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Nonlocality of shift-current studied by emission of terahertz wave
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Recent theory of photovoltaic effects describes photocurrent by coherent
shift of electron cloud by photo-absorption. This quantum mechanical photocurrent is called
shift-current” , and expected to be applied to solar-cell and photodetectors. In this study, we
observed terahertz wave emission from transient photocurrent generated by femtosecond laser pulse
irradiation in clean semiconductor CdS at 2 K. We succeeded in the evaluation of the shift-distance
of electron cloud upon the photo-absorption with resolution ~0.01 nm, and clarified its excitation

photon energy, polarization, and power dependences. This study experimentally verified the theory of
exciton shift-current.



B X C—19, F—19—1, Z2—19 (@)
1. MR AR S ) D 5

FETIL, KGEM « 74 A A4 —F - BB 72 EOFEEHIBIRTH 5, B%
i, Berry it (BB —2D T AB fﬁ%f%ﬁgﬁﬁ/\) Z IR B9 % B
B iAHE {;lu’i’j'n%%éﬂﬂ D F %F';O):J E—L v R v k& L“Cnﬂﬁ‘é‘éiﬂi
DB EINTWD, 20 [v7 MNER IXEMRRT ‘R B35 &TE”Eéﬁ’LTb‘
D, 7 MEF jﬁﬁk@ﬁ%f%éﬁ_&)@% S it(ns DOIRFEAREE) T DEFRFE

RSB A AR5 Z L IXNEETH - 7=,

BT OSER L, KEGE-C = SICEERKE Z R L W HEHETH
5, PEFRBLDFEEIR ORI TIX, S U ﬁ:O“CEa% IE}"L“\T#EEZ BT % &
ﬁﬂﬂﬂ’] HELTCWD, — 5, FaEO&E T/ TlX, WERNO Berry{.ﬂ‘ﬁ@/7

(ZBRED S T r/7 NEW DIREINTWD, &I T, 571**[5% %ng’d"ﬁ—
E@?-f*@ Bloch B#Zfiito o 7-MHE N L EIRMBTILD EEZ HILTW5D, HHL|Z
fﬁ@/ﬁﬂi 2 D TN B &ﬁﬁ#éﬂﬁ”’o“(%é# 58T O PR Tl Keldysh- Floquet
f@ (ZHASWTHEIRE T COIEVHRIREE & LT(}IL%%?F%TE’J@ DC Bt TH D L4

éﬂfwéo_®F/7k%m1 SRR =S ﬁﬂﬂ&fhit%i_#of .
E?Laﬁﬁ)aﬁﬁﬁﬁﬁfﬂﬂﬂ? V7 hTBHEEZLNTEY, BREHIEMRICE] i‘ﬁ“é D
7b@miwﬁ®«m7xﬁ4Fmﬁﬁ%WKW$mﬁkfﬁgﬁ #AERZ LT
D ENREEINTWD, 235 OBAK G BB T, W _ZIKEE)EﬂP L7ZFE T
E?fof%é)ﬁbf&%'ﬂﬂf%ﬁﬁb‘jﬁfﬁ{mﬂﬁaLE) <E75>$|§ﬁb§ﬂfb‘ff> WFSCER AR Y IRF
D7 NEROHEE T, B iz qubf%jlnaa{)luﬂﬁﬁbé CEEINTED ., K5
LR AR @é S5 MRER EO-DI2iE, BHEET - E?LXT@?%“C@<WJ£¥EJJ
@%ﬁ@k%f&7b$M@#%f%@h%%é@%%%ﬁ&#k@%hfmto

2. RO EM
ARG TILY 7 NEROIEREEC BB REZH O T D2 2B E L TER
W9e 1T o7~ 2D 7 MEFOEHEDIA &2 72U, sV iRt Z2 > U k-
74’ I AW T T TREA ) A RTREI NIRRT £ mUOIRAINE & FE o T N
WZIGHAIBETH D EB X D, AIFSETIE, & ROV I MEA Y -8R
’G‘@WJ@% X507 NERITBELOEEZZ T WEB X, N KXy v 7 - il
T HAE T RV X — « fERME A B E U EBRM B 2 8E LTz, LRI O &) S % i
L, SOICHERERKRCT DO FEREZGERT A AN E LT ZITo 7,

3. WL ik

FT . VI MNEROBEMRY AT IV ABINT 5720 i REHZ 7 = LMD L —F — L 2%
BRI L . B YA ORI 2 (A kI U C R SIS TR D A LA 35 £ A M L
ﬁaﬁmfTHZm%%@@Té%%ﬁKmifyﬁiﬁﬁ734ﬁxﬁﬂﬁﬁoflei
f%ﬂﬁ E& T DEBREZFTITHEE LT, HEBEEOEBE LM FEL2dEL . HK
DNFB AL — = THz N FZ R T HIT7AF A%y MR OB COYEERICBWTH
THmﬁﬁﬁ%t@mﬂ4#-7x%%Mﬁ6_&#T El7po77, 2020 £ 3 HBFS T 1.5K @
IR T 7 MERDOZ A F I A BRI RIT R SIS TRL T, AR TL TS
EB 2 TS, ARER I 70 SR 8 (K 2 UL ISR 00 B RIS %ﬁ<&§7wcmmm
460nm)iZ L, ZDONEIROBERSL A F I 7 A& Uiz, Z2RWE ZnTe O HHI
H7(800nm)hikd THAE S 72 THZ WOIRIEZZRUE S L T25 2 & T, RN DOERDEF
%@%?%f@v7%ﬁ%%%m?%éiéu%&otﬁﬁaﬂuhoit\ﬁﬁﬁﬁ
HED 0.2ps ifﬂ(ébf_o

REYE L Ui, R X 5% /RIS TE LAY 8K CdS ITH B L
7= AR RIS 0 AR R L — T — N R AR RN S EET S = & A
MHENTEY, BELORELZZIFIIWWEE 2T, CASITBWTIEY 7 NERNEFEET
B2 I RATIIZE CEGER BT E YL EN TR Y . BRI ME 2 RS L H 0 |
ﬁ(%ﬁf/7% D 2 A F 2 7 AR TSNS % 2 3 C LI B Ik TR %
BT,

4. BFIERE

EILEE CdS DFhE FWLIL (2554 meV) (Z3L0E U7 yemke (e dilifR e, mﬁzK)K;
ofﬁ%éhtﬂﬁ&ﬂWb%ﬁtM%Wﬂ/t$m®&4+ 7 A& BN L,
AT EAAT U CTHT - T2 iR L EARIZ BT DB L A T 7 A0 ERER [al, a2]
ERER, AMEIZBWTH V7 NETICRHEI B SE v — 2 AR O (B
BEM70.9 ps) DFITT 4 v b STz, THz IRHE DL 1= L F—&IFEMEIL, A JFhic
FRIUL & A, B, CAzEH O E X< —F L=, /2. AR - AU~@T$#/7F$
MO E LS —HT D2 /RE L=, Zud, Wﬁ@/7h BT O PG % JEh e 7 5h
EK%%TiL@T%%@&LK%@T%é Tz, V7 NEROE—JRELEE & g
T5HZEICED ., TR - ASE R RN I i6/7b BN EBIZIT., A U HLEE



HAERICRE B L Z T TND Z ENBH LR o T2, AV U EITEF AAERIIERD
V7 NEROHGTIHIZEA LT ANSGNTE LT, AEBRMIEOFEIIZY 7 MNER
DHRERBIELHLDOTH D, RERITFETHEL [c4], S DITRIIYBEGTGGEIC
BT ch D, -, BEL Ty 7 NEROERIFIE OGS 4 135 Lz [a3],
F7o. V7 NEROBEERL A F I 7 ADOEMEZEN - BRSPS TRE L, /K
RITHOWTigam L7z [el-—c4],

[F] R R Tl A < BT+ IEFLGOEIZE EE 5T 7 NBRDOZ A F I 7 A &5
LTCW5, LEWH-EIR CAS TORRNOH NWE A RFE L, & ATHBHERRENIC
BWCERERR Y7 NEiE R UEGIRIEEE S RE STz, BE, BEEE & 0T
v 7 NERETEEREOREE R O EBRMIEEIT-> T\ D,

(Fm 3L - fian e o]

[al] “Ultrafast spectroscopy of shift—current in ferroelectric semiconductor
SnsP2Ss” , M. Sotome, M. Nakamura, J. Fujioka, M. Ogino, Y. Kaneko, T. Morimoto,

Y. Zhang, M. Kawasaki, N. Nagaosa, Y. Tokura, and N. Ogawa, Proc. Natl. Acad.

Sci. 116, 1929 (2019).

[a2] “Spectral dynamics of shift current in ferroelectric semiconductor ShSI” |,
M. Sotome, M. Nakamura, Fujioka, M. Ogino, Y. Kaneko, T. Morimoto, Y. Zhang,

M. Kawasaki, N. Nagaosa, Y. Tokura and N. Ogawa, Appl. Phys. Lett. 114, 151101
(2019).

[a3] [REEHOHLWEF MG T 7 MEWRI) , DIESE, EALKEAN, FRER,
BAER, HAMEEREE 75(3), 1564 (2020).

[P ]
[c1] “Terahertz emission spectroscopy of shift—current in ferroelectric
semiconductors” , M. Sotome, M. Nakamura, M. Ogino, Y. Kaneko, T. Morimoto, Y. Zhang,

M. Kawasaki, N. Nagaosa, Y. Tokura, N. Ogawa, 20th International Conference on Dynamical
Processes in Fxcited States of Solids (Christchurch, New Zealand, 2019) (JBE3EF, &
B )

[c2] “Terahertz emission spectroscopy of sub—picosecond shift current” , M. Sotome,
M. Nakamura, M. Ogino, Y. Kaneko, T. Morimoto, Y. Zhang, M. Kawasaki, N. Nagaosa, V.
Tokura, N. Ogawa, International Conference on Strongly Correlated Electron Systems
2019 (h= Ry vavkwrd—) (KAX—}FE EHibb)

[e3] HAZEN, HFES, KIHET, &1FRBEK, HAEH, Yang Zhang, JIIEHER], KE
EA, +ER, /IIES, TS EERcB 2 7 a7 NERSL AT 7 A,
2019 FERFYE 2 (DEEFE, &aile L).

[cd] HHALZEN, FTFES, AR, JNEHS, Fa4rkd, DNIEZE, 177~ likdt sy
A K Db+ 7 NEROBIM (A ARYH TS 2019 FFKFE RS (REEFREE - &5k L)



s s 75
2020
154-159
DOl
https://doi.org/10.11316/butsuri2020.75.154
Sotome M. Nakamura M. Fujioka J. Ogino M. Kaneko Y. Morimoto T. Zhang Y. Kawasaki M. 116
Nagaosa N. Tokura Y. Ogawa N.
Spectral dynamics of shift current in ferroelectric semiconductor SbSl 2019
Proceedings of the National Academy of Sciences 1929 1933
DOl
doi.org/10.1073/pnas.1802427116
Sotome M. Nakamura M. Fujioka J. Ogino M. Kaneko Y. Morimoto T. Zhang Y. Kawasaki M. 114
Nagaosa N. Tokura Y. Ogawa N.
Ultrafast spectroscopy of shift-current in ferroelectric semiconductor Sn2P2S6 2019

Applied Physics Letters

151101 151101

DOl
doi.org/10.1063/1.5087960

Sotome M. Kida N. Horiuchi S. Okamoto H. 98
Narrowband terahertz radiation by impulsive stimulated Raman scattering in an above-room- 2018
temperature organic ferroelectric benzimidazole

Physical Review A 013843:1-9

DOl
doi.org/10.1103/PhysRevA.98.013843




2019

M. Sotome, M. Nakamura, M. Ogino, Y. Kaneko, T. Morimoto, Y. Zhang, M. Kawasaki, N. Nagaosa, Y. Tokura, N. Ogawa

Terahertz emission spectroscopy of shift-current in ferroelectric semiconductors

20th International Conference on Dynamical Processes in Excited States of Solids

2019

M. Sotome, M. Nakamura, M. Ogino, Y. Kaneko, T. Morimoto, Y. Zhang, M. Kawasaki, N. Nagaosa, Y. Tokura, N. Ogawa

Terahertz emission spectroscopy of sub-picosecond shift current

International Conference on Strongly Correlated Electron Systems 2019

2019

, , , , , Yang Zhang, , , ,

2019




Applied Physics Letters (2019 4 15 )
https://aip.scitation.org/toc/apl/114/15

Applied Physics Letters Featured article
https://aip.scitation.org/doi/full/10.1063/1.5087960
Applied Physics Letters Scilight
https://doi.org/10.1063/1.5109214




