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Photo emission electron microscopy
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Photo Emission Electron Microscopy (PEEM)
2 types

hv
optics
hv
broad illumination focused illumination
Full field PEEM Scanning
sample fixed sample scanned

Bauer, Locatelli Kiskinova



3 imaging modes

1 XPEEM Photo electrons PE
} with energy filter
2 XAEEM Auger electrons AE
3 XSEEM Secondary electrons SE
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Angular distribution

Internal

Amorphous, polycrystalline, SE single crystalline, PE, AE

0
I,(0) = const. >/|\/( Ii,(e) dll? to
diffraction

Internal (i) —» External (e)

n-~ Refraction k, conservation k =k, For escape
\ 0 E necessary:

5 _ k; : E,=E cos 0 E > ®© (work function)
VE+V, Kjc I (ionization energy)
/6, U (HOMO)

External
0 0

1.(0) =cos 6







The cathode lens

In emission microscopy 0 = a,, is large
Electron lenses can accept only small 0 = ¢, because of

large chromatic and spherical aberrations
Solution of problem: accelerate electrons to high energy before lens

Immersion objective lens = cathode lens

Accerating Imaging
n sin0 = const field lens

n~v~+vYE l /

0 > «
sin ou/sin o, = \ E,/E f\\

Example for E =20000 eV: o o
E, 2eV 200 eV
o for oy =450  0.4° 4.50 ‘E
E, E
start final

energy energy



Aberrations

chromatic spherical
A
E+AE
4
E-AE
slower (faster) electrons electrons with larger distance
are more (less) deflected from axis are more deflected

(stronger field!)
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Estimation of aberrations:
Separate lens into acceleration and imaging regions
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At low energies the aberrations of the accelerating region dominate

—

Magnetic
diode



Aberrations of homogeneous acceleration field

po=E/E €=AEJE p=p,+¢

Spherical aberration d Chromatic aberration d_
R} (o i 7 L
l ‘ Lo e /)
o 0=
zbmﬂ:! Zﬁl!m:l//l o //,Zn
d —~ P
& / L w7 z
Analytical solution
Approximation: p, and & << 1/cos a2 > 1
Example: E,=100 eV, AE,=1¢eV, E =20000 eV
€ =p, /100, p,=1/200
d; ~2 psina (1-cos a) ddszpsinoc(\/pO/p-l)
~po® forsmall o ~gsina fore<<p,~p

X g0 for small o



Diffraction by aperture: diffraction disc of confusion dg =0.6 A/ r

Approximate resolution d = v d 2 + ¢.2 + d?

E, =250 eV

I s |

10 Fopt 20
Fa /_pm —_—

L=3mm E=25000eV AE,= 0.25eV

Optimum aperture radius

0 100 200
V, /Volt

300 400 500

Note

Optimum resolution

Uo =25 kV
L =3mm

l 1 | =

0 100 200 300 400

500
V,/ Volt

: small angle approximation sina~ o ~r



Complete lens

Combine acceleration and imaging regions

——

E

At low energies aberrations of accelerating region dominate

but
at high energies the spherical aberration of second part of lens becomes important
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Transmission

limited by angle accepted by contrast aperture (r,)

Axial distance (in back focal plane) of electron starting at angle o
r = fsin a \/EO/E (f focal length)

sin o = (r/f) VE/ E
Examples for f =10 mm, E =20000eV, r, =10 um

E, 2eV 200 eV
sin o 0.2 0.02
0} 11.5° 1.15°

In emission microscopy (wide a range) optimum resolution condition
reduces transmission T, therefore

optimize T"/d? instead of 1/d?
For cos o distribution T =7 sin?a

T"/d? =  sin?"/d?



Transmission T, resolution r, of homogeneous field
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Influence of angle-limiting aperture on the
energy distribution of secondary electrons

rel. intensity (arb. units)

energy (eV)

Work function @ =4 eV, accelerating voltage V =20 kV
Parameter: aperture diameter in um, ALS PEEM

S. Anders et al, Rev. Sci. Instrum. 70 (1999) 3973



Round convex lenses electrostatic mirror

Equipotential surfaces
in a diode mirror

outer electrode inner electrode
at -3750 V at 15000 V

electron trajectory

Chromatic aberration



. Example: SMART
transmission
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Surf. Rev. Lett. 9 (2002) 223 without with
correction

Energy filter needed for
secondary electrons






Basic PEEM schematic

objective transfer intermediate projective
lens lens lens lens

specimen

— / back focal plan’e/ / /

———

| | ‘

T T

angle-limiting field-limiting
(“contrast”) (“selected area”)
aperture aperture

final
image



Electrostatic PEEM examples

Phosphor

fluorescent screen — - double
= oot multichannel
Fetarding Intermediate Lens

grid (+50 V) 7:‘::::::::: s plate -. Vi
grid 1 (+94 V) /r ﬁ imaging - Transfer Lens

retarding energy filter
lens (+94 V) L —I

drift tube (+250 V) —-«I

projective lens 2 —— S—

I ——
projective lens 1 _E field aperture
stigmator/
transfer lens e deflector
—

(not used) contrast

aperture

column (+1440 V) — ]

focus
extractor (+3360 V)

sample (E+50 V)

Focus PEEM ALS PEEM 11
with high pass filter



Magnetic PEEM (ELMITEC)

Field-lim. Angle-lim. aperture

Obj. \Transf{lnterm. Proj. lens
Specimen l




ELMITEC




Contrast mechanisms

Topographic contrast due to oblique illumination M
and field distortion

Work function contrast at low E; (escape probability!)
Chemical contrast due to inner shell ionization

Magnetic contrast via XMCD and XMLD

No structural contrast, therefore combination with
Low Energy Electron Microscopy
(LEEM)



The usefulness of LEEM

Properties not visible with PEEM, but with LEEM

atomic steps domain orientations

L 1um
Mo(110) Au(V3x¥3)-R30°+ Au(5 x2) on Si(111)
b c,d
Interference contrast Diffraction contrast

LEEM also much brighter and better resolution = use for focusing in XPEEM

LEED much easier to interpret than PED = use for structure analysis



Basic LEEM schematic

objective  specimen
lens

transfer \

lens as in PEEM

oo A N o
VIPRY T e
s P1

electron Magnetic
gun beam separator

imace | O_ s
image imaging
| U energy filter

Dl

P1

Illumination
system




SPELEEM
ELMITEC

energy
selection
slit

energy
selection
slit




Differentially Pumped Rotary
Platform

TIIr sy,

L=h/sin(8)

sample

L=3.6h (©=16°)

h: vertical size of Av

0: inclination angle

L: effective irradiation width




Future
Soleil
XPEEM

Specimen
chamber

Imaging
column

¥ Nllumination
column



LEEM with energy filter

JEOL

LEEM
} EiectBron Gun
CL Aperture (8 6)
S DEF
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He DEF, / MCP/Screen 2
Screen *

o o030, L [DN AN, KR —

\\\ ) E;&m;;\g W\ @EE? X %‘ CCD- Camera

Specimen

L1

hv

HL2 b PL1 PL2 PL3

Beam Separater
(Wien Filter)

STG |

\

l PEEM

\
Dark Selected CCD- Energy Slit

field field Camera
Aperture Aperture

Y. Sakai et al, Surf. Rev. Lett. 5 (1998) 1199



Aberration-corrected SPELEEM

SMART (BESSY II)
| objective | beam separator | transfer optics | energy filter | projector / detector |
electric-magnetic jyy_—— field emission gun s — :
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H. Rose, D. Preikszas, Nucl. Instr. & Meth. A363, 201 (1995)



SMART side view

Aberration corrected PEEM/LEEM with energy filtering

I !

;'{ ‘.‘1;4 " I

Th. Schmidt April 2004



SMART top view

Cl
H M|rror corrector

90° sector field B :

Measurement chamber

Detector

Vibration damped
| frame

\
Th. Schmidt April 2004






Operation modes of a SPELEEM

LEEM
INlumination beam separator image colutmnn analyzer projector
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Th. Schmidt et al, Surf. Rev. Lett. 5 (1998) 1287



Operation modes of a SPELEEM

with photons
hv
beatm separafor image colutmnn analyzer projector
objectv TL FL IL M RL L1 HF L2 AL

imaging ) 4 — ) ﬁi}‘} 1 o i) T"Ma}ﬂ XPEEM

diffraction 8- q(> < Bl 1.r an- XPD (PED)
)
. r
) ' YN Y L XPS (PES)
spectroscopy h )‘H’ Q{)‘> ,.,‘wji i !}ﬂ = AES
d b
suttace BFP IIF  FFI EF1 EPZ P TP SCIEED
A
field angle energy selection
limiting aperture slit

Th. Schmidt et al, Surf. Rev. Lett. 5 (1998) 1287



PEEM practice

Ultrahigh vacuum (low 10-1° torr range)
but experiments up to 10- torr range possible

Surface cleaning: heating, sputtering or chemical
reactions, e.g with oxygen for carbon removal

Choice of optimum photon energy:

Secondary electron imaging: hv = E; in:
XANES, NEXAFS, XMCD, XMLD

Photo electron imaging: E, + 50 eV <hv <E; +200 eV

/)

to minimize to maximize
secondary electron transmission
background and

photo electron yield



Photo ionization cross sections

——

Photo ionization cross section {10‘22m2]

Photon energy selection

14 H
38| (>100
N

12fiaq +'C

—_
(=)
T

o

(=]

=~

Atomic Subshell
Photoionization
Cross Sections

Photon Energy hv (eV) —=

Binding energies (eV)

Ge3d 29.8, 29.2
Mo 3d 231.1, 227.9

w4t 33.6,31.4
Au 4t 87.6, 84.0

Ag

a 4d =5

b 3d 374.0,368.3
Cs

a 4d 79.8, 77.5
b 3d 740.5, 726.6

J.J. Yeh and I. Lindau,

Atomic Data 1985



Operation modes of a SPELEEM

E-gun beam separator image colutmnn analyzer projector
objective& TL FL IL M RL L1 HF L2 AL

e P P4
mode 1 o FoY | t
o< MDA e
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ey - AP 4{) Sl -t e
Y - ELS
d b
surface BFP ITP  FFI EP1 EF2 DF IP SCreen
field angle energy seleh Image plane
limiting aperture slit

Th. Schmidt et al, Surf. Rev. Lett. 5 (1998) 1287
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intensity (arb. units)

Chemical imaging (mode 1)

secondary electrons
spatial resolution
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Operation modes of a SPELEEM

|

E-gun beam separator image colutmnn analyzer projector
objective TL FL IL M RL L1 HF L2 AL
o A - i 1Y |
SR L R B R
I A ". Lo ANE T B | o XPD (PED
diffraction {.},‘N.! l‘l ’ Q(> 4 }1 i 4‘ r‘ P ‘t ah LE%ZD )
. r
.. - » . XPS (PES
spectroscopy  ~ 1“ H'= } ; l‘l i Q{) ‘ > 5-'1 N }1 ii . "Ng:‘# AI(ES )
mode 3 | ELS
d b
surface BFP ITP  FFI EF1 EPZ DF IP SCIEED

A\
energy selection
slit

field angle
limiting aperture

Dispersive plane

Th. Schmidt et al, Surf. Rev. Lett. 5 (1998) 1287



Fast local spectroscopy
by imaging the dispersive plane (mode 3)

o = 8° (contrast aperture), 0.8um? area (selected field aperture)
20 eV full dispersion, 60 sec
hv =48 eV

Dispersive plane

Pb5d

8 monolayers
Pb on Si(111)-
V3x V3-Ag

40000 — 2500 “l
4
2000 —
30000 — ]
1500 —
1000 —

500 —

20000 - | ] !

intensity (arb. unit)

intensity (arb. unit)

10000 —

25 30 35 40 43 0 as 40 45 50

0 4 rrr T T T e 0 = rrrrrr T T T T
kin. energy (eV) kin. energy (eV)

Th. Schmidt et al, Surf. Rev. Lett. 5 (1998) 1287



intensity (arb. unit)

Surface sensitivity of photo electrons

versus secondary electrons

valence band region

hv =48 eV

000 Secondary electrons

350000 —

300000 —

-

250000 —

200000 —

150000 —

Photo electrons

A (monolayers)

100000

50000

0|lllll|T|1|I|1||||‘|—||ll_l_|
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Kin. energy (eV)

ral Lol 1o el v sl L1
1 10 100 1000
Electron energy (eV)

Pb on Si(111) — Ag (V3xV3) — R30°
(1 monolayer Ag) Inelastic mean free path
(‘“‘universal curve”)
determines sampling depth

Th. Schmidt et al, 1998



Operation modes of a SPELEEM

l

E-gun beam separator image colutmnn analyzer projector

ObjECﬁVEN TL FL. IL F1 RL L1 HF L2 AL
‘_
dr)‘i}{ XPEEM
|* \ LEEM

imaging - {'}

diffraction 3 {.ﬁ‘N.E} 4 Hl ) 4‘} 4 5 ;P 4! 2| v 1‘; ah.. Xl;li: (};;ED)
mode 2 v
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d b
surface BFP ITP  FFI EP1 EF2 DF IP SCreen
A
field angle energy selection Image plane
limiting aperture slit

Th. Schmidt et al, Surf. Rev. Lett. 5 (1998) 1287



Local photo electron diffraction (mode 2)

Pb 5d photo electrons

from 0.8um? area (selected field aperture)

E.. 23.0 eV 28.0 eV 33.0eV 38.0 eV
Sd,),
Sdy),
E.. 25.6 eV 30.6 eV 35.6 eV 40.6 eV
hv 43.5 eV 48.5 eV 53.5eV 58.5eV

Th. Schmidt et al, Surf. Rev. Lett. 5 (1998) 1287



Simultaneously acquired PED and LEED pattern

Pb 5d 38 eV




Conduction band of Pb(111)
5 Pb monolayers on Si(111) — Au V3xV3 — R30°
hv = 73 eV, 0.8 um?area (selected field aperture)

60.0eV

61.0eV  62.0eV 63.0eV 64.0eV

~

66.0eV 67.0eV 68.0eV 69.0¢V 70.0eV

Parameter: E

Th. Schmidt, 1997



XMCD, XMLD



Methods

SPLEEM XMCDPEEM
TV 222l
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B 1| 5N e
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Basic mechanisms

SPLEEM XMCDPEEM
Spin-dependent scattering cross-section Helicity-dependent transition probability
due to exchange interaction from 2p to unoccupied 3d ('N«) states
Spin-dependent reflectivity Spin-dependent secondary electron emission
6 ML Fe on W(110) Secondary electron yield around Co 2p,,, edge
0.10
0.08ffx | )
Z 0.06 :
M ‘%’ 150
o 0.04f 3
E § 100
é 002 3 g 50
of
0 5 10 15 20 PHOTON ENERGY (eV)

Energy (eV)



Ion beam milled from permalloy film

hv
— > o©

Fe L, edge

2 pm and 1pm 2 pm and 1um (LEEM)
A. Locatelli et al, Surf. Rev. Lett. 9 (2002) 171



XMCDPEEM images of 20 nm thick Co elements

600x600 1200x600 1200x400

Virgin state

1200x600



Micromagnetic simulations of rectangular Co elements

symmetric asymmetric

- ()

Sev }

JIN ' JN

v b I P o

o) ) ) o)

R. Hertel



remanant

Vortex walls Transverse walls

Permalloy - Cobalt
thickness 30 nm B thickness 20 nm
0O.D. 2400 nm 0.D. 1600 nm

width 350 nm width 400 nm



Vortex Wall: ~ Transverse Wall:

Kléui, priv.commun.



MnAsS

Bulk properties

Magnetization

ferromagnetic

\ ' /
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o T< =40 °C NiAs (hexagonal) ferromagnetic I
MnAsS B MnP (orthorhombic) paramagnetic
v T > 125 °C NiAs (hexagonal) paramagnetic

MnAs for spin injection into GaAs at room temperature?

Problem: strain-induced phase coexistence between
ferromagnetic and paramagnetic phase around room temperature

MnAs  [00.1] O MnAs & GaAs M direction
oMnAs(1100) [0001]
=+ [1150]
[110]
BMnAs [110]
GaAs [1-100] [0001] GaAs

[170] ] [110] (a)

o MnAs / GaAs(100) f,>2=7.7% from L. Daeweritz et al > 1999



Fully magnetized MnAs layer on GaAs (100)

partially covered with As
magnetic contrast formation

[11-20]
M

helicity 1 helicity 2 helicity 1 — helicity 2

1 um




[11-20]

XMCDPEEM Mn 2p, , (639.5 V)

[0001]

during heating during cooling




Room temperature

120 nm 180 nm 300 nm

Field of view 5 um diameter



MnAs on GaAs(100)

Thickness 180 nm
heating

Field of view 5 um diameter



Room temperature
XMCDPEEM XMLDPEEM

AFM




Conclusion

Full field XPEEM is one of the most important applications
of the high brilliance of third generation synchrotron light,

in particular when combined with a band pass energy filter
and with LEEM because it allows a complete characterization
of surfaces and thin films, presently on the 10 nm lateral
resolution scale, with aberration correction in the future on
the 1 nm scale (hopefully).

The main benefit of aberration correction, however, will be
the strong increase of the transmission of the system which
will reduce image acquisition time considerably. This will
allow dynamical studies, which are presently limited to LEEM,
also with XPEEM.
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D.R. Cruise, J. Appl. Phys. 35 (1964) 3080



Resolution improvement by aberration correction

with electron mirror

Object

Image

V.K. Zworykin et al, Electron Optics and the Electron Microscope, John Wiley, New York 1945

Recknagel 1935



Fe on Pb on W(100)

Surfactant action

(a) — (d) Pb 5d images (hv =70.5 eV, E . =49 eV, (e) Fe 3d image, (f) LEEM image
270 K

Th. Schmidt et al, 1999
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S. Heun et al , Phys. Rev B 63 (2001) 125335
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Polycrystalline tantalum

20 pm
thermionic emission threshold photo emission secondary emission

Photo emission from polycrystalline beryllium bronce

10 pm
low medium high
energy region of the UV spectrum of a Hg high pressure lamp

W. Engel, Ph.D. thesis, TU Berlin 1968



Magnetic imaging in XPEEM

Ferromagnetism
Imaging modes

Sample: 10 Fe monolayers on W (100)

XMCD XMCD XMLD
sensitive to M|| M|| M,
(@) hv=707eV (b) hv=122eV (@ hv=707eV (b)

30 um
-

\sﬁﬂ’

. B
AT 1100, TG hvf [100] g,
absorption emission circ. pol., absorption lin. pol., emission
secondary electrons  photo electrons secondary electrons photo electrons
from 2p ionization from valence band from 2p ionization from 3p level
without filter with high pass filter without filter with high pass filter
E>117 eV
3 min/helicity 11 min/helicity
gray scale: 25% asymmetry 4.7% asymmetry 25% asymmetry 25% asymmetry

asymmetry: XMCD: (I_-I_)/d +I_,) XMLD: (I,-I)/I,+1)
W. Kuch et al, J. Vac. Sci. Technol. B 20 (2002) 2543



Magnetic imaging with XPEEM

Antiferromagnetism and ferromagnetism

NiO (100)

Contrast from intensity ratio of Ni L, doublet
obtained with circular polarization (E /E)) ©
Arrows: in-plane projections of AF axes
obtained with linear polarization (E”) T

AF maximum contrast when E | AF axis

8 Co monolayers on NiO (100)
AF domains F domains
Ni L, images Co L, images
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H. Ohldag et al, Phys. Rev. Lett. 86 (2001) 2878



Aberrations of homogeneous acceleration field

po=E/E €=AEJE p=p,+¢

Spherical aberration D, Chromatic aberration Dy
R} (e /] L
0 Zald 7
2 s g
3 e~ AL A
,L_{D'ci a 1 4 Da;l/ —~ l ; z
Approximation: p, and & << 1/cos a2 > 1
Example: E,=100 eV, AE,=1¢V, E =20000 eV
€ =p, /100, p,=1/200
D;~2 psina (1-cosa) DFzZpsina(\/pO/p-l)
=2p (o-1/603)(1/20%-1/24 o) ~ ¢ sin o for € << p, Error
45° 10.7% ~ g (a-1/6 o) 45° 0.3%
60° 17.0% 60° 1.2%
~ p o for small o, ~ ¢ o for small o,
45° 20.5% 45° 11.1%

60° 36.2% 60° 17.3%



Aspect ratio dependence of the virgin domain structure of 1 pm wide Co bits




Size dependence of the domain structure of 15 nm thick Co bits
Aspect ratio 3:1, virgin state

hv



Landau
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R. Hertel, Z. Metallk. 93 (2002) 957
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Magnetization



Thickness 180 nm
cooling

Field of view 5 um diameter



MnAs on GaAs(100)

Thickness 300 nm
heating

Field of view Sum diameter



Vortex state Onion states

Vortex walls Transverse walls

M. Kléui, private comm.



10 eV 1 pm hv =639.5 eV

LEEM XMCDPEEM



MnAs islands on GaAs(100)
in the phase transition region

Phase contrast M
between hexagonal and orthorhombic phase

- 12 pm defocus 4.5 eV + 12 pm defocus

LEEM Tpm L LT T




Thickness 40 nm

Ferromagnetic — paramagnetic phase transition
=~ 13°C-=35°C

black M,
white M

gray paramagnetic

Field of view 4x4 pm?



—> —
M <1120>

[1-100] Thickness 250 nm




MnAs on GaAs(100)

Thickness dependence of stripe period
Structural images (LEEM)

Diameter of field of view

10 um

180 nm 300 nm



~16 °C T —» ~39 °C

a-d XMCDPEEM  lum e-h LEEM
MnL, (639.5 eV) 4.5eV



Thickness 120 nm
heating

Field of view 5 um diameter



