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History of PES and ARPES
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Applicability of w/nano-ARPES: Domain selection
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Applicability of p/nano-ARPES: Target samples
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J. Avila et al.,
Sb,Te; Sci. Rep. (2013).

Y. C. Arango et al., ScizRep. (2016).
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Applicability of y/nano-ARPES: Target samples
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Applicability of p/nano-ARPES: Target samples
SMEGM=mE)EH

D. Takane et al., PRL (2019).
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Applicability of p/nano-ARPES: Target samples
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Applicability of w/nano-ARPES: Device analysis
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T. Ohta et al., Science (2006)
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Applicability of w/nano-ARPES: Device analysis
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Applicability of w/nano-ARPES: Device analysis
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Applicability of y/nano-ARPES: Multiple conditions
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i 8
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Advancing spectroscopies for material studies
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Nano & Spin ARPES
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Combining spin, time, and spatially resolved ARPES
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New direction of ARPES
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T xJ)LF—%EE 50-1000 eV

Ik s vt
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xinggA) I(:Zillz)illary Zlég :: R
ANTARES FzP 150 nm 95-1000eV 25 meV
(Soleil, France)
I(c[))sla:\lzl:\? UK) FzP 700 nm 60 - 150 eV 30 meV
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Diamond 105: HR u-ARPES and nano-ARPES

Spot size
~30um
M. Hoesch et al., Rev. Sci. Instrum.
88, 013106 (2017). Spot size
~ 700 nm (FZP)
SLS ADRESS: HR SX-ARPES and RIXS
E/AE ~ 20,000
V. N. Strocov et al., J. Synchrotron. Rad. 17, 631 (2010). /
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F.Ji et al., Phys. Rev. Lett. 116, 177601 (2016).
- %

C. Tusche et al., Ultramicroscopy 159, 520 (2015).

WINDAEDH. 22RITTDARPESES %
ARTIERERTFLI-FFEX—T v b T
RET S B 7% IR EER EICHERT 5,

BTFOEGRL v XOFENIED (CH L <.
FROFENE DB BMNMTES
EF > TULAEL,

\ G. Schonhense et al., JESRP 200, 94 (2015). / 10
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F/ENRAEUDBRARPESE — LT A4 TV FRTF— 3> ()

AZRAET P al—% OKF - EE - £EAFARK) &EIFEFOIE

) [
ITxILF¥—
ST N TTV IR

Branch : &0 fREE R B> D RERXHRARPES
- TRIILFXF—FEEE > 30,000

- T7Fx b7 Iy IR >101

« ARy b A4 X ~10um

- SELREE <10K

R & = 0 R BEERXFRARPES
B D ERXIRE X £ > 9> R ARPES
VTN AEVEBEHESTILTF A iR Es

815 50- 1000 eV
SHEREE E/JAE > 30,000

> 10! photon/sec

Branch : ./ & X "> 2 #EARPES
- TRIILF—FEEE  ~10,000

T AR T TV IR >102

- ARy Y A4 X <100 nm

- ARERE <30K

R —FE U3 UVF / ARPES
(EWD. KT3I F¥—. SihEetc.)
SHTILFRE BT

HEI DS / X ARPES
11

> EHRIE U DBRARPESE — LT A Y T R AT —Y 3y ()

AZRAET P al—% OKF - EE - £EAARK) &EFEFHIE

) [
ITxILF¥—
HSEl TNy TTV IR

-

Omicron type holder

K(FERROVAC GMBH) j

Transit

in situ
sample growth

$81% 50- 1000 eV
SHEREE E/AE > 30,000

> 10! photon/sec

Other beamlines
(XMCD, RIXS, etc.)

Sample
transportation

Nanoscale

characterization

Other facilities
(Device sample etc.)

CERIRL S —ofEl (77 FE. E—LTA R hERER)

CF TN RO FRT v REHEIN O RER

32
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AEVHRABFIHKDEIA
[LERF-BEKX—
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RAE > DB F I ICOEA]

[REXRFBEIERIFMR Y — BEEX—

Outline
CERZEIDITER SN (18R)

Mott, VLEED, Au/Ir or W filter
- AE > ARPESDIAFEDIERE
- NILFF v R AR 2R DIRIR

- BRI R E > ARPESDIRIA & 53K
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What is spin-polarized ARPES

25 kV

minority spin states

Spin - resolved Photoemission Intensities

!

2 - 0-E
Energy below Eg{eVv]

E. Kisker et al. Phys. Rev. B 31, 329 (1985).

.
a T:‘
Fe (100) st
10+ T hv Bk T
v Ek
ol ) \L PuEs
ol | TN
6} a v

majority spin states

Mott

Channneltron (Left) /L

S~0.15

FOM~ 1x10*

Channeltron (Up) [u

S

o |

Quantization axis |

/) Scattering plane Il A

Spin-Orbit Interaction

Target
(Au polycrystal)

Channeltron (Down) /b

»

\,
Quantization axis
N,

RN

Scattering plane |

Channeltron (Right) /r
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Spin-Exchange Interaction
VLE E D D. Tillemann et al., Z. Phys. B. 77, 1 (1989).

Se~0.35 .
FOM~ 1x1072
>>> 5x1073>>>2.5x10°3 1 S
a=s,, . p=e”l) ‘.
ST T+ L)

Au/Ir(100) (or W) filter

_ Spin-orbit Interaction
Kutnyakhov, D. et al., Ultramicroscopy 130, 63—69 (2013).

Au 1ML pseudomorphic film
on Ir(100)

S.~0.6
FOM~ 6x1073
>>> 3x103>>>1.5x103
(I — 1)
A=Syp-P=t——2
I U + 1)

J. Kirschner et al., PRB 88 125419 (2013).
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I —
FEH 1 AERHZRDLEER
(> DILFv 22V TLHHER)

| Mot | wuED TS

23R (FOMm) A

3D NLVAITE © O A
=70 EEEEAITE A O O
v NGRbRIE A O O
BF fE1 o0 # Rl E © A A
GEMYE - A>FTF2X ©) O O

Outline

- AE > ARPESDIAFEDIEE
- YILFF v ) Uig 2R DIRAR

- BRI R E > ARPESDIRIA & J5 3K
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COPHEE (COmplete PHotoEmission Experiment) machine
@ SLS for 3D spin vector analysis (3 R7T A E > £74T)

3rd generation SR Swiss light source (2000™)
100 times higher photon flux than HiSOR

AE:~70 meV AB:~£1°
3RTAEHTOEEMZRUTZ.

M. Hoesch et al. J. Electron Spectrosc. Relat. Phenom. 124,263 (2002).

M. Hoesch et al. PRB69,
241401(R)(2004).

ESPRESSO machine at HiSOR BL-9B 2011~
SRR E iR = 5 08%8e10)

- Efficient SPin REsolved SpectroScOpy (ESPRESSO) machine for 3D spin

vector analysis Resolution
v + Best
z A VLEED1 (AE, AB)=(7.5 meV, £0.2°)

6 axes > — % Typical
T~10K o Y )LEEDZ (AE, AB)=(~20 meV, £0.38~0.75°)
Y Zstﬁj Special function

A x & e % Efficient normal ARPES

— +* 3D spin vector observation
X -Z (PX/ Py/ PZ)

EOREERITE & 3IRTAE AR
tomzzZREB L.

J. Electron Spectrosc. Relate. Phenom. 201, 23 (2015).
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N AN I ~
VUV-Laser JGIRODFIFH 6ev~7eV
v N—i LG
(iﬂ_ﬁ ﬁ‘ ﬁﬂFHb'f lﬁ)
Pass energy 2eV
T=9K
AE = 1.7 meV
ESPRESSOL D 1 H1iE L) |
Cu(111) Ag(111)
LASOR ~
7 eV laser : 1x10%* ph/s 0.04¢ 4 meV
Flux dens. 2.5x107 ph/s mm?
~15 meV AE~5 meV, T=12 K

PFY2HISORMDSREL D 4 HT= L) |

K. Yaji et al., Rev. Sci. Instrum. 87, 53111 (2016).

11285 CHYSE

ISSP 5ia. BEHEKXDigH

N oOE—LDOFIF

Laser Spin-ARPES system at HiSOR

PbBi,Te,S;
Target preparation
VLEED1
VLEED2
SCIENTA DA-30 ,

K. Sumida et al., Phys. Rev. Mat.2, 104201 (2018).
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Possible
two different
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]
K &8 2 . A Dspin-ARPESDFER
(i.e. ETDspin-ARPES(Z 3D SIDEAF)

- 3IRFTRENRD N LEEHT

- EEEE (T — - KER)
- L—Y—HACLDBEDREEL

- NE— A KRDY A MERRAITE

Outline

- NIVFF v )R asDIRAR

- BRI R E > ARPESDIRIA & J5 3K
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AE > DRAEFIHDEITDFERE Recent progress of Spin-resolved PES
JIVFFv 2 RIVEAITE

Multichannel spin detector

Evolution of spin-ARPES instrumentation

S. Suga and C. Tusche, J. Electron Spectros. Relat. Phenomena 200, 119-142 (2015).

Momentum microscope(MM) using Au/Ir(100) spin filter

AE
AK

12 meV
0.005 A1

C. Tusche, A. Kurasyuk and J. Kirschner Ultramicroscopy 159, 520 (2015).
D. Vasilyev et al., J. Electron Spectrosc. Related Phenom.199, 10 (2015).
G. Schoenhense, JESRP 200, 94 (2015).
FOM=pixel number x FOM(single channel) g
=100% x 102 ~100

PEEML > XZFIAT Dzt E DN EETE
o RENDEELLN
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‘;,H\IJL:EWIJ TOF-MM+SR (BESSYII 22eV)

BiTel o-GeTe(111)

Au(111) MM+He lamp

MM-+Laser (6eV)

C. Tusche, A. Kurasyuk and J. Kirschner
Ultramicroscopy 159, 520 (2015).

H.Maass et al. Nat. Commun. 7, 11621 (2016).
H.J. Elmers et al. , PRB 94 201403 (2016).

Multi channel spin detection using
Fe(001)p1x1-O

F. Ji,...S. Qiao PRL 116, 177601 (2015).
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Fi.... and S. Qiao PRL 116, 177601 (2016).

FOM~832x8.5x1073 = 57

AE = <10 meV . i?’:%@ﬁt
AO = 0.26 °(0.003A @6eV) o BEEL > XD IH UL,

Multi channel Mott @SLS At Analver

Entrance slit=0.2 mm
Epass = 40eV
AE = 36 meV

V. N. Strokov, V. N. Petrov, J. Hugo Dil, J. Synchrotron Rad. 22, 708 (2015).

A = 0.07°
At CCD

AE = 50 meV
AO = 0.63°

T 2eV

+ 9.5 deg
+ 9.5 deg

*2eV
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-
DRE> T4 I)LF—

T. Oevergaard et al.(Swedish)
FOM~67 Arxiv.1709.03838 (2017).

FEDH3 SO TFVvURI s IILFFv R

SONFv 2RIV | RIVFFv 2RI MM + Au/Ir filter
VLEED VLEED

R (Fom)
SLRI)ILF—DREE
=R RAE
3D NLVBRIE
) VeRISORIE

U\ GHARLRIE
iSiipayiiailng
B - RN

O
Qor ©

> D> o D> o O o

A
O
©
A

o> o P> OOo

O

>

RIVFAETED ERPRISREN (CEILE> > > DERES LTSNS RIEEME
3D N UERMT (XL TER IR S

MM(Z. v \eRIGEIE (FEREAY. UGB EAER

RO A5 AR ERAE & (SYVEMEL.,  (EERETENE)
BAEIC(TEN R E ?

IR THERESN TL\BDIEMMD F+,
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Outline

EIRSHDRAEARPES (E—AS1>) OIARETE

-]
N S s
g

(UVSOR - .
Sato Lab.
SR
MBS A1 +2D or 1D Xe, He lamp
multi VLEED
MBS Al+Mott
i H VLEED, 2D or 1D
MM+ SPring-8(NIMS BL ( :
\_ spin ) g ( ) \mu|ti) )
( N\
HiSOR HX 4 ~
MM+spin LASOR
SR 13-100 eV Laser 7 oV
i +
cienta RA000 +VLEED Scienta DA30 +VLEED
Laser 6 eV ; oy
Scienta DA30+VLEED aser e
Kondo-san
Multi channel . |
SES 2002 +VLEED u ti channe
\_ Y, Q(ajl-san P
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EFFONGFIICEAE S DHtEF<E
i

VUV-SX
HX Imaging VLEED
TOFMM+spin

Vuv

ELETTRA TOF+Co-VLEED
VUV

DA-30+VLEED

HERDUAIT R b

. A
- 2D VLEED+Scienta R3000, 2D VLEED+Scienta DA-30? (labo.>>>_LJELS)
- Mott+Scienta+Laser (Zhou”Z)L— )
- BR[E
« VLEED+Scienta DA-30 (PLS)
- 3—0Ow/\
Mott+Scienta R8000 (BESSYII)
« Momentum Microscope + spin (Jurich)
- MM+TOF+spin (PETRA I11)

- Mottx2+Omicron (SLS COPHEE >>> upgrade 2020>>>SLS2.0 2023 7-1000 eV
T<4K, 1.6 meV, 50um) Mottx2+Scienta DA30

VLEEDx2+Scienta DA-30, (MM) (ELETTRA)
Mott+Scienta SES2002 >>> FERRUM + MBS A1 (SOLEIL)
MM+TOF+spin (Daimaond LS)
VLEED+SPECS (MAX 1V) 10-1000eV

- 7AUB
Co_VLEED+TOF (ALS)
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. ]
ER1L3GeVDspin-ARPESS HH]

T w0

rozal—4 APPLE Il Helical or APPLE Il
T <)L+ —7%Al, 50 ~ 1000 eV 30~ 1100 eV
5w 2OX (GH#l)  102photons/sec 1015 photons/sec
TRILF—fREE 10,000 >30,000
E—LH1X <100 nm 30 nm
AURHRIR He /B2 4K, ARS R
B &L T >t PR BRESIH
o [RIRILF—(FHETR . WUNE—AGwZE « RE RS EE?
o E—LABXICHHE - IMERCEE  2D(1D)H\ 0D ?
- DAIELEE « E—AlFumH nmH?

o SXZEIEMREY (CIEF s BRITRILF—(FEDSTDIH?
. TERASLED ?

Discussion

NIVTFFv 2XRIVICTBINEDNINEERIR ST E
- 3RTTHIEN IR TI(TIRE SN TLVRLN,
c ARL—2 3> DHUE,
- 2 RS ANIESNZN. RERIBEDOIEMES ?

ST RIS BAR TR = S /AVLEEDD ?
- BRDFRAEICCTEN 3R 5SMott EH DN ?

NI TFFvXRILTIEMM+Au/Ir 1 )L —H—HDE ?
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'S

& FARTY)

- E—ASA1> 50-1000eV, 73 f#EE10000-30000, O] 2RI
- 58158 (or EB1T 5> F)

BECHEREAEKRI I —X(ord T>F) (u-ARPES, pu-SARPES)
E— AFEum T/ \ 1 RIL—TF v MREER,

- ZE MR (FVLEEDA T ?. IRIRMEY I SNES > JILTF v > &)L+ 3DREAIGE
AR BEECFCEERD

<528 (or5527035>F)

Pk DT T —X(or7d 5>F)  (nano-ARPES, nano-SARPES)

- HttamP A XDE—-LEBET

- AEBRHBIENILFF v > RIL+3DRE RIE
- R EHIEY

- BRI AR BIRET
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+./ ARPES DR ER
LEXRE-HEEHA
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RERBEIH F/ HEFHHT—2 >3y 72019
HRAFE., &Ax v /R, 2019F1082H

7/ ARPES Dt 5L Ef[A]

e R

[LERF BEFMREE PEMFER

2008~2016 : [LARWMES > 2Z— (HISOR)
2016~2018 : HEMHE (Diamond Light Source)
2018~ : IRFAE

o ERWSDF / ARPES - ERXHKRARPESDFFEIR M
o Diamond Light Source
0 ARPES beamline (105) : 5% #28EARPES / F / ARPES

o 7/ ARPESDO R E[A]
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( e o )
WUNEK = 7zViE BEEXvv7 SRR
EE
EE %
Q Y Fﬁ%ﬂl Shen et al., PRL(90). Dingetal., PRB (96). T. Valla et al., Science (01).
\ J
7/ ARPES
£y £
[ ARPES DH4BE M J oo [ SPEM O TA# BE ]
AENBNEFON EEBECEF M
ARPES : Angle-Resolved PhotoEmission Spectroscopy SPEM : Scanning PhotoEmission Microscopy
=iEEE (GRE - 28HE) BEMEED (BRI
0 BmIRILF— - BREHHEEE o M/IhREKy b
o E¥ZEM~y7 BAEEDR o EZEMey7 (LEREEE)
o WER o E—LRTEMH
0 FEXIZNLX—DRIZEMH o MEREM
- /| AR SER-RXA5A
m 7}/ ARPES
s Ry bHAR | BT RLE— | REVRE | BExF—
Elettra Schwarzschild 500 nm 27 eV & 74 eV 15-470 K 4%H
Spectromicroscopy
SOLEIL FZP 150 nm 95 — 10000 eV 60-80 K 5EH
Antraes 50 eV or 100 eV
Diamond FZP 240 - 450 nm 60-150 eV 25-30K 5
105
ALS FZP 120 nm 80 — 1000 eV RT 55
Maestro Capillary 450 nm

EEHh/FE © SSRF, TPS, NSLS-2

B EX#ARPES X 1 #F {LErEBEDRD (2-3#7) o BMAHERERE (cosnEREHTHEX)

HEROBAHBIKREFNE

sLS 300 - 1600 eV WZ  33000@1keV > 108 10x 74 pm?

ADRESS

SPring-8  220-1000eV  FIEX 10000 @ TkeV > 101 1x 120 pum? =20

BL-255U (30 x 80) a=45" DASDBE
Diamond 500 — 1300 eV Az - - 40 x 20 um?

109

PETRAIl 250 — 3000 eV WZE  >30000@ 1keV > 10?  10x 10 pm?

P04 (1x 1 BHFE)

V. N. Strocov et al,

51 Springer Ser. Mater. Sci., 266, 107 (2016).




AEhirym = \/AElzs’L + AEflna

EPW

ABana~ SR

Vs

o Ep

o w
o R:

-

INAITRILF—

CTFTAF—DRY v Mg

=20 eV (E,, < 450 eV)
=50eV (450 eV < E,., < 1keV)

Emein
Emein

TFEI7AY—DFEFE

R= 200 mm, E/AE,, = 30,000 @ 50 eV

E/AE,, = 100,000

10.1 10.0
50 0.2 25 25.1 25.0
20 0.1 5 53 5.0
50 0.1 12.5 12.6 12.5

R= 200 mm, E/AE;, = 30,000 @ 500 eV E/AE;, = 100,000

Ep (eV) m AEAna (meV) AE,,, (meV) AE,,, (meV)

19.4 11.2
50 0.2 25 30.0 25.5
20 0.1 5 17.4 7.1
50 0.1 12.5 20.8 13.5

R=200 mm, E/AE;, = 30,000 @ 1 keV E/AE;, = 100,000

-um-

34.8 14.1
50 0.2 25 41.7 26.9
20 0.1 5 33.7 11.2
50 0.1 35.6 16.0

12.5
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Diamond Light Source

(D ]

B E 3 SEE - PERKEHE
BFIFRILF¥—:3.0GeV
ER1E : 300 mA (Top-up)
B

o ET I v &>X:2.7nmrad
W 20174 : EERRI10FAF

o EEHEtE : Diamond-Il (20267)
https://www.diamond.ac.uk/Home/About/Vision/Diamond-Il.html

O O O

B 105:ARPESE—L T4 ~
0 = FEBEARPES
0o 7 ./ ARPES
#Z %A [Diamond Light Source & ARPES E— L7 A > 105 DIFIK

VUV - SXEBEXBEMRERAKXES - —2— XL X — (web24 2016)
http://vsx-community.com/letter2017/

m E
0 BOBOHEMR%E 59!

- e Yt 0 +HEm~< /X —

—=<1I'A

0 7 — TN EERERYIER

/|0 5 BL Scientist \

- J

Motion group

Vacuum group, etc.
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DLS

m RE - Soimtdes b NERRF

4 ERFEHApple-I7 > 2L —%& ElERABEZETAIS X T LA SEE - BK;Eefh A
HARlv—E1lL—&%—
\_ J
mEKERF - RUF

-

BL Scientist ; [ Engineering group ]
REOTF = v 7 MEFER L -

. J = J

HEIV T b7 7 ORFE - RER = BLS T T K KEBFIICETRE = AB DRI DOHER

S

BIZE - Beamlined|fHlY 7 bV = T OEKRE T2 E—L T M4 VHB
m PRV Z b B Beamlinefll{#l (EPICS based)
GDA : General Data Acquisition

m B m Ty 7 MERE
[7\ *ry ((IE - AE) i us] N ([ DAWN A
B Tr7AY— Suitable for image visualization
EIHEF - 27— % 74 bEAF—F https://dawnsci.org/
Z )y b MCP (H X Z) KEET — X
[FhE Y
(=
Trvlal—&k¥vvy S
O\l 4

T




(4) Nano
7) MBE 2
©) )] (2)
(3) HR (M
(1) HZF Ny F (4) +/ARPES
(2) oz (5) EERHIEE
(3) 9 fEEEARPES (6) HAKRERBE

(7) MBE (+XPS)

J_"

For details, M. Hoesch, Rev. Sci. Instrum. 88, 013106 (2017).

HR-ARPES branch

Nano-ARPES branch

( N [ 7\
B SIEE - 59676 B S9REXEFINE
A ZRIE - BUNRBE Y b 0 Scienta, R4000
0 hv:18-240 eV (>10?2 photons/sec) m Al —4%—
O APPLE-II quasi-periodic undulator o BR{KR (T ~4-300K)
Variable pols. (LV, LH, RCP, LCP) o IhfEEEIE
0 PGM (E/AE ~ 2x10* for 20-80 eV) Tilt +45/-35 deg.
| 0 60pum spotsize L Azimuth =180 deg. |

NA RJIv—"T"y b : 25 papers (2019) , 37 papers (2018), 34 papers (2017)
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TN

LALS ]

7 i@~y Eys (REERN)

Fine scan 4 )
Microbeam ﬁ
Nanobeam
hv scanO
Angle scan
Fine scan
Fine scan
74 ! \ )
HARE~Y Y s (EEE) Zxzai@mvyEry Er@Ea)
4 Y4 )\
hv = 230 eV
o
&
<
\_ J Energy y,

Beamline
M. Hoesch et al., Rev. Sci. Instrum. 88, 013106 (2017).

Nano-ARPES Specification
See Supplementary Materials,
H. lwasawa et al. Phys. Rev. B 99, 140510(R) (2019).

—— W Basic spec. ~
o Photon energy : 60-150 eV

o Polarization : LH, LV, LCP, RCP
o b-axis manipulator
Polar & Azimuthal rotation

T ~ 30-300 K

56

4 Fresnel zone plate (SiN) )
by J.Bosgra, B.Rosner, PSI, Switzerland

B Resolutions
o Energy (*) : ~30 meV
o Spatial : <500 nm

Due to Low counts (~1/700 of standard ARPES)




Sle)

=3

[\

on O Analyzer rotation: -5 to 30°

\ J Ir[lﬁAF ------ 0 Deflector (DA30) : £ 10

Akl - KOUBERFREZEXTICRE Y BV IR

AIEICHFEET S [V RO AHLETFIRRE] =Xt

X< X3y

B-Bil,
hv = 85 eV R. Noguchi, T. Kondo et al. (ISSP, Univ. of Tokyo)
T=35K Nature 566, 518-522 (2019).
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Bl O E __

B YRIABRICY) O ImERTE B ORGE R XA v DOBEEA
YBa,Cu,O4 (Y124) un-detwinned BaFe,As,

M.D. Watson et al.
H. lwasawa et al. Phys. Rev. B 99, 140510(R) (2019). npj Quantum Mat. 566, 518-522 (2019).

/|

m EBEELAA DA FAF

Nano-scale heterostructures : Monolayer ~ few monolayer WS, / Single layer or Bilayer Graphene

k (A1)

B. Rosner et al., . Synchrotron Rad. 26, 467-472 (2019). Seren Ulstrup et al., Nat. Commun. 10, 3283 (2019).
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Il o

m 7 — FEEEIINT DS/ ARPES

Elettra, Spectromicroscopy SOLEIL, Antraes

Visualizing the effect of an electrostatic

Visualizing electrostatic gating effects gate with angle-resolved photoemission

in two-dimensional heterostructures.

Spectroscopy.
Monolayer Graphene / BN Bilayer graphene / hBN
P. V. Nguyen et al., Nature 572, 220 (2019). F. Joucken et al., Nano Lett. 19, 2682 (2019).

[E#k D RIE H’Diamond, ALS TEEIC A BE

7/ ARPES DO EN A
B SZ[ENEE = BRSOV RS- 7z IE
WER X{B#E : 7o) IEOEMY Y 7. AT RILF —HfREE
X (BN - EX T RILX—AZM., BEAZE,. AFREIZERE
4 . )
Capillary P

Eli Rotenberg, SRI2018 Presentation & ¥

= EXROERE (Capillary / EEBEM) SMEEX = S0HE - SHEEL

B ARPESFEDORE - §E1t
= PERE - BRXHRARPES : 3DEFIREE, /NL 7 /REOHMETIRAE
= RRE « BRXHR T/ ARPES © BFTHEE D/ L 7 /RE O HME FIREE
=N - BRXHR T/ ARPES : BRTEOIDEFIRE, 7o/ IEOEM~ Y 7

BRXHR S/ + AEARPES : BFFEEOEF - RV iREE
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QST [ZTBFAAEV A= A M EHH RO E B
EFRFR TR SE - RHE
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QSTICHIFBAEY FOZH A YRS

I. BEFAEY M= AHB O s

RENMXMCDAHICES
“D3IIY [IRA RS —ERANTOBIED D"

Z=fth, Advanced Materials (to be accepted)

AEVRIBHeE—AT
"R YIGDIRIETh R % iR "

5, Advanced Functional Materials 28, 1800462 (2018) JITIVREUNSYIRY
AEVEAN AREVIEE
I1. SEiREFE—ASHARfORSE N |

RESEIEARNT T — 53K LD
“ERRECAE>DELKEFER"

=#Hth, Physical Review Letters (10B#&%f5F7E)

I. EFAEY MIZIAHBOMED e




J3T1IY/RARAT—BENTOBEDEIR
HSIIVRESFINAR - BHEEBATIC & BAE YA DIEME

-ERDREEM ~ Ni,Co,NiFeds HEEE AEYNSYTRY
{BRAERIBER(40% ) Rt EiE
“_ . ) -~ E 1 friz@ |
301> [BEARTR BT 77
P AE S RIERENMET BTEEE AEYIEX

L2, 18 N=T A3
J3571> KMAS—Ea& J371> /KA AS—a&ANTOEE

J5IIVEMA A5 —E % (CFGG)DESILICHI
BAEREEER(100%) | CFGG:Co,FeGe, sGag s

935712 /CFGGRMEA - EENEXMCD TR

RS FEXMCD

K. Amemiya, Phys. Chem. Chem. Phys. 14, 10477 (2012)

XMCD73J¢ - exmE RN A EF - BSUIAROSTAIFHE

HAEFIREZEN-ACEEDRAEEEE Ccnr s
0 r | | | D

E‘ o St Fe L2!3-edges_“‘ 1

S 5 L1 Heo ]

55 z| SN s

8 Jo o~
| < wew ~ XMCD
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Z. Wang, Phys. Rev. Lett. 114 016603 (2015)
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EXREICAES DS HEFER

T. Mitsui, S. Sakai, M. Seto, H. Akai et al., Phys. Rev. Lett., to be submitted
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Laser spin-ARPES

Cu (111) surface:
Rashba splitting
Yaji et al., Rev. Sci. Instrum. (2016)
AE=1.7 meV
Spin-orbit
Small interaction Large
energy
“uwlll Surface state
k .

Non-topological state topological state
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FeSe, ,Te,

Fp-tidiel

4
[P RAZHILHE]

Se,Te

4p
S5p
Fese |
Katayama et al., J. Phys. Soc. Jpn. 79, 113702 (2010).
Topological insulator state in Fe(Te,Se)
ad) cd) | d,(4) 4p
FeSe 3.7724 55217 |1.4759 5p
FeSe s Tesor 3.7933 5.9552 |1.6192 —

pd coupling: position of p, band at T

pp coupling: band width of the p, band along I'Z

Se, Te pd @

Fe -

a

Z Wang et al,
PRB 92, 115119 (2015)
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Fe(Te,Se)

) |d. oo [ tose /\ /M,\/KD

Band inversion!!

=) Change topological property




Topological insulator state in Fe(Te,Se)

The Z, invariant is easily calculated from
the parity criterion, which comes out to 1.

- (Osocgap O
OO

SOC gap

Curved chemical potential

Z Wang, P Zhang, et al, PRB 92, 115119 (2015) . . .
m=) nontrivial Z, invariant

Observation of Topological Superconductivity
on the surface of Iron-based Superconductor

(1) Dirac-cone-type surface state?
(2) Spin-helical texture in the Dirac surface band?
(3) Superconducting gap in the Dirac surface band?

Se, Te ?
Fe

FeTe,_Se, (x = 0.45, Tc = 14.5 K)
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(1) Dirac-cone-type surface state?

r

N\ T=15K p-pol.

K

Electron dope

P Zhang et al, Science 360, 182 (2018)

(2) Spin-helical texture in the Dirac surface band?

P Zhang et al, Science 360, 182 (2018)

The surface states are spin-helical.

80




(3) Superconducting gap in the Dirac surface band?

T.=145K
= BCS-type

¥~ Particle-hole mixing of the
Bogoliubov quasiparticles

A=1.8 meV

S-wave

P Zhang et al, Science 360, 182 (2018)

TSC on surface and realization of Majorana fermions

“It is easy to produce Majorana
bound states or chiral mode”

“Topological”
Superconductivity
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STM measurements

D. Wang et al., Science 362, 333 (2018).

Zero-energy vortex bound state
in the superconducting topological
surface state of Fe(Se,Te)

T. Machida et al., Nature Mater. 18, 811 (2019).
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https://newscenter.lbl.gov/2013/03/12/photoelectron-polarization-tis/

[Eijlait It EZ TH S,

3D photoelectron spin polarization in laser-photoemission
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YR 7 K. Kuroda et al,, Phys. Rev. B 95, 081103(R) (2016).
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Laser based spin-resolved ARPES (Laser-SARPES)
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Origin of the polarization dependence

Strong SOC == Different spin and orbital symmetry are mixed.

?

==

T

H. Zhang et al/, Phys. Rev. Lett. 111. 066801 (2013).
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Linear polarization between p- and s-polarization

[ 7

p-polarization

x>

zY

— X

I\

s-polarization

x>

zY

K. Kuroda et al, Phys. Rev. B 95, 081103(R) (2016).

K. Yaji et al, Nature Commun. 8, 14588 (2017).

3D SARPES result for the asymmetric set-up

0.1
~-70 %

0.2

Binding energy (eV)

0.3

~+40 %
0.4
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Spin-polarization evolution of linear polarization angle

p-pol. s-pol.

p-pol.

0.1

0.2

Binding energy (eV)

0.3

0.4

K. Kuroda et al/, Phys. Rev. B 95, 081103(R) (2016).

3D photoelectron spin polarization in laser-photoemission
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The model vs the experimental result
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BEF/ E—LDBBEDL?

B-Bi,l, a-Bi,l,

Single layer Double layer

A weak topological insulator state in quasi-one-
dimensional bismuth iodide
R. Noguchi et al., Nature 566, 518 (2019).

3RXRTHED

bRA S hILiEEE

[BE\ | bR A S hnigigix

[88\Ly | FRAS HLGEERE

Examples:

EETBH?

Bi,Te;
Bi,., Sb,
TIBiSe,
PbBi,Te,

As
Y. Xia et al.,

k Nat. Phys. 5, 398 (2009),
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2D Dirac cone 1D Dirac cone

Examples:
Bi,Ses
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VAN
Y. Xia et al., Nat. Phys. 5, 398 (2009). El—ll_ E*En Et 71:% ﬁﬂ[;&d) 3 ?E%b‘
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quasi-1D crystal of Bi,l,

B-Bi4|4 G'Bi4|4

4]
S
Q
S—
1)
g
<
0
S

Double layer

H.G. von Schnering et al., Z. Anorg. Allg. Chem. 438, 37-52 (1978).
C.-C. Liu et al., Phys. Rev. Lett. 116, 66801 (2016).

— € 001}
. uentc : \ - g d
Without quench m<_ a 8-Bill, 0.002} 295K B phase
” 0.001 e |
T(K) 0 100 200 300 280 300 320
T(K) T(K)
by Sasagawa
B-Bi,l,
Single layer

Determination of topology A NN T
requires experiments. BB b RIBRE b RIBRE

Double layer
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—
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ST oSz N Y G2
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Purpose

€ Determine the topological phases of a- & B-Bi,l,

 a-Bigly: BE DIBIRIK?
* B-Biyly: [85UN] or [B8UN| bR OY hLiEBIE?

[§5\y ] kAR A S A iEgE

kz

ke
Quasi-1D TSS

\_

([ ]
) 2D Dirac TSS

[AEIC
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(38| bR A S hnigigix

Two cleavable surfaces of B-Bi,l,
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Sample SEM —
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Laser microscope
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Provided by Prof. Sasagawa
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Two cleavable surfaces of B-Bi,l,

1D chai Grazing-Incidence Small-Angle
SEM cham X-ray Scattering (GISAXS)
Sample 1D chain ) i
, After cleaved b
~500 um? /\Nzovmm\

7~ .a .
~~I<bTop (001)
<’Side (100)

1
~30 um ) ] a
1 / 1
/ !
Laser microscope
/ i
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) lu 186 [um] Provided by Dr. Shirasawa
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0 III
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0 I /
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Provided by Prof. Sasagawa B-Biyl, D
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Experiments

L — 4 —-ARPES
/ @ISSP, Univ. of Tokyo \
h

%

top
side

High E and k resolution
hv=17¢eV, AE ~5 meV
VLEED-type spin detectors

Spot size ~50 um
waji et al., Rev. Sci. Instrum. 87, 53111 (2016%
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Experiments

L —t —ARPES -+ ./ ARPES
/- @ISSP, Univ. of Tokyﬁ / @Diamond & @ Elettra \
h

’ Side

Top
_ hv . hv i
top side
side
top

High E and k resolution

hv=7¢eV, AE ~ 5 meV High spatial resolution
Spot size <1 um

Spot size ~ 50 pm Surface selective measurement
w et al., Rev. Sci. Instrum. 87, 53111 (2016)./ w =74 / 85 eV, AE~ 60 meV /

I ~ _

( ELETTRA, SOLEIL, ALS, Diamond

(J SSRF : commissioning towards end of 2017 by B ()

@B 7 / ARPES

T B
B ZOMDT AR

http://commune.spring8.or.jp/about/features.html
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1FYZR) O Energy resolution : <50 meV Deﬂector Sca N

U Angular resolution : <1 deg
O Spatial resolution : <1 pm

O Sample Temp. : 25 -300 K

O Photon energy : 60 to 200 eV
O Polarization : LH, LV, LCP, RCP

LE ZP, 50 eV

-

.
- Spot size:
) < < 1pm

Zone plate

M Spot size:
—) < <1um

_ﬂﬂe
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iy Eipyv

mE 1
) < = 700

R. Noguchi et al.,
Nature 566, 518 (2019).

hv

top
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N ~ _

( ELETTRA, SOLEIL, ALS, Diamond
(J SSRF : commissioning towards end of 2017

@B 7/ ARPES

T B
B ZOMDT AR

http://commune.spring8.or.jp/about/features.html

Schwarzschild X 7 — R. Noguchi et al., Nature 566, 518 (2019).
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7 27 47 APV BB B A A R — F TN
SBE(C) san,, FREMERS L BAEVRNER
/\\

o » BEE - BEAN - RERBORD ST
F/E—LARERTHS [ %5 - AR £ HORITE & 5 ]

T R IIVX —EiF 50eV < hv <1,000eVH* ?

CeX: (X=P, As, Sb, Bi)

=R Ty b
BF KTy b

Ce X

Experimental determination of the topological phase diagram
in Cerium monopnictides
K. Kuroda et al., Phys. Rev. Lett. 120, 086402 (2018).
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ARPES technique

2

E Free :electron hv 1< hy 2< hy 3
. K, k, k, \
hv 1 hv 2 hv 3
BZ . BZ '\3
h /] k. I(/\ k K
ki k, ks 4
17 I :

-

Surface sensitive

AR DI E HITE (nm)

AARE T DEE) T R ILF —(eV)
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Spin-orbit

Small interaction Large
energy
“uezll Surface state
k .
Non-topological state topological state

LaX: (X=P, As, Sb, Bi)

Spin-orbit Stronger—s
interaction

Electron

Hole

\
=

M. Zeng et al., arXiv:1504.03492
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LaSb

Gap correction: PBE Gap correction: mBJ (more accurate)

Topological ! Non-topological !!

Peng-Jie Guo et al., PRB 93, 235142 (2016).

[AEICIZTEE D BETH B,

We have studied CeX: (X=P, As, Sb, Bi).

g= W
soft X-ray

High resolution of k,

Bulk sensitive

B{AF DT B HB1TIE (nm)

Surface sensitive

HIAFREFOEE) T %)L F —(eV)
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soft X-ray ARPES

0 lt/ ;‘ t
S NAYA
T EmiTRE P

- Topological Surface
VUV light Dirac cone ???
1 i
= | 3
;}:, 0r —Ft—
I A
I ] 1
N ] ok, e large
S — N — Low resolution of k,
o -1
Soft X-ray [KaR NO!! o
"
]'52
ok ] small
¢ ooz

High resolution of k,
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: Topological Surface
VUV light Dirac cone ???

2 | :
x0r T
] 1
[ / . ok, <-— large
3 N 0z
L hv=25¢ev B S . Low resolution of k,
Pl
Soft X-ray Ak NO!!
g
Large SOC, Large electron and hole pockets

x

- :

Surface state?

o—
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Large SOC, Large electron and hole pockets

- m

O
- /

VUV light I'pv=s5ev

\_ J

Experimental determination of the topological
phase diagram in Cerium monopnictides

K. Kuroda, et al., Phys. Rev. Lett. 120, 086402 (2018). )
| soft X-ray VUV Ilght

CeP
I
l
]

Surface state

.

....
vy

[ s
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Experimental determination of the topological

phase diagram in Cerium monopnictides
K. Kuroda, et al., Phys. Rev. Lett. 120, 086402 (2018).

] soft X-ray VUV light
€ eAs e
e =

I -

[

I

I RIF—EGF

50eV < hv <1,000eV
Cy/)a ITEETH B,

Surface sensmve

Mean free path in solid (nm)

Kinetic energy in solid (eV)

FeH:
1) BIANF—HHEIIEETS S,

2) (E#R) liH TEIZEZETH B,

3) S/ E—LIZEETH B,

4) 50eV < hv <1,000eV I EZTH 3,

105




S5—F/ERARICHT HENM
RRXEMERARA-LER

106



20191002
WHEAHDE F BT AN
UV—7vav720109

T = BRI D W

/N=R} =S
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s =RF AERE, BBEX
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Y4534 HEHEE

Nano-focusing
mirror

IR .
NanoESCA Beamline —

KNER Operando New Materials
Machine-leaning Precise controls
Robotics

REE—
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