP AR S 7S S g iz e, AERERTE (17, 18) M ERERN
KRk &R IR T 2 R AR EAE A (35D,

Hx, e OBk B G, S B TARRIBE SR RO E M AME RS, Wi 3,
F 2| H . WORK 4% 58 1k, BT 2R, B BUk— 55 2 5o i e
H1), AP AR S5 B TS B AR AN, TR K S B O R SRR NI (B 3HD.



KRN HEE T (BFEAEGEE TR NEBIET Mo < k. (24,25), X/EE
T RKBE AL X BB I K RS B FsE (LS4 #43), R
BB T A3 e (RN E AT B TR KD

ARG FH _EEE FERIER

WAVEE 4A FH] 7 58S T Re B I AR, 38 B0l W 55 DR s oA R
OIRPERE R PMBARERR IR B2 Dh 3, SRR a5 m 52 Ric, HA b rHags
FAAT AR ) IR I . SRS T REERZBAIFFEIRL 0.171 X104 eV [F{H,
BAVEEL L = AT (S WANTMED . WTRLVEH, £ t=0.15ps ZHi, K
s TFRECEEN X, X EBEAMEPR EAE R R MEMRZ] (B 3E), KN RH
ST Re R AT SRR . AT TR “RER” BT R, TR RE R
HETRBEAR T HEE, SR TR Y B B 2 f R e e, DRt

i RS 5 S 3 (L2, ) MIGR B, TR FSehE i, TR, B

ﬁﬁﬁ%%%%%%ﬁ%ﬁ%Z%,%Qﬁ;f%ﬁﬁa%ﬁ%T%oﬁmﬁﬁiﬁm
F AR B TAR ESCRe & . TER At = Ly, /v J5 ST EIRS B AN 23 B 1 Bk e
XTF 0 2 20 THz i) 455 5 FARBITHEERE, AN BFITE T 18] (Ley + Ley) /v oo E] 0.1
ps 84k, HAFFLEET [A] 5 40 S50 5 B AR AR SR [A] (~0.5ps) (M. S4 #8743 w4l 7E
2D ZEE ORI RS 1) A (8] (4 BE B 45 AN Rl L ] s b R P 2 SR A SRR
TR AL R AL TR I (A S AE R B R B 1R, AR MR BV R AR S E TR A Y
FEAEZ .

RAEEAER LRGN T, 4 68% EEL iR T4 WK 2D 258 714 1 fe i
CRUPDET Rl AL P FREE RN <5%, X T HUR I o7 B i & ) 22
MR, FEHEEAT LA . FATER 4B Hidid B t =co FRTEEAR LRG0 N 42
Hil S B TR 6, X5 BEL St E e —8 (30 S5 A Se #4r LA K&
S4). BATEERE 4B h2at| TAEFERt = L, /v BN A 2 5 S2hrE 50 5245 (il
IR IR ) 4EZE B FRR IS . CHAA SN 2 LR, EA R
PR AR AT, RK—E0ReE (M 0 F| 20 THz MR 25%) D& IHEL
A, A EEFR R, BAEREREL R, Eie Enl LA IR A RRAE, 5hiE
IFIADER /DN, PR R . SR SR A TP AR AE BB 2 R, X AN T 2 Gt PRI AC A v
R IEE ] (0.5ps), MM FECA SRR E R, BT 7E 4855 5 14 A A
I EFEE Z R

BHg

LT S AU R B g R IS S Tl I e TS S i T B MR S
TARBIES TR B2 408 i, AFEILE AN R AKRHE (7,36). XF4 A 1 mT getE
AT NATTRE % AT AL S5 B AR RIS, T AR IEIE BELS BRI AR S I 1) 2 4 My
BT,



RN A S5 b HOE R S T ARMITF 2 AR 4B TR RS (19-234 37, 38) 1)
— ARG, AT AT L& TR —4E i1 RSt Bk, HAth 2D PR RSt
(19-23), FEml A 2D MEL (37,38), Alfeaidt— 0 F B 55 1 Ik AR 178 75 5K
Blo SR, BATNNABFFRAESX—HK, FAKRIEMFEATT RN, DR AEH]
& RMAR ot 2 ARSI 0] 250 A SR A 7 T SR it e . thah, dRdiE, el
HERPRERT ISCREA R RS 1 (38), Hltn ALl B A A4k 7 (37,38). I,
TRATTHA B AE YO AR A B} H8 7R B8 2 AR AL T R IRAE RS

FIRGESAIER T BELS SEH eSS R Boo A RIBRES . B TR A PR AN SR O
FEAE R, HEN TP RIS S YRS BOTIE e R A . R I R R
ARSI RIS . FEAE R 4SS B TR 2 BT [E R AR AT T SR B, 7EMR
WAL T ZUE AT BN, Z A% EELS H Ay SR 25 B8 R 7= R A5 1 75 B 89T
filio
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ISR . X0 LARAT— A i 75 iR a3 i Rk . thtk, FRATATL
B D AT HE T R ST RS R R R G IBURAR AN, FATE AT LA S
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T AXEH T EA SR 7SN . b, EIidiEEE NP Sommerfeld 7732
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(FEL)  Photonic and plasmonic transition radiation from bilayer graphene
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1.1. &

1.1.1. E#4E5F (Transition Radiation)

VBN —Fh R (AR S RS, JE 4RSS (TR) W2I7E 1945 4E4% V. L. Ginzburg 1 I Frank
HIBPEH, 1959 F15 2| SLIRIIE . 4707 FUok 7R S AR — A i iz 3l (i an g i s 2 57
[0 I 2= A PRk o, A0 B 3 3R T A5 B AR R O LA LA 3 DO 1 IR U4 3

AFEFUMEE R GRS (Cherenkov Radiation) XK E v AIBRIERH], I Ek4E
SRR TR B VA 23K, FF HA5 A FE B gh S5 Ao al R B FE -3 70, ] DAOK 5 R B
0E, 7 PERE SRR R PGS0, BRI, TR nI#EAERRE B, KR 2Z01E] X
SR 2 B2 BV SR

T, T SE OB EOR R AR S, BALARIT Y O RTREE R
T2z % y (\/%vz) , TaEEET TR & ReR - ERIM IR A2 . 0F T8 U R

1-=
FARMAS SIG ARIMTE B (I8 =y ek -, TR AR BE SEIA RARI o T 5F 3 B R,
TR BRSO S B BE R B g RE, S i AR R e it 1 58 2 M el 4%

1.1.2. NEAEE

FZBUD ) e RO H = AR AR B RT LLSRAS VR 2 0 R ik . G Bi 2 SR ) (1)
VEBRIE 110 4L 45 f R B, WO B Btk i R TR PR, BL R AR SR i FL i
2 22 R IR L 2P A e AR, S0 2 SO AR FL - A RO 25 A5 AR 2 S S e« BRI AT
fOEAY=

Wz A A0S — R () YRR, N Z A B E 2R K& 770 A-

Lyv> S, B RERER T A REAOLAERE, ¢ NHEOEE, nAf R



A Fl A-B (Bernal Stacking) PifH, Hr A-B B XUZ A M6 NFaE, #E AN ZHH
TR . A B2 A s i RIS RHE AL b, B FRO2URE, X2 A S
102 18] & B ] DS A7 B ZE7E 0.1eV~0.3eV Tl N 26 mT i, 2k i 7e e i b B mT 3 1)
W A (22240 Sy R O 24 8 AR R B 2k B 1 R 2515 i AR i 202752 (1 T N ATt . Edward
McCann8I7E 2006 F32 H T A A SRR E T XVE A SBIE M RER 45, Hoh, Ja4E
iff Fe T L DL A Kubo ALERTS H AB XU A S0 ()R [ HL S 3220, 5 suig 15 2RI 1 AH B
EIIE

R A 28I PR 2 THD 55 B8 TR BT R M V28 a1 I R, nrp 2040 X T 2 [RDGT48
H 9| K B B8 B A BOoT B B0 DL S mT A e A @ B M v B2, F 4, TR REUK
[RARAR A AU A S I3, S0 AR PR 22 B A W] BE AR IBOR I 2 A TR MG 7 1 R DG T 55 5 1T
JCHEAT T BB T, D2 T 3R 1 55 B TR TBOR 28 RO BB AL T N H A5t

1.1.3. BT 2SR a0 E S ES

HL 1~ SR A8 S ILAE G oK 0 DR A 1 2 (R s ], X i 9 el L - 5 4R REBST (alH S
JiREEBD) A BAE SR T = R ST B, Wi Rk BT 4R R I AR
BOTRRHEBTRAE 7T 24, 5140 1 B B4 R BV (EELS) B840 bl i FL 11 BRI s
s BT ZYERPRER S PTG SR, D SEBILEE Jy R AT R R R I I SR A T
FH.

1.2. AIRENX

TEZ T3 LA SR T, BN P IOR R 2 A S5 0 I SR T 55 B e Al i b 1
FROMLERI2) 2845 BURF 50, (ELR G o e 5 ST 2 3R . 7 I b 4 S — 2 1
FFSE, T8I IS0 — APl A 5 B S 2 M P e e S I B B B T B D

S AT S0 B0 A SR 0 L MUY — S R S R, (B R T 8 K
JRE3), A TR 7 A G R A I UL B i 15 2% B R LI 25 25, {450t L T 5 XU
A7 SRR ELAE P BRI AR AR AR T [RIENRE Tos i, O AT SRR R A R
SRR T AR A EIR AL T — AN E TR G . BN, E TR RS R A
SR 3 Iofe ST B 0 TR A 1) TIE R4 ) 2 TR 458 15 T e e A A T it

—. EXFXAR

ST T R, BT s TR SN R B, 45 AP AR
FEL AT SR SR T SE, PRI R 5 P T RS 2, BE 1t P T 5 3ot SR A SR I
HOE AR S R B BRI R BT s, I RSHIA B TED)
FEE . A A A B [ L TR ST ORI . RS T TR 2 I R
BB N A

(1), HhBOOUEA S PR RTEY, R fa 1 o0 5o R TR ALl SR A U2 A5 S 1 o
CES

). WO TE BRI, P 3 8 T /A T 9 8 T e A0y 0 - AT S A PR




oA, FFBUETHEZRIER Y, AR HAR BRI 00 A

(3) RHE B S HEAT 1 3 3 3y 70 W, BB 5 SRTEIZ ) photon H 1% T DL K G 17 0 55 B
Jeo A, RIS T T RE R AR AN R REARE IR BEL, S H SRS . AT A3k
TUEAR ISR Z0Ah. RMREIR, a5 GBI R Tl AT 1k

= RERREEEER

3.1. B ET 4R ESRE

STiaahth s, @A 2 KA R AR AR R 5 NBCAR R IS S R AT FlA o R i A
(3% 1] [V R B READ R P s i Wk BT g . CAFE XA, A
5 FEAS A [F) PR LA R O [ S, RO a7y RS BRGS0 o Xt —4ERPRLRI A
I IR T A AR AT R
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3.3. K EHESTIER

3.3.1. ZESIE K R 22 18] & AL RO B 3598 FE Fn L 3758 A

3.3.2. KBZEZ LW EEER DT

BFEIE ) % E T RBOT AT % ) 1 e B A i K

3.3.3. ({RBEE) FHICREZ8)& AR EIH5E E FIR 3738 B
SR AR AR TSR SR 14D T 355 A i )

3.4. REM R AT RS BE R 2R

RICE A SBIGTIC 2B B ZEA, A2 B, S A BORK T e, wp W RS 98 5
[A] AR o
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4.1. NEABKBHESE

FEF XA, RE A-B WU A s 0 DUANER R TR s e hf e me i a, JEH
FET- MR R, X AT AL E Be T S5 . 3R 51N Kubo HLEEX 3R 1 B SR k4T
KA, Hodr, R MR BEE LA SRIARE R GERTT) 19 2IME T 9 e R AR FR 7 3o
F HAEASFERZ, X Kubo A FHUHK I PR 15 21 H1 5 2 5235, dhmidid K-K 5k R145431 &
o
4.2. 2B IR ST FK R

W V. L. Ginzburg [ABEARR, BT E 4 FHIER, a6 H AR
P AE S7 AR S, S LIS 5 R DA SIS B A B B G 3 i3E AT P T R T, 3 T P A% UL g
AL 5648, BRI, WRTRIE B . Biis, #0875 AR ek i 25 8]
A, SIS B AT . (EAERRE, A b, AR R BT 5 H R
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