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Bandstructure and Fermi Surface

Struktura zony i poverhnost~ Fermi
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Experimental Results vs. Theory

�ksperimental~nye rezul~taty i teori�

Spektroskopi� foto�lektronov na grafite
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General Setup of an ARPES experiment

Ustro�stvo ARPES
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Step 1: Photoexcitation of the Electron

Pervy� xag: Fotovozbu�denie �lektrona

Vero�tnost~ perehoda
The probability ωfi of the transition for an electron from initial state |Φi 〉 to final
state |Φf 〉 is given by Fermis Golden Rule:

ωfi =
2π

~
|〈Φf |HWW |Φi 〉|2δ(Ef − Ei − ~ω)

Gamil~tonian
The interaction between electron and photon is described by the Hamiltonian
HWW . In Coulomb gauge and linear approximation it is

HWW =
e

2mc
~A · ~p

Sohranenie �nergii

Ef = Ei + ~ω

Sohranenie impul~sa

~ki = ~kf
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Step 2: Transport to the Surface

Vtoro� xag: Transport foto�lektronov k poverhnosti

Sredni� svobodny� probeg �lektronov v
tv�rdom vewestve v zavisimosti ot �nergii

Ograniqeni�
metoda
At UV excitation
energies the mean free
path is merely 10 Å.
One has to care about
surface states, clean
surfaces that represent
bulk material and
UHV conditions.

Vtoriqnye
�lektrony
By scattering a spectra
of low energy seconda-
ry electrons generates.
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Step 3: Penetration through the surface

Treti� xag: Proniknovenie qerez poverhnost~

~K wave vector in vakuum,
~kf is wave vector of the
final state in crystal

Dispersi� svobodnyh �lektronov
Excited bulk state interacts with free electron state:

Ekin =
~2

2me

~K 2

Otra�enie �lektronov na poverhnosti
Parallel component (plus lattice vector ~g‖):

~ki‖ = ~kf‖ = ~K‖ =

√
2m

~
Ekin sinϑ

Final state energy and perpendicular component:

Ef =
~2

2m
(~kf + ~G )2 − |V0|

kf⊥ =

√
2m

~2
(Ekin + |V0|)− ~G 2

‖ − G⊥ ϑ = 0
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Energy Relations during Measuring Process

�nergetiqeskie sootnoxeni� vo vrem� izmereni�

Kinetiqeska� �nergi�

Ekin =
~p2

2me
=

me

2
~v2

Sila Lorenca
~F = q(~E + ~v × ~B)

B ≤ 0.25µT

Primer

~ω = 21.2eV He-I

Φ = 4.8eV Au

Ekin = 16.4eV EF
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Invariance of measured Fermi-Energy on Work Function

Zavisit li izmerenna� �nergi� EF ot rabota vyhoda?

Zolota, Φ = 4.8 eV

EF = (17.085± 0.004) eV

Indi�, Φ = 4.12 eV

EF = (17.076± 0.005) eV

Izmerenna� veliqina �nergi Fermi ne zavisit ot raboty vyhoda materiala
obrazca. Cela� spektra smestilos~ vo vrem� izmereni�.
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Work Function and Energy Relations

Rabota vyhoda i otnoxeni� �nergi�

Ei energy of initial state
Ef energy of final state
EVBM valence band maximum
Evac,S vacuum level of sample
Evac,A vacuum level of analyser
~ω photon energy
Ub binding energy
Ethr threshold of photo emission
Ekin,S kinetic energy of eletrons

at the sample
Ekin,A kinetic energy of eletrons

at analyser
UK contact potential
ΦS work function of sample
ΦA work function of analyser
EF Fermi energy
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Fitting and resulting Band Structure

Fitting and resulting Band Structure
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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 = 0.2 eV
Uret = 10.2 eV
UK = -0.4 eV
Epass = 10 eV
Ekin,A = -0.2 eV
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Design of an Energy Analyser - Energy Dispersion inside Spherical Condensator

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

Angle Resolution by Mapping of Entrance Point
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Design of an Energy Analyser - Resolution of Spherical Analyser

Razrexenie sferiqeskogo analizatora

Potentials on hemispheres

For transmission of electrons
with initial emergy E0 along a
path with R0 = (Rin + Rout)/2
the potential has to be

Vout = E0[3− 2(R0/Rout)]

Vin = E0[3− 2(R0/Rin)]

Resolution

∆E

Epass
=

w

2R0
+ α2

w width entrance slit
α acceptance angle
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Overview of gotten Samples

Obrazcy CdXHg1−XTe

Obrazcy I po III

Frist the diploma thesis was based
on these 3 samples. This work was
announced for at least 2 years.

Obrazcy IV po VI

Further Samples Lennard Dudy
brought from Moscow. Samples
during measurement destroyed.
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Crystal Quality Check by Laue Refraction

Proverka kaqestva kristalov metodom Lau�

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 Preparation by Cleaving

Surface Preparation - Cleavage Mechanism 1

Norbert Orlowski 2000 Matthias Kreier 2006
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Surface Preparation by Cleaving

Surface Preparation - Cleavage Mechanism 2

inside the cleavage chamber cleavage in sample holder
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First Surface Quality Check by SEM

First Surface Quality Check by SEM

SEM Image SEM results
In front we see the predermined
breaking point - a sawn valley of
100 µm 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.

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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Recent SEM pictures

Recent SEM pictures

Uspexny� raskol Neuspexny� raskol
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Surface Quality Check by AFM

Issledovanie poverhnosti s AFM

AFM - Atomic Force Microscope (ASM Atomny� Silovy� Mikroskop)

height measurement lateral deflection
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Surface Quality Check by AFM

3D-Issledovanie poverhnosti, AFM
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Surface Quality Check by AFM

3D-Issledovanie poverhnosti obrazec } 3
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Surface Quality Check by AFM

3D-Issledovanie poverhnosti obrazec } 5
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Surface Quality Check by LEED

Obsledovanie kaqestva poverhnosti 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

~a1(~k − ~k0) = 2πh

~a2(~k − ~k0) = 2πk
λdeBroglie = h

p = h√
2mE

with given Electron energy we get
the lattice constants

a = 3.5 Å b = 2.4 Å

of the observed sample.
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Brillouin Zone of ZnS Crystals

Brillouin Zone of ZnS Crystals

Dispersion perpendicular

Volumen-Brillouin-Zone des
fcc-Gitters mit hochsymetrischen
Punten sowie die
Oberflächen-Brillouin-Zonen der
idealen (001) und
(110)-Oberfläche. Die
hochsymmetischen Richtungen
Delta, Sigma und Lambda, die
den Richtungen [001], [110] und
[110] entsprechen, sind ebenfalls
eingezeichnet.
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Expected Bandstructure

O�idaema� struktura zony

CdTe HgTe
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ARPES on CdHgTe

Rezul~taty ARPES na BESSY, ~ω = 125 eV
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ARPES on CdHgTe

Core levels of Te5/2 and Te3/2
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ARPES on CdHgTe

Core levels of Cd5/2, Cd3/2, Hg5/2 and Hg3/2
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ARPES on CdHgTe

Valence band and core levels of Hg and Cd
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K perpendicular - Dispersion on CdHgTe

K-perpendikul�r: Dispersi� na CdHgTe
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K perpendicular - Dispersion on CdHgTe

Core level shift depending on composition

BESSY hν = 40 eV

Cd0.18Hg0.82Te
26. 1. 2007

He-I hν = 21.2 eV

Cd0.2Hg0.8Te
8. 3. 2007

BESSY hν = 80 eV

Cd0.4Hg0.6Te
3. 2. 2007

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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Recent EPR results - explanation needed!

Rezul~taty EPR v Moskve
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Summary

Vyvody

Photo Electron Spectrosopy

powerfull technique to determine
bandstructure and electronic
properties of solids

detected electrons easy to analyse

surface sensitive

UHV conditions inevitable

CdXHg1−XTe

complicated surface preparation

successfull cooled cleavage

bulk crystallity is to question

dispersion in angle resolved
measurements
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Outlook

Perspektivy

Issledovani� v Moskve
Determination of electron and hole mass

Completed dispersion analysis

Heat capacity measurement

EPR on samples, SQUID

Obratno v Berline
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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Outlook

Spasibo za vnimanie!

podrobnu� informaci� smotrite na

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