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o Laue transmission pictures
o Surface preparation by cleaving
o Surface check by SEM, AFM and LEED
@ PesynbtaTtel ARPES akcnepumenTos Ha CdHgTe

o Expected spectra and bandstructure
o ARPES results and dispersion
o Interpretation of results
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Motivation
o
Bandstructure and Fermi Surface

CTtpykTypa 30HbI 1 noBepxHoCcTL Pepmu

/ &e&
X
\f\ 7 \I—7
N/ I
X GaAs
Iy -,
— / I7 \F7
& X7
; _/
B %N
2
&)
|1
X7
-10 o
Xe
*l F() l}w
| A r A X K > I

Wavevector k

Matthias Kreier (Humboldt Universitit zu Berlin) Angle Resolved PES on CdHgTe 10. 12. 2007



Motivation
(]

Experimental Results vs. Theory

DKCMNepUMeHTaNbHbIE pe3ynbTaThl U TEOPUS
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Angle Resoved Photoelectron Spectroscopy
o
General Setup of an ARPES experiment

YcTporicteo ARPES

MCTOYHUK (POTOHOB
~CUHXPOTPOH
-[e-namna

aHanusartop
crnekTpa
3Hepru

hv

obpasey ‘\ i / ‘_

CBEPXBbICOKUI BaKyyMm

UHV - Ultra High Vacuum
¥ (p <1077 mbar) J
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Angle Resoved Photoelectron Spectroscopy
o

Step 1: Photoexcitation of the Electron

[NepBbivi war: PoToBO36OYXAEHME SNEKTPOHA

BepositTHocTh nepexopa

The probability wy of the transition for an electron from initial state |®;) to final
state |®¢) is given by Fermis Golden Rule:

2
(@ Hiw | 0:) P5(Er — E; — )

W =
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[NepBbivi war: PoToBO36OYXAEHME SNEKTPOHA

BepositTHocTh nepexopa

The probability wy of the transition for an electron from initial state |®;) to final
state |®¢) is given by Fermis Golden Rule:

21

wg = E|<<t>,c\HWW\<I>,->\26(5« — Ei — hw)

[[aMunbTOHMAH

The interaction between electron and photon is described by the Hamiltonian
Hww . In Coulomb gauge and linear approximation it is

e =
Hww = TA'P
mc
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Angle Resoved Photoelectron Spectroscopy
o

Step 1: Photoexcitation of the Electron

[NepBbivi war: PoToBO36OYXAEHME SNEKTPOHA

BepositTHocTh nepexopa

The probability wy of the transition for an electron from initial state |®;) to final
state |®¢) is given by Fermis Golden Rule:

21

wh = E|<¢f‘HWW‘¢i>‘26(Ef — Ei — hw)

[[aMunbTOHMAH

The interaction between electron and photon is described by the Hamiltonian
Hww . In Coulomb gauge and linear approximation it is

CoxpaHeHue sHeprum

Ef=E + hw k;
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Angle Resoved Photoelectron Spectroscopy
L]
Step 2: Transport to the Surface

Bropoii war: TpaHcnopT ¢oTo31eKTPOHOB K MOBEPXHOCTM

CpeaHuii ceobofHbIM Npober 31eKTPOHOB B
TBEPAOM BELLECTBE B 3aBUCUMOCTU OT SHEPruu MeTo/[a

At UV excitation
energies the mean free
path is merely 10 A.
One has to care about

surface states, clean

1000

200 surfaces that represent
< bulk material and

£ L.
< N UHV conditions.

BropuuHble
3NEKTPOHbI

from: M.P.Seah and W.A Dench, Surf. and Interface Anal. 1, 2 (1979)

By scattering a spectra
1 1700 1000 of low energy seconda-
Energy (eV) ry electrons generates.
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Angle Resoved Photoelectron Spectroscopy
L]
Step 3: Penetration through the surface

Tpetuin war: NpoHMKHOBEHNE Uepe3 NMOBEPXHOCTL

K
) K.
vacuum
crystal ;Z”
ki) ke
k_f‘ll

K wave vector in vakuum,
kf is wave vector of the

final state in crystal

Huncnepcusi cBoBofHLIX 3N1EKTPOHOB

Excited bulk state interacts with free electron state:

R
K2
2me

Evin =

OTpaxeHne 3N1EKTPOHOB Ha MOBEPXHOCTM

Parallel component (plus lattice vector g ):

= = = [2m i

k,-H = ka = KH = FEkin sin
Final state energy and perpendicular component:

E, —fi(/? + GY — Vol
f—2m f 0

2m
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Angle Resoved Photoelectron Spectroscopy
L]

Energy Relations during Measuring Process

9HepFeTI/I'~IeCKl/Ie COOTHOLUEHNA BO BPEMA USMEPEHUA

photoexcitation
of the electron E. — 52 _ E‘_jz
kin 2 ) 2
AEve ) ® ®
transport penetration CVU'la ﬂopeHua
to th through the — = . =
hw s(:mq:e surface [F= q(E + v X B)
Ev
o (L4 B<025uT
dq/rios ] v
S
nme
//% /A/Ev{/vmen/ce/{am/// TAER
[N171011/11/ hw — 2196V Hedl
,/‘{; crys_ltLEC_uum o = 4.8eV Au
S. Hifner: Photoelectron Spectroscopy, Third Edition, p. 15 surface Ekin = 164eV EF
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Angle Resoved Photoelectron Spectroscopy
L]
Invariance of measured Fermi-Energy on Work Function

3aBUCUT NN n3MepeHHas sHeprus EF ot paboTa Bhixoga?

3onota, ® = 4.8 eV Nhgnii, ® = 4.12 eV

400 4 .
Fermi-edge Au Fermi-edge In
. 7.3.2007 20N 1.3.2007
350 f5—2 . 300K . 300K
300 ’ 200 -
~ 250 -
> ; 150 o
i':20177 ;
é 150 J S 100 ]
c £
100 4
50 4
50 4
0 T T T T 0 T T T T
16,9 17,0 171 17,2 16,9 17,0 171 17,2
E,_ ineV E,_ ineV
Er = (17.085 £ 0.004) eV Er = (17.076 £ 0.005) eV
v .
MamepeHHasi BennumnHa sHepr Pepmun He 3aBMCUT OT paboThl BLIXOAA MaTepuana
obpasua. Llenas cnektpa cmecTnnock BO BpeMsi M3MEPEHMSI.
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Angle Resoved Photoelectron Spectroscopy
L]
Work Function and Energy Relations

PaboTa BbiIxo4a 1 OTHOLUEHUS SHEPrU

Ey
E; energy of initial state
Ef energy of final state
Ekin,s Ein. Evem  valence band maximum
Eyac,s vacuum level of sample
E Evac,a vacuum level of analyser
) hw photon energy
QUK | £ Up binding energy
hw vac,A Einr  threshold of photo emission
Uspr bs ®a Ekins kinetic energy of eletrons
Er at the sample
Ekin,a  kinetic energy of eletrons
Evemy——— at analyser
Uk contact potential
Ey b work function of sample
(o) work function of analyser
E; Er Fermi energy
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Angle Resoved Photoelectron Spectroscopy
o
Fitting and resulting Band Structure

Fitting and resulting Band Structure
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Angle Resoved Photoelectron Spectroscopy
o
Fitting and resulting Band Structure

Fitting and resulting Band Structure

N. Orlowski, Dissertation, 2000
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Angle Resoved Photoelectron Spectroscopy
(]
Design of an Energy Analyser - Retarding and Focussing

Retarding and Focussing

Preretarding stage

Usually a preretarding stage is used prior to
the energy analysis. Electrons enter the
analyser with a specified pass energy. One
can decelerate (or accelerate) electrons
(almost) without changing their absolute
energy spread. Measured kinetic energy:
Ekin,A = Epass — Uret

Negative Kinetic Energy

Ekin,S e 0.2 eV
U et = 10.2eV
Uk = -04eV
Epass = 10 eV
Ekin A = -0.2 eV
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Angle Resoved Photoelectron Spectroscopy
o
Design of an Energy Analyser - Energy Dispersion inside Spherical Condensator

Energy Dispersion inside Spherical Condensator
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Angle Resoved Photoelectron Spectroscopy
[
Design of an Energy Analyser - Angle Resolution by Mapping of Entrance Point

Angle Resolution by Mapping of Entrance Point
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Angle Resoved Photoelectron Spectroscopy
o
Design of an Energy Analyser - Resolution of Spherical Analyser

PaspelueHne chepuyeckoro aHanmsaTopa

Potentials on hemispheres

For transmission of electrons
with initial emergy Eq along a
path with Ry = (Rin + Rout)/2
the potential has to be

Vout = EO[3 - 2(F"O/F"out)]

V,-,, = E0[3 — 2(R0/Rin)]

Resolution
aE _ w +a?
N ) Epass 2Ry

w  width entrance slit
«  acceptance angle
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Surface Quality, Preparation, Expectations
°

Overview of gotten Samples

O6pasuybl CdxHg,_xTe

No I I I v v VI
- ¢ &
@ u .‘ | G SR LA m
!’W w -I—'W !IHV(IH!I“\ V‘WI\\ll\le\ {\II\‘IIHl‘I
value of X 0.07 0.4 0.2 0.183 0.1955 0.105
weight 186.3mg | 1303 mg | 1585mg | 1292mg | 2485mg | 1089 mg
orientation | <I11> <110> <110> <110> <110>

O6pasubl 1V no VI

Further Samples Lennard Dudy
brought from Moscow. Samples
during measurement destroyed.

O6pasuybl | no I

Frist the diploma thesis was based
on these 3 samples. This work was
announced for at least 2 years.
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Surface Quality, Preparation, Expectations
L]

Crystal Quality Check by Laue Refraction

[NpoBepka kauecTBa kpuctanos metogom Jlays

Fringe rings

. In this Laue transmission picture we
see some rings that are typical for
the Debye-Scherrer powder method.
Accordingly this shows that our
sample IV is not of perfect crystal
quality. Rather there are some
polycrystallic parts included in the
sample. By the brightness of the

. ; other spots its amount can be

. assumed to be lower than 10 %
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Surface Quality, Preparation, Expectations
e0

Surface Preparation by Cleaving

Surface Preparation - Cleavage Mechanism 1

Spaltmechanismus, Norbert Orlowski, Doktorarbeit 2000

P

Norbert Orlowski 2000 Matthias Kreier 2006
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Surface Quality, Preparation, Expectations
oe

Surface Preparation by Cleaving

Surface Preparation - Cleavage Mechanism 2

Ag glue cleaving
predetermined wedge
breaking point

sample
sample I I —
holder 500 um
inside the cleavage chamber ) cleavage in sample holder
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Surface Quality, Preparation, Expectations
o
First Surface Quality Check by SEM

First Surface Quality Check by SEM

SEM Image

L= SEl EHT= 20.0 KV WD= 24 mm MAG= ¥ 50.0 PHOTO= 1 ln fl’Ont we see the predermined

' SO ke o breaking point - a sawn valley of
100 pm depth and the resulting
cleavage. Already in this
magnification a steplike surface
structure can be observed. No
flat surface as Van-der-Waals
crystals show after cleavage.

um
HU Berlin Institute of Physics

Improvement

By cooled cleavage the surface

quality improved tremendously.

We used liquid Nitrogen to cool
the samples down to 80 K and

performed the cleavage.
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Surface Quality, Preparation, Expectations
[
Recent SEM pictures

Recent SEM pictures
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Surface Quality, Preparation, Expectations

[ Jele]e]
Surface Quality Check by AFM

WNccneposanme noesepxHoctu ¢ AFM

AFM - Atomic Force Microscope (ACM Atomnsii Cunoseiii Mukpockon)

height measurement

. Channel Height (measured

lateral deflection

o _Channel: Error sig

fast fuen] fast [um)
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Surface Quality, Preparation, Expectations
o] le]e]

Surface Quality Check by AFM

3D-WNccnepoearne nosepxHoctn, AFM

L fast
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Surface Quality, Preparation, Expectations
[e]e] o]

Surface Quality Check by AFM

3D-WNccnepoeaHne nosepxHocTm obpaszey Ne 3
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Surface Quality, Preparation, Expectations
[e]ele] ]

Surface Quality Check by AFM

3D-MccnepoeaHmne nosepxHocTu obpaszey Ne 5
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Surface Quality, Preparation, Expectations
L]

Surface Quality Check by LEED

O6cneposaHne kavectea noesepxHoctn LEED

LEED image at 156 eV LEED method

The LEED method is very sensitive
to overstructures - but we see a
clean surface with constant
periodicity. By the Laue formulae
and the de Broglie relation

ai(k — ko) = 2mh

a(k — ko) = 2k
h

A o = &
deBroglie p >mE

with given Electron energy we get
the lattice constants

a=35A b=24A

of the observed sample.
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ARPES Results on CdHgTe
o

Brillouin Zone of ZnS Crystals

Brillouin Zone of ZnS Crystals

Dispersion perpendicular

Volumen-Brillouin-Zone des
fce-Gitters mit hochsymetrischen
Punten sowie die
Oberflachen-Brillouin-Zonen der
~ o01] idealen (001) und
(110)-Oberfliche. Die
hochsymmetischen Richtungen
Delta, Sigma und Lambda, die
den Richtungen [001], [110] und
[110] entsprechen, sind ebenfalls
eingezeichnet.

[110]

[001] -

[010]

[100]
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ARPES Results on CdHgTe
L]

Expected Bandstructure

Oxnpaemas CTpyKTypa 30HbI
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ARPES Results on CdHgTe
| Jele]e]

ARPES on CdHgTe

Pesynbtatel ARPES Ha BESSY, Aw = 125 eV

500 4
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ARPES Results on CdHgTe
(o] lele]

ARPES on CdHgTe

Core levels of Tes o and Tesz s
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ARPES Results on CdHgTe
{e]e] o]

ARPES on CdHgTe

Core levels of Cds/», Cdsz/p, Hgs/o and Hgs)»
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ARPES Results on CdHgTe

oooe
ARPES on CdHgTe

Valence band and core levels of Hg and Cd
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ARPES Results on CdHg’
e0

K perpendicular - Dispersion on CdHgTe

K-nepnenankynsp: Qucnepcus Ha CdHgTe

U . CdyyHgosile Cdoo-HgosTe
- T > “ 25.08.2007 26.08.2007

intensity (a.u.)
intensity (a.u.)
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ARPES Results on CdHgTe
(o] J

K perpendicular - Dispersion on CdHgTe

Core level shift depending on composition
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X. Yu, L. Vanzetti, G. Haugstad, A. Raisanen, A. Franciosi: Inequivalent sites for Hg at the HgTe (110) surface. Surf. Sci 275, 92-100, (1992)
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ARPES Results on CdHgTe
(]
Recent EPR results - explanation needed!

Pesynetatel EPR B Mockse

g=5.80 9=2.40 g=2.00

0 1000 2000 3000
Magnetic field (Oe)
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Summary and Outlook
o

Summary

Brisoabl

cryostat

Photo Electron Spectrosopy

@ powerfull technique to determine
bandstructure and electronic
properties of solids

loadlock—chamber
|:\@@:
= 7 @ surface sensitive

Q

getter—pump and
sublimation—pump

cryogenic—pump|
\

@ detected electrons easy to analyse

@ UHV conditions inevitable

ain

m
Ll chamber

unit

t
turbo—pump
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Summary and Outlook
o

Summary

Brisoabl

cryostat

@ powerfull technique to determine
bandstructure and electronic
properties of solids

loadlock—chamber
l:\"@@:
= 7 @ surface sensitive

Q

getter—pump and
sublimation—pump

cryogenic—pump|
\

@ detected electrons easy to analyse

@ UHV conditions inevitable

ain

m
Ll chamber

unit

|
@@g ]
i ©)

|

t
turbo—pump

@ complicated surface preparation

@ successfull cooled cleavage

@ bulk crystallity is to question

@,

@ dispersion in angle resolved
measurements
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Summary and Outlook
o0

Outlook

[MepcnekTuBeI

WNccneposaHus B Mockse

@ Determination of electron and hole mass
o Completed dispersion analysis

@ Heat capacity measurement

@ EPR on samples, SQUID

O6paTHo B Bepnute

@ Hall measurement of the samples in our
workgroup by Dr. Dwelk

@ Measurements at BESSY training beamline
with syncrotron light and new Scienta

@ Surface preparation by sputtering and
annealing
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Summary and Outlook
(] J

Outlook

Cnacunbo 3a BHUMaHMe!
noApo6HY0 MHPOPMALMIO CMOTPUTE Ha

http://people.physik.hu-berlin.de/~kreier/
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