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Fig. 1. Solid high-order harmonic (HH) spectrum and schematic diagram of HHG mechanism: (a) Reflection HH spectrum of Au

surface [; (b) transmission HH spectrum of ZnO crystal [¥l; (c) schematic diagram of solid HHG mechanism.
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Fig. 2. Damage threshold and HH spectra in solids with different crystallographic orientations: (a) Damage threshold of solid mater-

ials with different bandgaps*?; (b) high harmonic spectrum of solid Ar?; (c) linear dependence of the HHG cutoff energy in ZnO

with the driving laser field strengthl®l. Crystallographic orientation dependence of solid HHG in solid materials of (d) ZnOP;

(e) MgOW; (f) TiN metallic film!0.

234205-3


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

Y] 32 2 3R Acta Phys. Sin. Vol. 71, No. 23 (2022) 234205

75 MEOL SR B RE L. AR AU HHG, 52560 %
LI R HHG A9 L BE -5 Ot R 375 B 4t
KA E, RE FROEEE R IR, ik 2(c) B
N WU REE 550 R SC & T LUl Bloch #ik
D B GRS 1 DL KA R () = AP AR A (26310 S P
SE TR RE.

2.2 HHG F=Z5 R4 & DR IR sh %

[ A A Ak A TR R S PSRRI, AN TR i i
7 1) A 2 A i 3R sh X6t 1y AS [ (4 A L K IX B ), 5
FHE A HHG BHA fia it K 2(d), (e) 4l
SR FN G (1120) T ZnOB F1 (001) i MgO™
HHG & M. B T S AR Ah, 47 76 HoAth
B 5 12 A 0 B2 it 1) KT Yoo 2 19) AR 415 2 28 gt
LS () as sl i R R T MgO  HHG
S mSEE, WE 2(e) Fi7R, M8 sh Pl E A
[AIA% 5 B HHG ;=3 535 0. Langer 55 (9 3 i
R4 585 [0 ff B GaSe o HHG #hIa K. bRk S
HERIAN, B BRI 4G Sy AR 25 B & i A1
Bt HHG tAF7ERRR I AR X 4 8807,
A2 4% 1] [v A 8 2K i o e 114) 28 o k7 e L T
ik, o HH 7= 53R B 5K 20 5 e 75 1] 107 g 28 09, Jge
i, Korobenko %% 401 5256 | & ¥4 J@ TiN i HHG
i (AR 5 LB oK T RR MR [R], anfEl 2(f), Hik
B TRt — AT

X TAAM HHG, MR8« = LR | 7 7ER
P GBR 3N T WA A B s T S R R A
R PO R R IK S0 e 5 1 i G52 T R 1,
Xt AR, o T 428 TN B30 1180 8 3l S
B AR & A A T RE, A2 HHG (144
Wi, B AR E A HHG M 5 <A 22 A
13213 0 A 55 Y 7 RO FE A AR L R A
TH B C. 52X, —8E SR ZnO
H HHGHR AR 455, Ho= R HE e ob a3
T PRI A (3 AR B2, A A i iy 2, —2bH
A PN B AT AL = A T R A mAROE,
i F A G AR BioSes , 7 Hrids il 76 [ ih e ok, 260
s 148 5« = AR50 B T 45 SR AR TR bk
HA b, LAk TR BRI E BRI R A, B
HHG 5w R Z M AFFERRIRIK R . X T4 71 R
)70 )2 MoS,, Lou %5 9 5255 % 38 HHG # f 4t
PS5 ZnOSF— 2 Ml, HIvork e, =221

2 R iV RS, SRR M2 I T2 80O ¢
B (6 13 J2). M 247 B 0 A 880, HIKshot
NER A2 i B B (AR %6 e = 0.32) B, 7 Bl
9 [ i I o B A5 B B AR N B R OCE, BT A
HH 551K, IR ENTHEAR G RA 4E 1
ShA i TR T R RO i A0 D st 1.

2.3 KEAFMEXEF HHG BRI

Bloch BRI U & 4% Ji] 391 34 ey 5 1 ) AL o
B, A B AN TRD AL 1 152 5 s DR % 1
ok HHG HLH A BN E, R R T IR K
REAT PP X A2 R A A (AR o A g D
HES VB B [l , gl = AR A I, JEAF S — ]
Y FAEATRE. Y ou 45 DO 58 5 0 L J il A7
AT DE ) HH 3%, A 9Lk T 2 O BN BR
FRl SO BT A E S 4URF B X, T
B A DN BT P e AT LRI RS Y 1D
BB IR X, 52 A G AT S E AR
PR BRAR XN MR 28 i i S DA [R] 5
KN HH PR A5 KB R , S TiashiiBlA
FREA AT S B I P e JC I S D], B TR AR
AN HHG R 5. #E—20, Jiirgens 45 P
T ST B PR AR RSN, R OGS
BB 1 0 A9 ST RRAS DL JC R T S A B 1 o Rl 3
BESA BN R Ay R AR B ReE, 25T
KA FF X HHG 20 1) 55— BAEF- 5. H A,
JK 254 I 2 BLo%) ) HHG € # S5 30 il &, H
HH ik -5k e AR AR S Al S B BR
T UL EHHBEREY TS, X4 2805 ) HHG B
FERE TR ARAT PR M A AN ] ) i 9],

3 EK HHG ¥ %8 &

ZFRTHEAF 25 ) [F) P, MR HHG 84508
R Bh R AR SR S 0. AR R i Z R, L
LS B AN THOAR, 18 A HHG K%
el bt TR R B i, BERT LOE e
AT LASE R P R S BE.

3.1 EBiFe=dH

XET AR, JEHR R AR i, A AL i
THEF. PR, FRIAS [ AR [ A P4 ot A 2k
FEI TR, SRETT (8 AR % 72 [ & HHG.

234205-4


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

Y] 32 2 3R Acta Phys. Sin. Vol. 71, No. 23 (2022) 234205

3.1.1 HeiEH

s AR 25 ) S R F-HES AR TR] S a] 9
PIPEA R AR, R HHG 5 1 AR AR 1) 5
PRI — A FLARGREL. QA SCUr G 9 IR 7 HEAR F 1
SRR S 23 (AR ) HHG 7238, oAb, SR i i)
Al RESZ I HH f k2= A 254 . Langer 45 45 F
K25 O bk i BB 5 GaSe Bk 245, BF9¢ HHG
SMBHRIIIOCR. G5 R SRR Y
i FCRE A 0O, IR R HE S T BB 551
fde, $eft T — Rl B FIAT By HH 22 8] ik e
A0 TFB. 38 PR S D B R 4k, HE
BRI LASE L v #0120 Z [0 (v B0
W), IR FE I T [ R HHG 0 2805 15 il i 0
AIRE, R ERBTENET-22 T4 T .

3.1.2 R

T B EE UK HHG AU AR %
A5 5 TN FH I 7 B R BT (R 3P0k HHG 3R
I ey L AR RN 55 AR TG AR KPR R P59, F2 %2
Ji R S AR HHG X 3R 3l 6 8 1) 5 ik i e i 225K
AR TR, T e 2 AR A0 8 RRD IO B DK e 0 R AR
fiX, MELIIR S S 1A HHG. @ik HHG fE#z —i
Al DL el 25 A i R o, R AT SR 3
JCELK P RE R 2R, TR TAOREE YR =
WA 58 A G UE B T fig . Han 45 (WA 57 6 B
G- WE T AT YR ZE AR ) SR TE A B IOCHE R TR
By, #ERARMEE HHG. [© 3(a) iR N4 %
A YUK EER R F S5 (SEM) B, TR
g, BVEEH 75 MHz SR AR
WOCTE, WIS E] =ik 13 Bk, anlE 3(b)
. BfifE, Vampa Z5iEH 4 99 K K2k 60 F14 it
R 12 ] LUK Si B HHG 3 5R 270 146
2. Yang 5501 il T EA AL EUT R (epsilon-near-
zero, ENZ), A5 H R NP SFROEIRIG K 16 75, W
E4 5 HHG 72, R, ENZ AR B i) HH O
TR R LR TR B, XA BT
INFRFNFERE R ENZ B8P 5 BERT R] 9728 1k 15 1
). ENZ # AR A [E A HHG BBt 174
B, BT DGR R il PR T T RE.

3.1.3 w142

ARSI G R— i a0 e 8 A v s S DK A
A7 AT S R R, (H 0% Ho i e 2R ARt

BERYARAT HLR PRI 308 2 i S T 18 T L[] 5
PRI R HH P24 | AL38 AR 2 B UG i SR £5. Sivis
S 19 3@ 1 e B 2 ik rh AR MR JE IR I R (Fresnel
zone plate, FZP), SZEL T X5 B i 1 % 1 25 []
R & 3(c) R Talid FZP Jfi i) = sy
(55 UG LE R, KRS FZP B (B a9 X)) 19
SEM EIZ. 8 TR OGRS I 28 [ 494, 1538 H
Z3 ) AR PE, IR 3(d), (e) Fizs. 4598w, FZP
PRI 3 B Al 5 [ 165 i) g o e S £ 3%
P BAESCTER ST IA S 1 pm. AT LU, 38 ad fn
Si0, Fll MgO ZF 5y AR R, B4 HH R
PRI AR B0 S Ak Be, Aok B £ Aok
VR RN LA AR A T8 ). RN S
FIFEF B AT LA HH 23 [ R, (HR el s+
A B ARG 7 BB FR ], #2844 m e il 1 ik — PR
i, AR A R . DA R AR TRE 62 o
AR 1 F T A8 M 0 AR HHG (19 22 R 25 A
e R T —A TS

3.2 SIFEH

B 1 o [ AREE A X HHG s T4, S
A 4R B R F T AR, X HHG 3k
— NG SR P AR B AR Ze ROt A B R,
17 R BUBRMOR T H0 5 I . 383 /0 JR 9Tk o i) 2%
B AL 45 FH AL (carrier-envelope phase, CEP) B¢ #
XU G BURO G, o RT3 8h ) 2] LUl
el OGRS [ A HHG, HOG g SUsk
IR SOERY CEP 10 I 4(a) FioR. Fig L,
CEP i (1) 4 Bt b HH i n] LU a5 30 37 40
T ] & AR RS XTI RR T R, Mo TReE
58S 0BT e & 2 VL ECHT, B & 5T HH 61,
o ol 37 28 i 25 22 (8] ) B B BB R 25 H e (8) =
2/ [RAW) + (wo/2) K 3 59, S BRET 40 1 7
A () TN RIS woFmmatr Bl [ 130
D27 Je S W WK i S R R P e ke, (AR <8 F i 151
AREDEFRE A ST W 25 T/2 I, ksl AR
TN AERT R B ROGHE AR A A U8 . X Fh T
SARARF WD O R, A= 4: CEP 4R
I T A5, X Tl SIS RS T B N
W, T A HH [0 &5, AR MEROREE 253
CEP Xf HHG ¥ i i (64,

CEP K #ft HHG &R 1 &t 45 HHG

234205-5


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] 32 2 3R Acta Phys. Sin. Vol. 71, No. 23 (2022) 234205

AR S5 391 T3 B T RERE, AR EE TR A bk ol CEP 34
¥, WEAEOEY 0 HHG R4 Hi 3R L5 2 41
ST AR A R BE, AAR XS EOGIR BE | AR AR AL
AR 1 5 . Vampa 45 16966 SR F P47 0@ A% 5
AT 1 B Ak e 3T A S S8 18] P ) . 386 %o

Au

Sapphire

(c) 2.84ds
FWHN

—800 —400 0 400 800

Distance to sample plane z/pm

Pk, TR T 4351 B D63 1E 2 JE 19 HHG #4 B Y
A VA3 e HAN T A Sl RS AR A AL
HHG B3 T35 00 32 2 S ], anisl 4(b) Br
. JEBIE TP IR AL B T 20 im HHG WA ORI RE AT
(EISNEERRIRE2E

(b) Harmonic order
15 13 11 9 7
100 ju | F T ¥ T _ Y T Y T
12 — 0.42 TW-cm 2
15 | —— 0.34 TW-cm~2
£ — 0.23 TW-cm 2
1 ‘ .
1] 1 ; 011
E O L
5 0.2 0.3 04 05
5 10-1+ Drive-laser
~ 3] intensity/(TW-cm~—2)
2
B
=]
5]
2
=
|
102
300 nm 50 60 70 80 90 100 110 120

Wavelength/nm

3 pm

10° cts s~ 1

Intensity /arb. units

|
Sample

10t 4? 1
=1
=
£ 2
ERIS
. >
2 Rt
o 7
< 3
2 =
= g
=] el
I
o 2 3
10

g
-
o

Z 0 1 n 1 1 n 1 n 1

1200 —4 -2 0 2 4

z coordinate/pm

P03 gk &5 H A ST T AR AR ) HHG. (a), (b) &)@ -1F 5540 HE 8 0 HHG M (a) W5 52 40 #k 00 340 v B 0 S8 (b) 2 11
HH Ot () —(f) JRRFH A HHG 1 (c) TEAE T D 5 0 = PR R ST (d) Z0OR (e) TV I R 140 () fE5

B

Fig. 3. Control of solid HHG using nanostructure and interface engineering. (a), (b) Enhancement of HHG on a metal-sapphire nan-

otipt": (a) Scanning electron microscopy 1mage of the tips; measure: spectra. (c)— rom Fresnel zone plate
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(FZP)!®l: (c) Third-harmonic emission pattern recorded at the sample plane; (d) third and (e) fifth harmonic focus scanning as a

distance to sample plane; (f) focus intensity profiles.
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Fig. 5. Applications of solid HHG: (a) Attosecond-streaking spectrogram in SiO, [?; (b) time evolution of induced electronic dens-

ity for distant bilayer h-BN[™; (c)band reconstruction of ZnOl""); (d) the power of HHG yield versus driving laser intensity for ZnSel™);
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SPECIAL TOPIC—Attosecond physics

Generation, manipulation, and application of
high-order harmonics in solids’

Wang Yang Liu Yu  Wu Cheng-Yin'

(State Key Laboratory for Mesoscopic Physics, School of Physics, Peking University, Beijing 100871, China)

( Received 4 July 2022; revised manuscript received 5 August 2022 )

Abstract

The generation of high-order harmonics based on the interaction between ultrafast intense laser and matter
provides a platform for studying the light-matter interaction in the non-perturbative region. It is also the main
route to generating desktop extreme ultraviolet light source and attosecond pulse. The non-perturbative solid
high-order harmonic involves the core content of ultrafast strong field physics, condensed matter physics,
materials science, information science and other fields. Since it was first experimentally observed in 2011, it has
rapidly become the research frontier of strong field physics and attosecond science. This review summarizes the
research progress and important applications of solid high-order harmonics from the perspective of an
experimentalist. Firstly, distinct characteristics are shown for solid high-order harmonic by comparing the
dependence of harmonic yield and cut-off energy on driving laser parameters with gas high-order harmonic.
Then, the progress of manipulation and application are highlighted for solid high-order harmonic, including the
precise control of harmonic yield, polarization, space-time distribution through the design of target structure or
laser field, as well as the application of solid high-order harmonic spectroscopy in the fields of material structure
characterization and ultrafast electron dynamics. Finally, the future is prospected for the study of solid high-

order harmonics.
Keywords: ultrafast laser, strong field physics, high-order harmonic generation
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