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» Conventional Two-dimensional hotoelectron spectroeter (DIANA)
»>New Photoelectron Emission Microscope for Stereophotography (DELMA)

> Application to graphene NEE E88(S) (20224007 )
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H. Daimon: Rev. Sci. Instrum. 59 (4) (1988) 545,51




Rits BL-7: LP-VUV ZD-ARPES Beam line

BL-7(Rits-SR center):
35~130eV
Linearly Polarized light

Analyzer:
total resolution AE / E ~ 1%
angular resolution *=0.5°
acceptance angle £50°

acquisition time ~ 5 min /

F - monochromator
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band dispersion of graphite in k, directio

n bonding band
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[hree Dimensional Valence Band Dispersior

F. Matsui, Y. Hori, H. Miyatake, N. Suganuma, H. Daimon, H. Totsuka, K. Ogawa,
T. Furukubo, H. Namba: Appl. Phys. Lett. 81 (2002) 2556.
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3D structure of graphite valence band
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Valence band dispersion of graphite

F. Matsui, et al., Appl. Phys.
Lett. 81 (2002) 2556.
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4 factors in photoelectron angular distribution

Angular distribution Dispersion Structure factor Final
from atomic orbital of valence of photoelectron state
bands effects

%B nding Energy (arb. units) (]

0 i = Umklapp process
etc.

Binding energy scan:

valence band dispersion

Photon energy scan:

K, variation of isoenergy
surface



circularly polarized light synchrotron radiation

BL25SU (SPring-8) with Twin helical undulators
SPring.. 8
@ (hv = 500 -1500 eV)

#, = Circularly polarized lights

~. ",‘ . - '.9“(., .

SPring-8: the largest SR ring in the world.



Forward focusing peak (FFP)
in Photoelectron Intensity Angular Distribution (PIAD)

projected atomic image around emitter

Circularly polarized light = distance
1st order Stereo-photograph

diffraction ring

\

Photoelectron Diffraction

v \ Forward focusing Real space, direct, direction
ak

Scatterer Photoelectron Holography
Emitter Reciprocal space, calculate 3D structure
indirect
Bulk atom

Example of 2D-PIAD
Si2p from Si(001)




Initial m increases or decreases by 1 CCW

CcCWwW
for ccw or cw light excited photoelectrons

m=m,-‘|‘1 m=mi_1

. _ hotoelectrons . -
s: [=0 Initial | LP d: (=2

photoelectrons

Initial

CCW %@
m,=O m:

D . m=3
m=2
b m= "1
m,-=i‘|
m=20
m = -1




Rotation of the forward direction of the wave
by orbital angular momentum

Yo ngm (e’ (I))

r e < kr+m¢=const.

- . FFP

e - '

o (G)e'm A rotation
"

Phase exp[i(kr+m ¢ )]

_m
kRsin’0 kRsin®0

. 1
Rotation A =tan

Classical Angular momentum | b : impact parameter

is not zero if m>< 0

(angular momentum)=(momentum) X (impact parameter)

Mm#i = 7K xD
.4 b ., m
A, =sin" —=sin" —
R,, kR,, H. Daimon, T. Nakatani, S. Imada, S. Suga,
m Y. Kagoshima, and T. Miyahara, Jpn. J.
—5 A=sin™ Appl. Phys. 32 Part 2, (1993) L1480.




Direction of FFP for

normal and circularly—-polarized light

Normal light photoelectron

A 4

Circularly-polarized
light photoelectron

< /

Projected
atomic
Image on
the screen

~ Parallax of

[N [

- Atomic
m Image on
. the screen




Real-time direct observation of
non-periodic 3D atomic arrangement

X ray Stereo Image
DIANA &>
<®
= Sy Sample

Screen  Nintendo 3DS

H. Daimon, Phys. Rev. Lett. 86, (2001) 2034



2m-steradian stereo photograph




2m-steradian
stereo photograph

In3d from InP(001)
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B-dope Diamond(111) Superconductor 2% E«:600eV

Cls & B1s patterns are similar One substitutional site

Atomic arrangement around 2% impurity could be clarified




Cu(001)




Stereo movie of Cu




Stereo-PEEM

Wide Acceptance
Angle (about 1 sr)
Electrostatic Lens
(WAAEL)

ePEEM © Ax=pm, AE=0.1%
«Stereo Atomic Image

(Circularly polarized-light PEAD)

Ax=0.2A, ©=160°

Lens System

sample

ILT  IL2 PL1 PL2

IL3

Image

Diffraction
Band Mapping
Stereo Photograph

For selected micro—area!

—/




Wide Acceptance Angle Electrostatic Lens (WAAE

Acceptance angle =50° ~ *+60°

100-°
120°

o

7 v ( vy=alb

& \ 300 mm

Nearly ellipsoidal shape mesh

Sample region : field free
Acceptance angle reduces to 1/5

[1] H. Matsuda, H. Daimon, M. Kato and M. Kudo, Phys. Rev. E
71, 066503 (2005)

[2]patent: PCT/jp2004/016602, Japan 2004-208926

[3] L. Toth, H. Matsuda, T. Shimizu, F. Matsui and H. Daimon, J.
Vac. Soc. Jpn. 51, 135 (2008)
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Energy analysis of DELMA by e

50 mm

E/E0=0.95
E/Eo=1.00
E/E0o=1.05

Aperture

Obstacle
Aperture diameter 5.0 mm

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Transmittance

0
-0.06

-0.04

-0.02

0
AE/E

AErwhm/Eo

0.02

0.015

0.01

0.005

Aperture diameter, d [mm]




DELMA (Display-type ellipsoidal mesh analyzer)+HSA

L T,

Manipulator |

Lens system
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Photoelectron Spectrum

Sample: TaS>

Spectrum obtained by energy aperture DELMA+HSA
= ( Slit width is 3 mm
Tadf Ek=-880 ~0 o\ i h
hyv=840 o\ ~Ff | &
F. e Py ~ |
: <! I
3 £ to|
g z : | Energy resolt
£l 5 bl ~02%
| =

Energy

; »
resolution  ~1.3% r-—--..z‘ '\___l

.................




DELMA: Display-type Ellipsoi

Diffraction mode

150 ' image blane " Field aperture (300 pm ) |
100 [ WAAEL \ Magnification = 30 —
M M Entrance a re
50 b /o p |
0 = ~y— 1
-50 [ I Exit |
I Sterep Image of Diffraction plane apertufe |
-100 I atomic arrangement 1
150 [T T |
-200 |
-250 DIANA ‘
-300 ' | | |

00 500 600 700 800 900 1000 1100

Diffraction Band
structure

H. Daimon, H. Matsuda, L. Toth, F. Matsui, Surface Science, 601, 20, 4748



DELMA: Display-type Ellipsoid

Wide Acceptance : :

Angle (about 1 sr) Image plane contrast aperture
Electrostatic Lens 1
(WAAEL)
oV | )
= | — //ﬂll\\\%ﬁm\\\\ |
0 == WAL
-50 1 [
-100 [ i
-150 1 i
-200 1 |
2307 Surface image Magnification = 100 DIANA |
_300 1 | 1 | | | | 1 | 1
0 100 200 300 400 500 600 700 800 900 1000 1100

H. Daimon, H. Matsuda, L. Toth, F. Matsui, Surface Science, 601, 20, 4748, (2007).



Off-Axes Point-source image
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Point-source image
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20

Point-source image
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Test experiments using an electron gun Imaging mode
Sample: SUS316 woven mesh ( #100, ¢_wire=50 um)

Ek=1000eV Magnification ~10

250um

Contrast aperture : the largest one (6mm)

Spatial resolution ~ 20 um



Angular mode

Ek=1000eV

o hole

Test experiments using an electron gun
Angle test device




Sample: single crystalline graphite
hv=990 eV Ek=700 eV (BLO7LSU)
Horizontal VS. Vertical linear polarization

Photoelectron diffraction pattern

NAIST Daimon Group
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DIANA DELMA

® +60° ® +45 ~ 60°
® A E=0.002E0 ® A E=0.0002E0
® EEFFILEBFAN R4000 T 4 iR Bk
HLE T (E&R{E) o MEFELEFN
o NERAEBFEH = B E AR = B4 fREE2D-ARPES
RFIFER (ML) o NEATFEIT
IR ¥ &5 EMCD RFIEE
HBFEHIH RFESEMCD :|>= [A--DIp)X%% ]
Circularly Polarized 5.& %¥ @ ﬁﬁ%
Ciier s S ® PEEM##EE ((x.y)A30 pm)
LK. N E

® HAXPESHERE (RS (2) 73 Anm)
CrKa 6.4keV. S EHAL-BFIRE
o B5fEfE (in future)

2D1EHRA—EIZ
Lo X X TLDTOF tube

Stereophotographs
on the Screen

S— EA CA FA-1 FA-2 Screen

‘ TTT TT 1T TT jr,_f——‘-‘
e e =
L — A — HL ’_‘
L
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EA : Energy Aperture
A : Contrast Aperture

CA : Contrast Aps
FA : Field Aperture



1D, 2D, 3D photoelectron spectroscopy

BFIKRE [R i
XPS
UPS L —7-100eV hy >100 eV
1D:AEES REZRE (A== o
E. —hv—E,—@ 1D(£p) 1D(R)
2D:f E o i INV R SeEFEHr-
2D(k, E,) RAT 54—
(Scienta, DIANA) IAHRFEER

3D(k, k, (Eg, k)

3D(x, y, 2)

3D: 2D:PEEM

nano4x,y+t
3D(k, k, (Eg, k))

2o MH -
FFf | 3D:DELMA
ﬁﬁg Stereo—-PEEM

microdx,y+z+t, 3D(k, k, E5), 3D(x, y, 2)




