#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022)

227801

Au(111) FHIRREF H M IT AR T
s R IE ISR

iy g

KT

(P2 FRHE 28l TR B, P94 710071)

(2022 4E 6 A 13 BUE]; 2022 4F 7 A 13 AU EIEHH)

JEL PRI 22 51 22 A 4 Jem I EL AT I Y R RS 0 N S R, I LR A <6 i v S A A R TR Y
FTSF B, v DR GE MUl O 1 7 A A0 1, (8 7 £ 1 K BH AE PR Tt DI A e AR | BRI 20 b
Iz B4 HRL PRI 45 1 T 2 T 45 G Y A% SR S O T B DL S B PR . AR, T 2 ) < e R
A B POT AN IO B R GE B BT E . ARSI T 2R — MR BT, RS T 15
JEFJE R A (111 ) I 019 26 1125 B OC R, ARl 2 THT A B R0 )™ A 1 B 1 1) RE R A s R
WFFELE AR, Au(111) B EAT (R 15 RE ) 22 110 45 B BOCAR IR . R, 78 Au(111) SRR AN A 5T 53 T 38 A 1) 3 T
SFEMOT AR R BEBOR, T LA 5 R AR LT, SR ARG OKOG oA T O E L AN, Au(111) WA A A
BT AERCR, Hy A ol 1 o sURE R B, B 5 1072 [ R A2 L AR AR
Au(111) Y B T R B O T IR A, X BEE5 SRy Au(111) WEEAE G L A 7 0 BE B2 A 0 80 4 S Y i

TR i B A T A R A B R

KER: Au(111) W, ST, RS HoT, RET

PACS: 78.20.-e, 78.20.Ek, 77.22.Ch, 77.22.Gm

1 3

&R R E R — 28I N ) e K AL R
PRI L A5 P 0 3 2 e T R I T T 52 381 ok
B2 1) OCTE . Forh, T 4 i R R T A B OT
(surface plasmon, SP) FEMERIN R 2 FIEZE.
SP R S0 G B 21 4 J TS RN LA T A
TR, 4 J@ A ) i F T AR AR Y. SP Ot T-
WUR T T2 R 2R 1 55 B AR AL IOT (surface plasmon-
polariton, SPP) Wi 45 & J& /N i AL i {54, SPP H
AP U, ER PHAEISCAER P, i 2 A Jk 1)
SEHHEATIZON . FEXERG T, SPP iH
G BRAE S AL Ty 1), DT TR 1 62 AT S

i

DOI: 10.7498/aps.71.20221166

BR. BAERE LT, SPP N5 Tk HAZ i, H
TERLGER R NG BRAE St e Jm f, SPPa AR f bt
sl AR A R . SPP RYARGRE S TEI A 12
TR 77 Az, X S8 HL - S SR BE B R T BB
JE, TR 2 <Ry, BB T RIS 9T, 48
PR G X LE AT e B N R T
PO SR e S o ARE, o R] AR A B R
RS, NITERERERA OUHEADE R RIS
B AR . R, A 040 AR 5ol
Rl (4 HL W 8 DI 2T A EAGIGR 1 LR AR
B 18 R TP 0 2 ) RUBE £ (8, =00,

FATA Lk, AT 6 MRS A 2 45 B oo
SR T TARZIRAHMERTFE. Billn, Maniyara 5510
il & T ILAGK ]+ LA GOKE R S, I 7EiX

* ERARBIEES (HEMES: 11704298, 61904138). BEPYA H AR EIERBTFE TR (0 B 4’5 2022JZ-04) FIBLPH A EH T L0

BRI (5 H 445 20JK0928) ¢ Bl 4.
t BIE1EE. E-mail: xema@xidian.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

227801-1


http://doi.org/10.7498/aps.71.20221166
mailto:xcma@xidian.edu.cn
mailto:xcma@xidian.edu.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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022) 227801

S g DK L £ e TR 5 B v R T R T A BT
[ RAE T T2 B Sh S AT PR G B, AT LATE 2
TR B TR OGRS O R IR R
e g AR B . Xue 45 1 fF5Y T HAG 0] 25
A S E TR RS b B = A TR 98K Y
Ag HERE I 0 R TH B HOT /A, BRI T — R
SPP I AE AT 4 Ji& X sl A8 7 i, 5 IR TEJR)
PRARZM G AR A5 B A B B BRI A
B B IER . W, A7ER S 3 T4 s
SPP 1K BH T L3 ' FL DN 25 DA e A% Ja 4 J T
HOHAS T YRR, BN E K PHAE Rk i G T
v ol 4 T8 S AT LAt 3 b 4 v ' F B 4k
R 2210 U I 4 AR 2R T A BT T
A TR, X T4 8 A T B SPP 3K 3
OE R R U TR I T o = S S B T3 Y S DN
W5 4 Jm WY SPP P T | A0 T 1 BE & 4 7
VA2 M I DA B 3 P S o R B 2 5 ) A o
e I, REHDER 48 HE R E ()=
H) X 42 JE G2 5 A SPP = A i R T
s e AR, A7 B X 9K g R R s 3k
BEB WL 53— 7T, &)@ AR A
YERXT SPP RS ST Rl AR i T s M A
SO, PRI, TE B A 4 TR e ) R R
Z B AI B, AT LA 3 At e o 4 v 11 4%
iL7BLiE BT
A T4 v BB R Y S v 10 LB 4 )
SIEFRBE AT BA G5 3 R A e 1 DT g
R RO E A E 1T S5, HATE
ATFFEN CARE R 28 T LA T2 R0 4 TR 119-201,
P, DL Au(111) SRR 461, ) FH 224858 — 1 i 2
WEITE, REMMR T 1—5 MNRTFZE Au(111)
T 5 4 B AL T R 1 SPP B (BRI | A %
B MARARLSE, L& SPP R34 #3119

R oA P34 H & (mean free times, MFT),

SEE H HESTE] (mean free paths, MFP) F1 Au(111)
MR BT, TR TRIE Au(111)# R
S HE e 107 g i

2 HHEF*

2.1 TEAET

X Au(111) B B 4548 | 7 Tk R
T A AR AR TR S — R R B, SR A

THEAS JDF Tx Hof P Sl T i A X
WHLSFEE 3, Perdew-Burke-Ernzerh(PBE) (1))
SR FE T AL bR BOK 138 52 A S fig £ 22, % T3
K AuFl 12 2 Au(111) #ERE, S i il k- A
30 Hartrees; X F 3—5 )2 Au(111) J5E, S i
R ERE & 25 Hartrees. i 0.01 Hartrees 2% K-
BRAL 58 8 58 LA A AT 2l oK T B 30T F 5 25 A A AR O
X} d i Ll E R AR B DFT+ UK IE P (U=
2.04 eV, FET154 o F AR IE, X FE R Au I
Au(111) # B 43 5 PL Gamma 558 H0 (1)
12x12x12 Fl 24x24x 1 ¥5] kS A% . ZETH 5
- R 1 R HL R0 A MR OT I, R AR
AxAx4 B, 12 Au(111) R 6x6x1 8
W, 22 Au(L11) SR Axdx 1 5
3—5 2 Au(111) WK 3x3x1 M. SRJF,
¥t DET A5 BT A HL T RE R L 75 1 RE R ATHY
F - A ELAE H AR B T 3 00 B 4 Ry S5 KR B
Wannier PR (maximally localized Wannier func-
tions, MLWF) Jt 7R 2520 H AR M, i 46 4~
Wannier 47, FEHfi A0 T PR Au AT Au(111) 3
I 1 oK RE % B 3 — 5 RE 9 BN 19 L - R B A Bl
HHFEIC. AU AR T = 300 K kit5 i+
A B L AR R B 5

2.2 JtENm AL

4 B AERL Y O e B 32 22 B Drude HL BH 45
FE 7 [] L 422 BR O A 7S 1 B i H F BR AT BT
k. RIS T3 1 B L 5 3 o (w) SE TR R R ik
Au Fl Au(111) FERER A H pRECE #2728
_ Reo (w)

gow
B AR Reor () T AR 72,
007501 . 7'];1 (w)
[ )] +w?
(2) P A i 5 — T SRR 75 4 Bl Y L BR AT
Drude HLBHIAFER TTHR, 25 —WRsair [H] HL 7 4%
BRIE B BTER. X675 -4l B 1) o - BRAE AR 43, AR
FARKIY BRI Ry (w) RFRAE 2729

1) — 2n dq
b () hg(swa(hm;/Bz 20

X G (heo — s 3)
Rt e B AOKBEYL: g (o) 2 2K BRI HO P

Ime (w)

(1)

eo (OJ) = + Redinger (w) . (2)

227801-2


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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022) 227801

W AT I FER B wIR IR, hw i
SOLRER; hwoa EMAAR BN o L R q B
AEHE; br MR PR:

3

i
bT (5) = € (4)
1—e mT

4>

b, ks MBURZESHEE T N4SHRE, 146 300 K
FINREE R kT 29709 0.00095 Hartrees. Gho 257855
AR 5 PR BB T i A SRS, A
AT Prs:

gs2dk
Gb., = / =
e ; BZ (2n)d

x (1 __Vkn " U(ktq)n/ )
|Ukn| : ‘U(k+q)n”

X 6 (ekn — €F) 0 (Eorqyn — €F), (D)
K, exn BRI Kk BEW N n I TBERE; vkn
JSEWR Ak RET N n BHL R 2 &AL
J A RFR X Z4E MR, 0 52 B f I ) T AR
g = 272 F BRI T IH - d JR4E5, AT 4kt
d=2, T =468, d=3; B SH T
BZ JEAS BN K A LM X5 g%, o) LT
P FAR A R G 1 — — o Dt geig

[oknl -+ |V(k+qyn |
ST . X T Drude HLFHAFERR />, HLR (DC)
FL 54 5744 Drude 3 st 3 B[] 1 L AE T H 5 an
R 27

e2g.dk
90 :AZ g p Zé(&kn—gF)(Ukn(gvkn)' (6)

TDo (2m)
Ay 6] P B R 5 | A R e R SR
R B

Reo inter (w)

N .Gy L o
=€p-w (w2 /BZ (ZTC)d;(fk:n fk:n)

qa 2
Y(k+a)n’ kn

X5(Ekn/ — Ekn — hw) (U;:mn’ & Vknn’ )), (7)

K, fen BUER N kBB A n AR T 9OK-2khr
T8 AT BREL Oknn A2 BT HFE TG, 0 = 8.85%
1078 J2 A5 WU R 2. B AR R Al b T A Y IR A
A Wannier pREC R AT A RO, 4 H pREL
SR A A Kramers-Kronig 2 2 XA H pREUE
PR TR A R 3] 285032,

XFF(7) 2, R AEAT BRI T Monte Carlo
SRR VTAN AT [B] HL - BLAERRGE AR 4y, BACK U, X
FHAR AuFl1—2 )2 Au(111) ¥, T 1.5
1094~ kAE, XFF 3—5 )2 Au(111) @i, A T
8x10° ™ kAH. XF T (3) A LK IX B3RSy, 7R
THEI A SC 2 i st B R, X T HK A Al
1 2)2 Au(111) MR, (0 7 2x1054 {k.q )}
XFi#£4T Monte Carlo SRAf; XF T 3—5 J& Au(111)
W, R T 1x10° 4~{ k, ¢ } X 4T Monte Carlo
KA. ERSEIGOIIE TR RIS

2.3 HiEtER

1 3 2 - A U Y SRR AE I T
B MFT Fl MFP, [F AR YE LT R -
TR B AR T H B RS 133-30:

e-ph
dk" | k' ko |?
Im) = / ‘ e
2= 2 ha o

N —k,o + 1 — fron
Ekn — Ek'n’ — MR/ k0 — 17

|®

X Im{
N~k T flon
Ekn — Ek'n’ + Mg/ 0 — 1N

Horpn = 25 meV 2% & T MR &0 I — 4~/
WARZKIRIE ) ng o WK N (g =K — k) WefL

+

TRBCH o By R TSR gL 45
T MET 191
N h
Tksh - e-ph (9)
2Im Y
kn
AT MFP 2y 3
Men = Vkn * Tn; (10)
FC g, = e /O JEEHL 25 o) s ARBOR T 10
HE.

MR (8) 2T H -7 T BN B TR FI BB
REFRIE, X7 1 )2 Au(111) #hfEE, T 8x10° 4>
K, X THUR Au fiT2—5 2 Au(111) 3, fdifH
T 6x10° K i EIRSEIIOAIE TSR
e 8

24 HBEXR

P F - U Y52, R A AL A
Eliashberg 1% pE%{ (transport-weighted Eliashberg

227801-3


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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022) 227801

spectral function) i S5, A4 INAL Eliash-
berg 1 pRECANT Firw B7-39);

Q2F (w)
& >
=— 5 §(hw — hwga)
Nka+q9(€F)2 kgnn'a

X 0 (€kn — €F) 5(5(k+q)n/ - €F)

2 <1  Ukn  Verqun > Can
|Ukn| : "U(k+q)n’

Ko, N R BEOK T BT Y R H L AL AL

Eliashberg 15 ek n] LI & HA BB 1 7w YR 2 75

TR, B A SRR SR P R RS U 2 ) —

g,
% ‘g(k+q)n”kn

AR AT B
S TR T AR A B b At
oy [T eF (W)
HL RV E IR T 1 s BCH

-1
hw hw

e’vf | 21 kel P T
e n/dwaiFmeBlz
<€XPM >
(13)

Kb, ve HROKREEE, RIJC T & 2K P 5 2 oK+ 1
et

W (11) At 8 S R0, X TR Au Fl
1—2 2 Au(111) ¥, 50 T 106 4> { k, ¢ }Xf ik
1T Monte Carlo R#E, X}F 3—5 J2 Au(111) i,
fEHT 8, 054 {k,q }XF#4T Monte Carlo %
FE. FIRSEISTRUE TS5 SR i sk,

)

3 5tk
3.1 S#H5REH

HUAR Au 1RSSR T2 T, AR 1(a) Pr
R, HREERCKH 4.08 A fEIFEHUA Au BT
SEARIS, SR T AN AR, anlE 1(b) B, B 1(c)
TR T HUR Au 955 —A0 BLIH X, S5 F X RRek, B
& Au W R 5T kS SR W-L-G-X-W-K 1T
BB R A R SR R I ER, Y [111]
A 1] A HE B 91 o “ABCYIE R, WK 1(d) s,
Au(111) BYERHEHECR 2.88 AL I 1(e) A Au(111)
WY 27— EL UK X, BB 25 AT ks A2 G- M-
K-Gil#.

(a) (b)

(d) (e)

A2

e,

A\ \ B2
R, w o
S

M K

1 (a) AulHLOSZITEH; () THRBVAR Au d1 725 1
FHMIEARE; (c) Pofk Au (958 — A HLIH X, HC Al 254 F s
T kAR WEL-GEX-W-KAHHE; (d) Au(111) #E %
T < e 1 <7 MR AR BEIAL; (e) Au(111) ARG 51 — A B
UHIX, FLREHE S5 4 075 3T kR B GEMEK- Gt
Fig. 1. (a) Face-centered cubic structure of Au; (b) the
primitive cell used to calculate the electronic structure of
bulk Au; (c) the first Brillouin zone of bulk Au, and the ir-
reducible A-point path W-L-G-X-W-K is used for calculat-
ing its band structure and phonon spectra; (d) Au(111)
films stacked in "ABC" manner; (e) the first Brillouin zone
of Au(111) films, the irreducible k-point path G-M-K-G is
used for calculating its band structure and phonon spectra.
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a) bulk Au and (b)—(f) Au(111) films with thickness from 1 to 5 atomic layers.
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Fig. 3. Phonon structure of (a) bulk Au and (b—(f) Au(111) films with thickness from 1 to 5 atomic layers .
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Fig. 4. (a) The imaginary part of the dielectric function of Johnson experimental measurement result and DFT theoretical calcula-

tion result of bulk Au; (b) the imaginary part of the dielectric function of bulk Au and Au(111) films with thickness from 1 to

5 atomic layers.
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Fig. 5. The real part of the dielectric function of (a) bulk Au and (b) Au(111) films with thickness from 1 to 5 atomic layers.
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Theoretical study on surface plasmon and hot carrier
transport properties of Au(111) films
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(School of Optoelectronic Engineering, Xidian University, Xi’an 710071, China)
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Abstract

Metal films with a thickness as low as atomic layer have superior light absorption capabilities and
conductive properties, especially the surface plasmons excited at the interface between metal film and dielectric
can well capture photons and generate hot carriers, making them more efficient in improving the photoelectric
conversion efficiency of solar cells, designing photodetectors in the near-infrared band, and sensors based on
surface plasmon. However, there is still a lack of systematic theoretical studies on the surface plasmon and hot
carrier properties of metal thin films. Based on the many-body first-principles calculation method, in this paper
studied systematically are the surface plasmon properties of Au(111) films with thickness in a range from
monolayer to 5 monolayers, and the energy distribution and transport properties of hot carriers generated by
surface plasmons. The study results show that Au(11l) films have low-loss surface plasmon properties.
Meanwhile, the surface plasmons excited at the interface between the Au(111) film and the dielectric are
strongly confined, which can enhance the local electric field, thus being crucial in nanophotonics applications. In
addition, Au(111) film has a high efficiency generating hot carriers , and the generated hot electrons and hot
holes are high in energy, and excellent in mean free path and mean free time. Unexpectedly, the direct current
conductivity of Au(111) film is significantly better than that of bulk Au. These results provide new ideas and
theoretical basis for the design and fabrication of Au(111) films in optoelectronic devices and energy conversion

devices.
Keywords: Au(111) films, transport properties, surface plasmon, hot carriers
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