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~ Introduction
Magnetic properties of thin films offer a fascinating field of research . Besides the funda-
mental interest in physical properties, such as the magnetic moment, the Curie tempera-
ture and the dependence of the magnetization on temperature or film thickness, magnetic
materials are also technically important . The understanding of ferromagnetism and the
electronic structure of ferromagnets are a first step in the development of new data storage
devices.
To study the electronic structure of ultrathin films in the monolayer regime, it is impor-
tant to use a surface sensitive experimental technique.
Electrons are very well suited as a carrier of information, due to their small inelastic mean
free path (IMFP) in solids. For energies in the range of 10-1000eV the IMFP of electrons
is typically below 20Ä (see fig . 1 .1).
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Fig . 1 .1 : Universal Curve of
electron mean free path, af-
ter [Zangwill, 88]. Theory by
Penn [Penn, 76]

Electron encrgy (eV)

One of the most common techniques using electrons as a sample probe is photoelectron

spectroscopy. Photons of a specific energy are absorbed by electrons in the sample . En-
ergy conservation demands that the excited system takes the energy of the annihilated
photon as a whole . If the energy of the excited electrons is high enough to overcome the
work function they can be detected outside the sample and characterized with respect to
their kinetic energy, momentum and spin.
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2 Theory
2 .1 Photoelectron Spectroscopy

The photoelectric effect was discovered at the end of the last century by Hertz, Lenard
and Thompson. In 1921, Einstein received the Nobel prize for his theoretical work on
the photoelectric effect [Einstein, 1905] . Today we make use of the photoelectric effect
to study the electronic structure of many different systems such as atoms and molecules
in the gas phase, solids, clean or covered with adsorbates, and liquids . The photon en-
ergies range from a few electron volts (Ultraviolet Photoemission Spectroscopy, UPS) to
kiloelectron volts (X-ray Photoemission Spectroscopy, XPS) . With this energy range, it
is possible to study electron core levels as well as valence-band states.

Fig. 2.1 schematically shows the photoemission spectrum of a metal . In a photoemis-
sion experiment the intensity of the photocurrent is measured as a function of the kinetic
energy Ekin of the emitted electrons, for a fixed photon energy hi/ . The work function
I. is the difference between the potential of the vacuum level and the Fermi level . can
change with the material and crystal plane [Kittel] . Small amounts of contamination or
adsorbates can change the work function rather drastically.
The binding energy EB is the physical property that can be compared directly with band-
structure calculations . Usually it is referred to the Fermi energy. Electrons with the lowest
binding energy have the highest kinetic energy (EB = by - Eki,, - (T. ) . In a metal, the
origin of electrons with the lowest binding energy is EF . This can be used to determine
the Fermi edge in the photoemission spectra.

----____--------------------_______---------------_
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hv

By measuring the kinetic energy, the momentum k and the spin s of the emitted electrons
one gains information about the wavefunctions of the filled states and the transiton prob-
abilities into empty states . With tuneable light sources such as synchrotron radiation, it
is possible to determine the 3D band structure of a periodic solid or the 2D band structure
of a thin film or a surface .

Fig. 2.1 : Schemati-
cally drawn photoemis-
sion spectrum
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2 .2 The Photoionization Process

In many cases photoemission experiments are connected closely to theoretical calcula-
tions . Band-structure calculations and their comparison to experiment for example are
fundamental to the understanding of the electronic structure of crystals . Differences and
similarities between theory and experiment give hints to the accuracy of the theory.
Due to the fact, that the photoelectric effect is a quantum phenomenon, it has to be
discussed in the framework of quantum mechanics . Here the theory of photoionization is
discussed as a single-particle excitation starting from Fermi's Golden Rule.

dw

	

27r

	

j
dt

	

l < f I YU~ I?~ii > 1 2 • b(Ef - Ei ± hw)

	

( I )

It describes the transition rate between the final state f and the initial state Li of the
unperturbed Hamiltonian Ho due to a periodic perturbation of the form

W(t) = wle±=',t

	

(2)

The origin of Fermi's Golden Rule is the Schrödinger equation treated in first order
perturbation theory.
If the perturbation is given by the vector potential of an electromagnetic wave, H takes
the well known form

a
H = Ho + W(t)

	

with

	

W(t) = 2mc (A p + p • A.) -

	

2mc2 1A12

	

(3 )

Usually the calibration is choosers in a way that is zero . The second order term in the
vector potential is very small and can be neglected.
With the commutator relation [p, A] _ -ihVA the following expression for W(t) is
obtained

W(t) = - (A • p - ihVA)
me

Often the term VA is omitted, because it is normally small with respect to A • p . It can
become important at the surface and change the cross sections as discussed in detail in
ref. [Plummer, 82] .

W (t ) = 7ncA ' p

	

(5)

The vector potential of the electromagnetic wave that causes the transition can be written
in the form

(6)

With equations 2, 5 and 6 we get the following expression for the term w in the pertur-
bation e

. Aow~ v

	

, e -ilcr

	

p (7)
mc

Equation .7 introduced into Fermi's Golden Rule gives

(8)
dw _ 2r

	

e
-me 1 < 0f]e-4~ A0 •

	

> j 2 b(Ef - Ei - hw)
dt - T -

	

-

	

p[~i

(4)

A(r, t) Ao . e-iwt+ikr
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On the atomic scale A can be regarded as a constant since the spatial variation of the
vector potential is very small and the wavefunctions differ from zero only for very small

r. Furthermore we use only the first-order term of the series expansion e-:kr 1 -- ikr.

As a result we get the following dipole approximation

dw

	

e

dt T
	<ilpl : •Aol 2b(Ef - Eq -w

)
	(9)

~-Lc

If <

	

113

	

>= 0 is valid, one must also take into account terms of higher order in the

series expansion.
In the experiment we are interested in the differential cross section t, which is propor-

tional to the transition rate and given by

du

dSZ N I < OflPlOi > •Ao1 28(Ef - Et - hw)

	

(10)

In some cases it is better to use other forms of this equation

d~ ..,1 < 'Of l r l z/)= > -Ao12ä(E f - E, - hw)

	

(11)

do-
dS~ N I < fI VV 1 'i > •Ao1 2 s(Ef - Et - hw)

	

(12)

These equations are obtained from eqn . 10 by using the following commutator relations

[Ho, p] = --VV

	

and

	

[Ho, r] 2i p

(15)

Due to the translation symmetry parallel to the surface the initial state lams > and the

final state l f > have to fulfill the Bloch equation

	

(r + P) = eik€
.g ' '( r )

	

(16)

where P represents a two dimensional lattice vector in the surface plane. A finite scat-

tering amplitude can be found if the difference between the momentum of the final state
4411 and initial state kill is equal to a lattice vector g in the 2D reciprocal lattice.

	

akll = k~'ll - ki ll = g	(17)

When the excited electrons pass the surface potential barrier, the momentum parallel to
the surface is conserved krc = k1j

or

(13)

< ~fl p l~t >= 2 < I[Ho,r]1oa >= ~ (Ef - E_) <

	

>

	

(14)

~

< ~f1PlOi >=
~f 1

E4
< ~fI[Ho, p] I~i >= ~ <

	

z®VI~Y >= - Z < of l®VIo t >
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The two components of the wave vector outside the solid can be obtained with the dis-
persion relation of a free electron

Ekin = 2m
by measuring the kinetic energy and the emission angle ® of the emitted electrons.

2m

	

sin 0kll =
~L2

Ekin '

kl
aut =

h2
Ekin • COS 0

h2k2

(18)

(19)

(20)

Fig. 2.2 : Photoemission ge-
ometry.

For surface or adsorbate induced states the binding energy does not depend on k1 and

the knowledge of the binding energy as a function of kll is sufficient to characterize the

states.

The situation is more difficult for bulk states that depend on k1 as well . Due to the

fact that the momentum kj. of the electrons is not conserved when they pass the surface
one needs information about the final state inside the sample.
The most simple approach to the final state is to suggest a free-electron final state . In this

picture the final state inside the sample is regarded as a free-electron parabola modified
by an inner potential Vo .

2

	outside:

	

Ef = 2m (kfll + kfüf2 )

2

	inside:

	

Ef Vo 2 (kfll + kf.L 2 ) (22)
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The inner potential is typically in the range -5 to -10eV and corresponds to the average
ionic potential, seen by the electrons . With eqn . 21 and 22 we get for kf

k
sn

f (23)

k11 and kr t are given by eqn.19 and 20. Most of the spectra presented in this work are
measured in normal emission (0 = 0) . In this case the momentum parallel to the surface
vanishes and with eqn . 19, 20 and 23 we get

= 0 (24)

kif =

	

(E - Vo)11
2 ~n

11r-2T

	

f (25)

2m
(Es

	

}~v Vo) (20)=

	

a
•

	

+

Fig. 2 .3: Band structure
determination with angle-re-
solved photoemission

The only unknown parameter in eqn . 26 is the inner potential V0 . To determine the inner
potential in the experiment, we try to identify emission from a high-symmetry point like
the r point . When we change the photon energy in a range, where k crosses the border
between two Brillouin zones we see, due to the periodicity in k-space, an extremum in the
binding energy E(k). At the extremum we know I c! 17 well as the binding energy E= and

V0 can be determined with eqn. 26.

8



2.3 Spin-Resolved Photoemission Spectroscopy

The spin polarisation of the emitted electrons is defined as [Kessler, 85]

P = trop (27)

where o- is the Pauli spin matrix and p is the spin density matrix . When we are interested
only in one quantization axis (z) eqn . 27 becomes

NI -N I
Pz = N€	

Ni

	

(28)

NI (N1 ) is the number of electrons with a magnetic moment parallel (antiparallel) to the
chosen axis.
For a ferromagnetic sample it is natural to choose the direction of magnetization as a
quantization axis . The density of states of a ferromagnet is spin-split with an excess of
electrons of one spin direction. They are referred to as majority-spin (1) electrons, those
of opposite spin are minority-spin ( .L) electrons.
The band structure of majority- and minority-spin electrons are of similar shape, but
shifted by the so-called exchange splitting.
Usually we do not show the polarization curves, but the spin dependent energy distribution
curves (EDC) that can be compared directly with the band structure . They can be
obtained from the photoemission current 10(E) and spin-polarization curve P(E) with
the equation

It,t (E) _ 1I0(E) - (1 ± P(E))

	

(29)

To measure the polarization experimentally we use the asymmetry of a scattering process
called Mott scattering.

2.4 Mott Scattering

A beam of polarized electrons that is scattered at a thin Au foil shows an anisotropy in
the intensity of the scattered electrons that corresponds to the degree of polarisation.
The reason for this anisotropy can be found in the relativistic spin-orbit coupling . If we
choose the z-axis as a quantization axis, the scattering potential of the scattered electrons
differs by ±p B . M between electrons that pass the Au atom on the right and on the left
side . This results in a left-right asymmetry A(P) of the photocurrent.
In the Mott detector we use this left-right intensity asymmetry to determine the degree
of polarization of the incident electron beam . Mott scattering denotes the high-energy
scattering (about 100keV) at the atomic nuclei.
The asymmetry is defined as the product of the polarization and the sensitivity of the
Mott detector .

A -' P ~ Sefi

S is the so-called Sherman factor.
The Sherman factor depends on the kinetic energy of the scattered electron beam as well

(30)
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as on the angle e between the incident beam and the detector. It is largest for scattering
nuclei with large atomic number Z, electron beam energy E=120keV and O = ±120°.
With these parameters, the Sherman factor has been calculated to be S=0 .39 for a single

scattering event . For a Au-foil approximately 2000A thick we get an effective Sherman
factor Sef f that is, due to multiple scattering, smaller than S . A typical value for Seff

is 0 .2 . This means, we obtain an asymmetry of the intensities between left and right
detectors, which is only 20% of the polarization of the electrons.
Experimentally an additional detector measures the electrons that pass the gold film in
forward direction (0 = 0°) . With this detector the so-called spin-integrated (sum of
minority- and majority-spin electrons) spectrum is measured . The count rates of this

detector are about 103 times larger than the count rates of the detectors measuring the

back-scattered electrons.

2.5 Selection Rules

In many solids the valence-band structure consists of various bands in a small energy
interval .

~An
spectrum that shows the overlapping structures of all these bands at once

is very difficult to discuss . The situation becomes even more complicated, whe n surface,
adsorbate-induced or interface states also have to be interpreted . .
For that reason we usually choose specific experimental geometries that allow us to ob-
serve only states with a special symmetry. Parameters that may define the symmetry of
the observed states are:
- the direction and the polarization of the incident light
- the orientation of the crystal
- the position of the detector

For example consider a crystal mirror plane. Solutions to Schrödinger 's equation for
electrons with a momentum in this plane have to be of either even or odd parity under
reflection about the mirror plane.
If the detector is placed in this mirror plane, we observe only final states f of even parity.

Odd-parity final states have a node in the plane, the square of the amplitude, proportional

to the intensity at the detector, is zero. That means, if we observe electrons propagating
in a mirror plane of the crystal, we can see states with even parity only.
The dipole matrix element < &j IA • pit, >2 gives the transition rate between initial state

zj' and final state 'Of (9) . The symmetry of the dipole operator A • p with respect to the
mirror plane is even if the polarization vector A is in the mirror plane and odd if it is
perpendicular . Since we know, that the final state has to be even, as well as the whole
dipole matrix element, ?= and A . p must have the same parity. With A parallel to the
mirror plane, we can detect even initial states wheras odd initial states can be seen with
A perpendicular to the mirror plane.
Selection-rule tables for different geometries can be found in [Eberhardt, 80].
Depending on the polarisation vector of the incident light one defines s-polarized and p-

polarized light. If the polarisation vector is perpendicular to the plane of incidence (the
plane of incidence is given by the surface normal and the direction of the incident light)

10



the light is called s-polarized and if the A is parallel to the plane of incidence the light is

called p-polarized.
In most of our experiments the direction of the incident light is chosen perpendicular to

the surface . In this case the incident light is defined to be s-polarized.

Fig. 2.4:(A) s- and (B) p-
polarized light . p polariza-
tion (Al[n, n=surface normal
direction) can be arehieved
by off-normal incidence of the
light only.

In table 1 we show the selection rules for low-index faces in normal emission which are
important in our experiment .

Irreducible

	

Initial
Representations

	

Symmetries

x

	

y

	

z

	

AII x A I1y A Il z
(001) < 100 > < 010 > < 001 > ®10g®2AV1 5	A 5	A 5	Al

(110) < 001 > < 110 > < 110 >

	

E1E2E3E 4	E3

	

E4	El

(111)	 <110> <112> <111>	 A 1 A 2 A3	 A3	 A3	 Al

Table i.y : Dipole-allowed initialitia3 state symmetries for u~.a,~. .,norm a1 emission from low-indext,a~for

faces of cubic crystals after ref. [Ilermanson, 771 . For each face the directions of
Cartesian coordinate axes are referred to the conventional cubic axes and irreducible
representations at 19 1 =0 are listed in single group notation. A is the vector potential

of the light.

2.6 Magnetism

The magnetism of atoms has its origin in the way the electrons in a given shell occupy

the orbitals of an atom. The ground state of an atom is characterized by an electronic

configuration as given by Ilund's Rules:

1 . The maximum value of the total spin S allowed by the exclusion principle;

Crystal
Face

Coordinate axes
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2. The maximum value of the orbital angular momentum L consistent with this value

of S;

3. The value of the total angular momentum J is equal to IL - SI when the shell is
less than half full and to L + S when the shell is more than half full . When the shell

is just half full, the application of the first rule gives L = 0, so that J = S.

When we apply the first rule to Fe ([Ar]4s 2 3d°) the d shell will fill in a way that the

sum of the spins is S = 2 . Another configuration, where the spin up and spin down
orbitals are filled to an equal extent and the sum of the spins is S=0, is higher in energy
and cannot be found as a ground state . With a total spin of S = 2 the magnetic moment

of an Fe atom is M = 4p8 where pg is the Rohr : magneton.

The first of Hund's rules has its origin in the Pauli exclusion principle and the coulomb
repulsion between electrons . The Pauli exclusion principle prevents two electrons of the
same spin from being at the same place at the same time . For this reason electrons with

the same spin stay farther apart than electrons of opposite spin . Due to the coulomb
interaction, the energy of electrons with parallel spin is lower than the energy of electrons

with opposite spin.

2

	

Stoner Model

In the solid the simple model using Hund's rules does not apply . Parallel spins minimize

the exchange energy but increase the kinetic energy. The change in the kinetic energy
is a direct consequence of the delocalization of the valence electrons, as can be seen in
the following model for free electrons . In this model of free electrons the Fermi sphere

has a radius of kF _ (3r2n)1/3 where each k state is occupied with a spin up and a spin

down electron (n = N/V is the electron density) . The resulting average kinetic energy is

Ek:n = N
• 5

• -27t . In a ferromagnetic state, where each state is occupied with only one
electron, the volume of the Fermi sphere is twice as big, and the average kinetic energy

increases by a factor of 22/3 .

The exchange energy can compensate this effect only partially and delocalized electrons
therefore show a smaller tendency for ferromagnetic behaviour than localized electrons.
Consequently the localization of the valence electrons influences the magnetic behaviour

of a solid.

In the Stoner model for 3d transition metals the effective Hamiltonian Iii of the major-

ity and minority electrons is determined by the spin-independent one-particle Hamiltonian

He of the paramagnetic case modified by an exchange term

Ii±=Ho+IM

	

(31)
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where I is the exchange integral (I ^~ 0.7eV for 3d atoms) and M is the magnetic moment.

The corresponding energy eigenvalues change to

1
gv

_
-Ef,', YT

2

-IM

As a result the band structure and the density of states n± (E) for the two spin directions

are of the same shape, but shifted in energy . The number of particles per unit cell and

the local magnetic moment are given by

N =
JEF

(no • (E + 2IM) + (no . (E - ZIM))dE

	

(33)

EF

	

1

	

1
!1%r-

	

(no•(E- -IM) - (n(E- 2IM))dE

	

(34)

no is the paramagnetic density of states . EF = EF (M) can be calculated with eqn 33 and

eqn . 34 must be solved self consistently to determine M.

M = F(M) with F(M) = fEF (no • (E + -ICI) (no • (E - 2IM))dE

	

(35)

When we solve this equation, we find either one trivial solution M = 0 that corresponds
to the paramagnetic case or we find three solutions M = 0, +Ms that correspond to a
ferromagnetic state with the spontaneous magnetization M . The solution M = 0 in the

ferromagnetic state is not stable. A criterion that allows one to distinguish between the
two cases is the Stoner criterion. If

F`(0) = no(EF ) . I > 1

	

(36)

the system is ferromagnetic.

Besides the Stoner criterion which allows one to decide if a system is paramagnetic or
ferromagnetic, there exists another important relation for the bandwidth W

;? = z ~ h a	(37)

where z is the coordination number and h is the hopping matrix element, which is mainly
influenced by the overlap of the wavefunctions for two neighbouring atoms . For example,

when the lattice constant of

	

ep the wavefunctions A,1'~at~

	

CSo a greater over-

lap

	

a crystal is reduced
lap and h increases. With h also the bandwidth increases according to eqn . 37. When
the bandwidth increases and the number of states is constant, the density of states no
becomes smaller . As a result the Stoner criterion is less likely fulfilled and the tendency
for ferromagnetism is decreased . With the same argument one finds that compression

decreases the tendency for ferromagnetism, and expansion increases the tendency.
In a two-dimensional system the number of nearest neighbours z is less than for a 3D

system. The bandwidth is smaller and the 2D system is more likely ferromagnetic than

the 3D system.
Within a group of transition metals the bandwidth decreases with increasing atomic

(32)
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number. The reason for this is a lowering of the energy position of the bands with the
consequence of stronger localization. The same is true for the rare earths.
The Stoner model is just an approximation. It predicts a shift in the density of states
between majority- and minority-spin direction but it can not explain differences in the
shape. In this model the exchange splitting is expected to be independent of k.

14



3 Experiment

3 .1 Experimental Conditions

The experiments have been performed at BESSY in Berlin . BESSY is a 800MeV elec-
tron storage ring that provides synchrotron light with photon energies ranging from the
infrared up to about 2000eV.
The experimental set up is located in an ultra-high vacuum (UHV) chamber . For the pro-
duction of high-quality overlayers it is necessary to have a gas pressure as low as possible
to avoid contamination of the surface . In our experiments the base pressure was typically
1 - 2 . 10-umbar. A schematic drawing of the experimental set up is shown in fig 3 .1

Fig . 3 .1 : Shematic drawing of the experimental set up

A manipulator holds the sample and allows translation in three directions plus rota-
tion about the z-axis.
To obtain high-quality overlayers, it is of great importance to start with a clean and well-
ordered substrate . A very common method to remove contamination from the surface
is to use a Sputtergun . Ar+ or Ne+ ions are accelerated with high voltage . towards the
sample and remove atoms from the sample simply by ion bombardment.
This method is useful for sample cleaning, but produces structural defects in the surface

15



region.

To get a well ordered surface after sputtering, the sample is heated . The temperature
of the heating depends on the substrate material . It must stay below the melting point,
but be high enough to increase the mobility of the atoms at the surface . A tungsten fila-

ment, not shown in fig . 3 .1, was mounted on the manipulator very near to the sample . A
constant current of 6-10 Amperes through the filament produces enough radiation to heat
the sample up to about 800 K. For higher heating rates or higher temperatures, we used
electron-beam heating . The electrons that are emitted by the filament are accelerated
towards the sample with a high voltage that is applied between filament and sample.
The temperature of the sample is checked with a Ni-CrNi thermocouple, spot-welded close
to the sample.

We checked the structure and cleanliness of the sample with a conventional four-grid
LEED/Auger system. A mono-energetic electron beam impinges on the sample and the
scattered electrons are collected on a screen.
In the LEED study the reciprocal lattice of the sample surface is displayed on a fluores-
cent screen. The sharpness of the LEED spots corresponds to the degree of order at the
sample surface.
Contaminants like carbon or oxygen can be detected by their characteristic lines in the
Auger spectra. Four grids are mounted in front of the screen and the potentials given
to these grids define a minimum kinetic energy of the deteted electrons . The retarding
voltage is modulated with a given freqency and connected to a lock-in amplifier . With this
system we can not only record the integral Auger signal of electrons passing the retarding
voltage but also the 1st and 2nd derivative of this curve.
The 1st derivative gives the energy distribution curve (EDC) of the Auger electrons and
the 2nd derivative (1st derivative of the EDC) is commonly used for studies of the growth
mode or for testing the cleanliness of the sample surface . The 2nd derivative is commonly
called the Auger spectrum.

Co has

	

from aVi high-purity

	

wire by hthe wire with electronbeen..dl evaporated SS V1dd ddl Gdd°gpJ Udlü,' CoV~+

	

by heating+
bombardment to its evaporation temperature. The electrons were emitted from a tung-
sten filament and accelerated with a potential of 1kV, applied between the filament and
the Co wire . To avoid radiative heating of the chamber the evaporator was water cooled.
A small hole in the water-cooled shielding determined the direction of the beam of Co
atoms. During evaporation the pressure in the chamber stayed below 4 . 10-"mbar.
The evaporation rate was checked with an oscillating quartz crystal thickness monitor.

Due to the fact that we measure electron spin dependent effects, the magnetization of
the sample is of great importance . It must be possible to magnetize the sample perma-

nently and homogenously, because the size of the light spot and the analyzer acceptance
area of a demagnetized sample are typically larger than a single Weiss domain . Usually

picture frame crystals or, as in our experiments, thin films are used. This is because they
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have a high magnetic remanence and negligible magnetic stray fields.
The magnetization coils are mounted near the sample. A short pulse of high current
through the coils produces a permanent in-plane magnetization in the sample . The ar-
rangement of the sample and the magnetization coils is shown in fig . 3.1 . The samples
were oriented in a way that the magnetic field was applied along the [110] direction for
studies on (100) surfaces and along the [211] direction for studies on (111) surfaces.

The experiments have been performed at the TGM1 (toroidal grating monochromator)
and TGM5 beamlines at BESSY. TGM1 is connected to a bending magnet and provides
monochormatized light of 10-100eV photon energy. TGM5 transmits the synchrotron
light from a wiggler/undulator and thus provides a higher photon flux and photon ener-
gies of 25-200eV. The use of synchrotron radiation as a light source has the advantage of
producing intense, bright and continuously tunable light.
In our chamber the direction of the incoming synchrotron light and the direction of the
collected electrons are identical. Capacitor plates deflect the electron beam behind the
first lens system and separate the electrons from the incident light. In the next step a
900 spherical analyser is used to select electrons of a given kinetic energy. A static field
is applied between the two spheres of a spherical capacitor . It influences the passin g--o

electrons by electrostatical force and allows only electrons of a given trajectory to pass
the spheres. The energy resolution is 250meV.
Another lens system directs the electrons to the Mott spin analyser . Mott scattering is
one of the most common methods for measuring the spin polarization of the electrons.
The electron beam is accelerated to 100keV and directed at a 2000A Au-foil target . Two
surface barrier detectors measure the number of electrons scattered into angles about
±1200 . A third detector measures the spinintegrated signal at G = 0 of the unscattered
electrons. The Sherman factor of the Mott detector is 0 .2. This means the asymmetry
measured in the detectors is 20% of the polarization of the electron beam.

3®2 Sample Preparation

We used two different types of Cu substrate crystals in this work, one crystal has been
cut parallel to the (100) plane and the other one has been cut parallel to the (111) plane.
Both Cu crystals were prepared in the same way, cut from a single crystal and then pol-
ished.
In the UHV system they have been treated with cycles of sputtering and heating until
the DEED pattern showed sharp and bright spots and no contaminations were detectable
with Auger electron spectroscopy. For the sputtering procedure a beam energy in the
range of 600-1200eV was used. The heating temperature of approximately 1000K was
kept well below the melting point of Cu (Tm,ert = 1358K).

After the initial preparation the adsorbate films were removed by sputtering for 10-60
min with about 800eV beam energy. The time depends on the thickness of the film.
Heating of the sample to about 800K for 1 min was sufficient to once again obtain a sharp
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LEED pattern.

The Co films were evaporated from a high-purity Co wire with a typical rate of
1ML/min. During the evaporation the pressure in the chamber stayed below 4 • 10 -i0
mbar. .A freshly prepared Co film can be used for 4-5 hours before contamination appears
in the photoemission spectra .
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4 Growth mode of Co on Cu

Bulk Co can be found in two different structures, fcc and hcp . At room temperature
the hcp phase is present, but at 720K Co undergoes a phase transition and the structure
changes to fcc . By choosing Cu as a substrate it is possible to stabilize, through epitaxy,
ultrathin film structures of fcc Co at room temperature . An important first step in
characterizing the properties of such materials is a determination of the growth mode.

4.1 Auger Study of Co/Cu(l11)

The Auger process is a non-radiative decay of a core hole involving three atomic lev-
els, XYZ. In a first step a core hole in level X is created by the removal of an electron.
This can be done with irradiation or by electron/ ion bombardment . In the second step
this level is filled with an electron of an outer shell Y . To fulfill energy conservation the
difference in Energy AE = Ey - EX is transferred to a third electron in the Z shell.
When AE is greater than the binding energy of this electron, it can be detected with the
kinetic energy Ektn = EZ AE. This so-called Auger process is a competitive process to
the generation of a photon of the characteristic wavelength his = AE. Auger transitions
are denoted with the three levels involved . The one described above is an XYZ Auger
transition. Auger lines are (like characteristic radiation) typical for each element . One
tenth of a monolayer of a specific element can easily be detected by its fingerprint in the
Auger spectrum.

We used Auger electron spectroscopy (AES) to study the growth mode of Co on
Cu(111).
Usually three different growth modes are considered, depending on the interaction between
substrate and adsorbate atoms.

1. In Frank van der Merve growth the adsorbate grows layer by layer on the substrate.
The interaction between substrate and adsorbate atoms is stronger than the inter-
action between two neighbouring atoms in the adsorbate . The surface energy is less
for completing one layer, than for starting the growth of the next layer.

2. In Vollmer-Weber growth the opposite is true. In this case, the interaction of the in-
plane atoms is stronger than the interaction between different layers . The adsorbate
forms three dimensional islands that grow on the substrate.

3. In Stranski-Krastanov growth the adsorbate starts growing layer by layer, but after
one or more completed layers nucleation takes place and the adsorbate begins to
grow by forming three dimensional islands.

With AES we can distinguish between these three growth modes . In a figure showing AES
intensity versus adsorbate deposition the resulting theoretical curves for the three growth
modes appear very different . In Frank van der Merve growth we expect an exponential
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decrease of the substrate Auger signal and a corresponding increase of the adsorbate signal
as the thickness of the overlayer increases

pub = Ioub exp(

	

)
Aads

lads = J~ads(
i - exp(^ads))

	

(39)

.1 is the inelastic mean free path (IMFP) of the substrate- (adsorbate-) electrons scat-
tered through the overlayer . Within a layer the substrate signal increases linearly as the

layer is filled (see fig . 4 .2) . The completion of a layer would therefore be indicated by a
discontinuity in the slope of the Auger curves and the exponential curves in egns . 38 and

39 describe the envelope of the substrate and the adsorbate Auger curves.

Fig. 4.1 : Derivative Au-
ger spectrum of 4.8ML
Co/Cu(111)

In the case of Vollmer-Weber growth the substrate signal decreases much slower because
even for high coverages there is unattenuated emission from uncovered substrate areas.
Correspondingly the adsorbate signal increases much slower with increasing coverage.
Finally St a si- Krastanov growth is indistinguishable from layer-by-layer growth for the

first few layers until island growth begins . As shown schematically in fig 4 .2 (dotted line;

here island growth starts after one layer), it corresponds to a superposition of Frank van
der Merve and Vollmer-Weber growth.

A detailed study of the system Pd/Fe(100) in comparison with different growth mod-
els can be found in [Rader, 91] . In the work of Rader the Auger-signal intensities of
the substrate signal and of the adsorbate signal have been calculated for several growth
modes, including the growth modes considered for Co/Cu(111) in this work . His work

discusses the accuracy and the reliability of statements about the growth modes . We

performed our Auger measurements about Co/Cu(111) in the same conditions and with
the same experimental setup as he did . A general dicussion of this subject together with

a compilation of the Auger data for many systems can be found in Ref . [Argile, 89] .

(38)

Electron Energy[eV]
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Figure 4 .1 shows a derivative Auger spectrum of 4 .8ML Co/Cu(111) . The typical Co-
lines have a minimum at 530! (not shown), 656eV, 716eV and 775eV . Typical Cu-lines
are 60eV(not shown), 776eV, 845eV and 920eV .

Fig. 4.2: Schematic behavior
of the Auger signals of the sub-
strate and adsorbate as a func-
tion of the deposited mass in ML
for layer-by-layer (Frank van der
Merve, FM) growth (solid line), is-
land (Volmer-Weber, VW) growth
(dashed line) and layer plus island
(Stranski-Krastanov, SK) growth
(dotted line) . The arrow marks the
discontinuity in the slope of the sub-
strate signal after completion of the
first layer.

Co has been evaporated at a constant rate while successive Auger spectra were recorded.
The axis of the LEED/Auger system was located 45 0 from the sample surface normal to
allow in situ evaporation . Due to the fact that the Auger system possesses an acceptance
angle of about ±30% electrons are collected that leave the sample at angles of 15 - 750
to the surface normal.
The peak-to-peak height of the 656eV and 716eV peak gives the Co intensity wheras the
850eV and 920eV peak was used for the Cu signal . The peak at 776eV overlaps strongly
with the Co 775eV Auger peak and for that reason is not used in the analysis . The evap-
oration rate was checked with an oscillating quartz crystal thickness monitor and found
to be constant. Co films were evaporated at a typical rate of 2A/min.
As shown in Fig. 4.3a, the Cu signal decreases exponentially and the Co signal increases,
following a curve of the form Ia • (1 --- exp(-x)) . A comparison with the theoretical refer-
ence curves for the different growth modes indicates that in this case Co grows layer by
layer on Cu(111).
We compared also the theoretical curves of Volmer-Weber and Stranki-Krastanov growth
with the data. In fig . 4 .3b the expected Auger curves for island growth (islands cover-

0 1 2 3 4 5 6 7

Deposited Mass (ML)

FM
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ing 90%, 80% and 70% of the substrate surface) and the expected curve of Frank van
der Merve growth (100% (FM)) are compared to the Auger data of the substrate signal
(4 .3a). The main difference between the data and the expected curves for island growth
is the more slow decrease of the substrate Auger signal in the model of island growth . By
chosing a shorter IMFP in the theoretical curves we are able to get a reasonable agreement
between the island model with islands covering 90% of the surface and the data points
but when we try to fit in the same way curves for islands growth with islands covering
less than 90% we find these curves are either too flat at higher coverages (6-12ML) or
too steep in the low-coverage regime (0-5ML) . The same is valid when island growth is
considered after one or two complete cobalt layers have formed . Best agreement with the
data points can be archieved by fitting an exponential curve.
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Fig . 4.3a: Anger-signal intensity versus
Co coverage . The peak-to-peak height of
the 656eV and 716eV line give the Co
intensity (open circles) and the peak-to-
peak height of the 920eV and 850eV line
give the Cu intensity (filled circles)
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Co coverage . Data points are taken from
fig. 4.3a and show the Auger intensity of
the Cu substrate. The solid lines represent
the expected curves for island growth, is-
lands covering 70%, 80% and 90% of the
substrate surface . Frank van der IvIerve
growth corresponds to the curve marked
100% (FM).

A least-squares fit of the expected curve for a layer-by-layer growth to the data is shown
as a straight line in fig 4 .3a. The IMFP determined from this fit is A = 13 .7 ± 1 .7A for

the :.Cu Auger signal whereas A = 10 .4 ± 1 .5A for the Co Auger signal has been found.
The values for the IMFP's include corrections that arise from the facts that (a) the
Auger spectra have been measured off normal (the path length of electrons in the solid is
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l~ cos(a) • d where d means the thickness of the cobalt layer and a is the angle between
surface normal direction and observation angle) and (b) that the Auger system possess
an acceptance angle of about ±30°.
In the substrate signal in fig . 4.3a the data points are systematically lower than the fitted
exponential curve in the range 2-5ML and systematically higher above 7ML. The origin
of this difference is the large acceptance angle of the Auger system . We have calculated
the deviations resulting from the large acceptance in the chosen geometry (a = 45°) and
found that they exactly cancel the systematical difference between the data points and
the fitted exponential curve in fig . 4.3a.
We are not able to resolve experimentally the kinks in the Auger that indicate the com-
pletion of the different layers due to the scattering of the data points . Tikhov and Bauer
performed a study similar to ours but for the low-energy regime of the Auger spectra (51eV
Co line and 63eV Cu line) [Tikhov, priv .] . They studied the growth mode of Co/Cu(111)
with the system Co/45ML Cu(111)/Mo(110) . The resulting Auger curves reveal a lin-
ear dependence of the substrate and the adsorbate Auger signal for the first monolayer
but not for higher coverages . One can therefore expect that small deviations from ideal
layer-by-layer growth exist that smooth out the kinks and lead to the observed curve form.

We obtained the follwing results about the growth mode of Co on Cu(I11):
Co grows on Cu(111) to a good approximation in a layer-by-layer fashion (Frank van
der Merve growth) although there are some indications for small deviations from ideal
layer-by-layer growth .
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4 .2 LEED study

One of the most common methods of surface analysis is low-energy electron diffraction

(LEED). A parallel beam of electrons having energies ranging from 10-300eV impinges on
a crystal and is back-diffracted in directions given by the well known Ewald construction.
The diffracted electrons produce spots on a fluorescent screen . Like AES this method is
very surface sensitive because the MK) is below 10A for electrons in this energy range.

LEED can be used to determine qualitatively the structure of the surface . On the screen

we see the reciprocal lattice of the two dimensional surface structure of the sample.

Fig . 4 .4: Close packed struc-
tures. The atoms of the first
layer are marked with an A and
the atoms of the second layer
are marked with B . If the third
layer is identical to the first layer
(ABA. . .) the structure is hcp
and the layers are (1000) planes.
If the atoms of the third layer
occupy the positions C, it is a
(111) plane of an fcc structure
(ABC. . .) . Taken from [Kittel].

In fig. 4 .6 we show LEED pictures of the clean Cu samples and 5 .5ML Co on top of
Cu(111) for different electron energies . The Cu(111) crystal has sharp spots of three-fold
symmetry as can be seen clearly at 127eV electron energy. The six spots at 81eV consists
of two sets of three spots with, by coincidence, nearly the same intensity . With Co on top

of Cu(111) the spots are nearly as sharp as for the clean Cu . Co grows on Cu in a well
ordered fashion, adopting the lattice structure of copper . This result is expected due to

the small mismatch in the fcc lattice constants of Co and Cu (ac .u = 3 .61A, acfl = 3.54A).

As mentioned above, there exist two different Co structures for bulk Co, fcc and hcp,

that could possibly grow on Cu . The two structures differ only by the packing sequence

of the successive layers . While an fcc crystal has an abcabc structure an hcp crystal has

an ababab structure (see fig 4 .4) . The LEED pattern for the hcp phase has a sixfold
symmetry wheras the fcc phase has, like clean Cu, a threefold symmetry [Lee, 78] . The

LEED picture for 5.5ML Co/Cu(111) clearly shows the threefold symmetry of the fcc

crystal .
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It is possible that for higher coverages the structure switches to hp as reported by
Gonzalez [Gonzalez, 81], but we found no evidence for this . Furthermore, in the photoe-
mission spectra we did not see any change of the electronic structure between 5ML and
higher coverages up to 20ML . For this reason, in the description of the bandstructure that
follows, only the,bands with fee symmetry labels are discussed.

Fig. 4.6 : Standard labels of the
symmetry points and axes of the
Brillouin zones of the fcc lattice.
The boundary point at (27r/a)(100)
is X and the boundary point at
2ir/a( 1 a) is L . Taken from
[Kittel].

4 .3 Growth of Co on Cu(100)

The system Co/Cu(100) has been studied much more extensively than Co/Cu(111) [H .Li,
90] [Clarke, 87] [Gonzalez, 81] [Miguel, 89] . Co grows in a well-ordered layer-by-layer fash-
ion on the Cu(100) surface . It adopts the fcc structure of the substrate up to coverages
of at least 20ML . Clemens [Clemens, 91] has done a LEED/Auger study for Co/Cu(100)
similar to the one we presented for Co/Cu(111 .) . He recorded Auger spectra in the high-
energy range of the Auger spectrum (600eV-1000eV) . The resulting Auger curve (see fig
4.7) is used in our spectra to calibrate the thicknesses for the Cu(100) surface . Clemens
obtained IMFP's for the Co Auger line (A = 7A) and the Cu Auger line (A = 9A) which
are significantly smaller than the results of our study on Cu(111) . Due to the fact that

<~ .~ r t i l ihighest atomic density, the different IMFP'sthe (Ill) surface is the one with the cannot
be attributed to the different surface planes (That would result in a shorter IMFP for the
(111) surface).
Due to the fact that Clemens shows only the ratio of the Co and the Cu+Co Auger
signal his fitted curve possesses more parameters for the fit than we do leading to larger
uncertanties . We determined an Auger curve for the substrate and the overlayer Auger
signal independently. There are only small uncertanties in the initial intensity iö"blads in
our study and errors in the determination of the IMFF's must be attributed mainly to
uncertanties in the coverage . Beside the differences in the analysis of the data there are
also. differences in the measurement . By measuring the Auger spectra and evaporating
Co at the same time we kept the experimental conditions more constant than Clemens
and were able to take much more data points.

Figure 4,5e shows the LEED pattern of clean Cu(100) at 112eV primary electron en-

26



ergy. The LEEK pattern shows the fourfold symmetry of the (100) surface . It remains as

sharp and intense as shown in fig . 4.5e for all Co coverages studied in this work, up to

about 20ML.

Fig. 4 .7: Ratio of
the Cobalt to Cop-
per peak-to-peak inten-
sities in the deriva-
tive AES spectra R =
Ico/(Ico + 'Cu) as a
function of Co thickness
(diamonds) on Cu(100).
The line shows the ex-
pected curve for the
layer-by-layer growth
mode, taken from
Ref.[Clemens, 911
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5 Band Structure

5.1 Band Structure of Cu

In Cu the d shell is filled with 10 electrons and the s shell has 1 electron ([Ar]3d104s 1 ) . The
wavefunctions of the 4s electrons show a strong overlap with the 4s wavefunctions of the
neighbouring atoms, whereas the 3d wavefunctions are more localized . The localization
of the d electrons leads to rather flat d bands with a high density of states . In a solid the

5-fold degenerate d bands split and the band structure shows five different bands . Only
in the high symmetry directions, F - L and I' - X, some bands are still degenerate.
Due to the strong overlap of the s wavefunctions the s electrons are itinerant and form a
band in the solid that is similar to the parabolic bands characteristic of free electrons.
The pure character of s and d bands is lost where these bands cross . Due to hybridization,

they form sd bands.
The density of states for Cu is shown in fig . 5.1 and fig. 5 .3 shows a theoretical calculation

by Burdick [Burdick, 62]. The high density of states 2-4eV below EF and the strong
structures are a direct result of the small dispersion of the d bands.
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Fig. 5 .1: Density of states for Cu
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With clean Cu(111) and (100) crystals we have mapped the band structure in the F -L
and F-X directions for the fcc Brillouin zone respectively
We took photoemission spectra with the direction of the incident light and the direction
of the emitted electrons parallel to the surface normal direction (s-polarized light/normal

emission) . The spectra for Cu(100) are shown in fig . 5.2a and for Cu(111) they are shown

in fig. 5.2b.
Symmetry and selection rules restrict our observation in this geometry to bands of As
symmetry in (100) direction and to bands of A3 symmetry in (111) direction (see table 1,

page 2.5) ..
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After excitation we assume that the electrons are in a final state which can be described
by a free-electron parabola

h a kz

Ef(k)

	

2m
-1la

with the constant inner potential V0 . The inner potential can be determined with emission

from a high symmetry point (see chapter 2 .2).

For the (100) direction only one band of the observable ®s symmetry exists along
F - X in the calculation. Emission from this band corresponds to the peak labeled A in

fig. 5.2a. Between 10eV and 45eV photon energy this peak shifts from 2 .3eV to 3 .5eV

binding energy. At 45eV photon energy the binding energy of this peak has reached a
maximum and with increasing photon energy shifts back to smaller binding energy.

with m me electron mass
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Fig. 5 .2a : Spin-integrated photoemission
spectra ofCu(100), taken in normal emis-
sion with s-polarized light of different pho-
ton energies

Fig. 5.2b : Spin-integrated photoemission
spectra of Cu(111), taken in normal emis-
sion with s-polarized light of different pho-
ton energies

The extremum of the binding energy corresponds to emission from the high-symmetry
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F-point.
With the photon energy by = 45eV and the binding energy Et = 3 .5eV in the extremum
we get the energy of the final state Ef = hu - E, = 41 .5eV . The k point that corresponds

to P in the second Brillouin zone is IkI = 27 r/ac,. = 3 .48A-1 . With eqn. 40 an inner

potential of Vö = -5eV is obtained.
With the knowledge of the inner potential we can use eqn . 26 to determine the dispersion

of the observed bands . The dots in fig . 5 .3 between I' and X show the dispersion of

feature A in fig . 5 .2a. Filled circles correspond to wave vectors k in the second Brillouin
zone and open circles correspond to wave vectors in the third Brillouin zone . The size of

the points corresponds to the error bars (±0.1eV). The dispersion of this band is in good
agreement with the calculated A 5 band.
A second feature B can be seen in the (100) direction at photon energies above 30eV . This

shoulder at 2 .5eV binding energy has been interpreted as Umklapp processes involving
transitions of the As band near the X-point [Clemens, 91].

Fig . 5.3 : Band structure of Cu in I'-L and F-X direction after Burdick [Burdick, 62].
Filled (empty) dots show experimental determined points in the second (third) Brillouin
zone ..

In the (111) direction most of the spectra show two structures, marked A and B in
fig. 5.2b, that belong to the two different A 3 bands. The upper A3 band (A) shows a
strong emission in all spectra, while the lower A 3 band (B) in some spectra is hardly

visible. With the free-electron parabola final state determined above it is possible to map
the band structure in the same way as on the (100) surface . Due to the fact that along
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the (111) direction the I' point in the second Brillouin zone has a different lkF value than
along the (100) direction, we get with eqn . 40 different final states . As a result we observe
a symmetry point in the photoemission spectra at different photon energies . For example
emission from I' in the second Brillouin zone is found at by = 33eV on Cu(111) instead
of 45eV on Cu(100).

The experimental points as obtained from fig. 5.2b are compared to the A 3 bands of
the calculation and both are shown in fig . 5.3.
Emission from the second (third) Brillouin zone is printed with filled (empty) circles . We
find a good agreement with the band structure calculation in the (111) direction as we
did for the As band in the (100) direction.

Due to the fact that clean Cu is easy to prepare and serves as a substrate for many
different materials, it has been studied extensively by other groups.
In the classical work of Thiry [Thiry, 81] the band structure of Cu has been determined
along several high-symmetry directions with photoelectron spectroscopy . His results can
be directly compared

to[Burdick,

our measurements . He
y
found a very good agreement with the

calculations of R1. rdicY

	

62] aC W . did. Due

	

Y r. to.. the fact that he used p-polarized
light he was able to study also bands of other symmetries whereas we are restricted to
the observation of A 3 and As bands.
Jona [Wu, 91] presented spectra of Cu(111) that were taken with a much better resolution
and compared the results to a relativistic band-structure calculation . He was able to
resolve fine structures that were predicted by the relativistic calculation and that were
not seen in the spectra of Thiry. With the exception of the better resolution Jona's data
showed the same band dispersions as the one of Thiry.
We find a good agreement between our measurements and the work of these groups for
the observed bands.
As Thiry, we are not able to resolve the fine structures, predicted by the relativistic
calculation, but a comparison with the calculation of Burdick [Burdick, 62] (fig . 5 .3)
shows that experiment and theory agree quite well.
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5.2 Band Structure of Co

Since Co is a ferromagnet, the band structure for the two different spin directions, majority
and minority, is not the same . In fig. 5 .4 and 5 .5 we show the results of a spin-dependent
band-structure calculation for the high-symmetry directions F-L and F-X of fcc Co with
the lattice constant of Cu done by Noffke [Noffke, priv .].

ä

fcc: L
wave vector k

X

Fig. 5.4 : Band structure of Co in F-L direction after Nofike [Noffke, priv .].

The minority bands (dotted lines) and the majority bands (full lines) have a similar shape,
but the minority bands are located at a higher energy . At I' the exchange splitting of the
6,5 bands was calculated to be 6 .Eez = 1 .55eV.
In this study we have mapped the band structure in the I'-L direction only. For corn-
parison we show some results for the I'-X direction that had been obtained previously
[Clemens, 91] [Clemens, 92] .
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For magnetic materials, in addition to E and k, the spin of the emitted electrons becomes
an important quantum number. For bandmapping it can be of great importance to dis-
tinguish between majority- and minority-spin directions when peaks overlap or can not
be clearly identified .
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Fig . 5 .5: Band structure of Co after Noffke [NofFke, priv .] . Filled (empty) points show
experimentally determined structures of minority- (majority-) spin character . Circles
are used for structures in the second brillouin zone, squares for the third . Bands of
A3 symmetry in the F-L direction and bands of As direction in the F-X direction are
printed with a bold line

Unfortunately spin-resolved spectra are much more time consuming than comparable
spin-integrated spectra. There is a factor of 10 -3 in signal intensity when comparing
spin-integrated spectra, theshown in fig . 5.7 too t h~ fig.spin-resolved spectra in ~~ 5 .6. The

spin-resolved spectra shown here require 1-2 hours to obtain, but are necessary since spin-
integrated spectra alone do not provide much information about the band structure of
cobalt on copper.
All the spectra shown in this chapter, the spin-resolved in fig . 5.6 and the spin-integrated

in fig . 5.7 are taken with s-polarized light in normal emission . As for Cu, we can observe
in this geometry only bands of A3 symmetry in the I' - L direction and bands of 6, 5
symmetry in the F - X direction.
Clemens [Clemens, 91] has previously studied the band structure in the T -- X direction
with spin-resolved photoemission of Co/Cu(100) . We extent this work to a study of the
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I' - L direction with Co/Cu(111).
We use the same free-electron final state as previously [Clemens, 91], with an inner po-
tential of VQ = -5eV (eqn . 40) . The inner potential has been determined with emission
from the high-symmetry ' point, in the same way as for Cu.
The free-electron parabola final state is in good agreement with final states calculated by
Noffke [Noffke, priv .].
In this chapter we show films with 10-30ML Co on Cu . Some spectra still show structures

at about 2.5eV binding energy that originate from the Cu substrate . But the binding
energy of the adsorbate-induced peaks does not change with coverage for more than 5ML

Co/Cu(111) . For that reason we can expect that the band structure, determined with
10-30ML Co/Cu, is the same as for bulk fcc Co.

In fig. 5.6 we show spin-resolved photoemission spectra for different photon energies.
With a photon energy of 10eV we see emission near the L point of the fcc Brillouin zone
and emission from I' can be seen with by = 31eV. The spin-resolved spectra show a peak

near EF for every photon energy in the minority spin channel . At by = 10eV the binding

energy of this peak is 0 .4eV. With increasing photon energy the intensity of this peak
goes up and the binding energy shifts to 0 .7eV (see 28eV and 33eV photon energies) . At

25eV the minority peak is the main feature in the spectrum . When the photon energy is
increased above 33eV the peak shifts back towards E F and the intensity goes down.
The corresponding exchange-split majority band is located 1 .5eV below the minority band
at a binding energy of about 2 .1eV. Emission from this band can be seen only in the spin-

resolved spectra at by = 20eV and 25eV (marked with a dashed line) . To separate the
peak from the background, we have subtracted in the curve of the majority electrons a
spectrum of the shape of the curve of the minority electrons. The exact form and intensity
of the subtracted spectrum changes the majority peak position slightly.
With this procedure we have determined the exchange splitting as ®E e ~ = (1 .4 ± 0 .2eV).
This value can be compared to the exchange splitting that has been determined on the
(100) surface at F (AEc . = 1 .55 -I- 0 .2eV) by Clemens [Clemens, 92] . The results agree

within the uncertainty of the measurement.
A second peak in the majority spin of fig. 5 .6 is present at all photon energies . This

structure near EF corresponds to the upper A 3 band. This band shows a stronger disper-

sion than the other A 3 bands.
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It crosses the minority band at 18eV photon energy and has a maximum binding en-
ergy of 1eV at I' (ß'f 2 = 1 .0 + 0.1eV).
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Fig . 5.7a: Spin-integrated photoemission
spectra of Co(100), taken in normal emis-
sion with s-polarized light of different pho-
ton energies . Broken (solid) lines mark
minority (majority) structures.
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Fig. 5.76: Spin-integrated photoemission
spectra of Co(111), taken in normal emis-
sion with s-polarized light of different pho-
ton energies . Broken (solid) lines mark
minority (majority) structures.

The dispersion of the A3 bands can also be seen in the spin-integrated spectra shown in fig.
5..7b. The spin-integrated spectra do not resolve the different structures near the Fermi
edge, but when we mark the peak positions as obtained with the spin-resolved spectra,
it is possible to follow the band dispersion. The minority-peak position is marked with a
broken line and the majority peak is marked with a solid line . We can follow the weak
dispersion of the lower minority A 3 band, the crossing of the upper majority A 3 band at
about 1SeV photon energy and the extremum in the binding energy at about 25-30eV is
also evident.
Figure 5 .7a shows spin-integrated spectra of Co(100) . We have marked minority and ma-
jority peak positions as in fig . 5 .7b. As a reference we used the spin-resolved spectra of
Clemens .

36



The spectrum at 60eV photon energy shows a broad structure in the background that
originates from a MNN Auger decay of Co.
A comparison between theory [None, priv .] and experiment is given in fig. 5 .5. In the
F - X direction a few points are plotted that correspond to measurements on Co(100)
done by Clemens.
The points in the r - L direction show our results on Co(111) . Best agreement between

experiment and theory can be found near F . We have determined an exchange splitting

of ~Eex = 1 .4 ± 0 .2eV near r that agrees within the error bars with the theory and
the results on Co(100) . The binding energy of the upper majority A3 band at the r
point is r12 = 1.0 + O .IeV and the binding energy of the lower minority A 3 band at r is

r~5 =0 .7+0.1eV.

In this work spin- and angle-resolved photoemission has been applied for the first time
to study the bandstructure of Co(111).
Angle-resolved photoemission without spin information was used already by Himpsel to
determine the bandstructure of hcp cobalt [Himpsel, 80] . He studied the (0001) sur-
face of a single crystal of cobalt and compared the data to a self-consistent calculation
~livl[oruzzi, .1.0j
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the (111) surface of the fcc phase, the same band-structure calculation can be used for the
directions r - A - F (hcp) and r -- L (fcc) . Only the symmetry labels differ . Himpsel's

spectra can be directly compared to our spectra.
At the r point he reported an energy difference between the minority A3 band 015) and

the upper majority A3 band (11 2 ) of AEI = 0.leV. He was not able to directly resolve
the two peaks at IeV and therefore used the result of a decomposition to determine the
peak positions.
The spin-resolved spectra in fig . 5 .6 show that the energy difference at r between these
two bands is clearly larger than reported by Himpsel (see spectrum at by = 28eV). We
find an energy difference of AE I = 0 .3eV that agrees much better with the theory.
Himpsel resolved a sharp peak close to the Fermi energy (EB = 0.3eV) in a spectrum

taken in normal emission with s-polarized light of 25eV photon energy . In the spin-resolved

25eV spectrum
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in fig. 5.6,.6` , recordedlä under

	

die conditions,

	

m r.19Tv find the corresponding

structure in the minority spectrum, as predicted by Himpsel . There is a small shoulder

near EF that can hardly be seen.
Assuming that this structure originates from the upper A3 minority band, although cal-

culations predict that this band is above EF , Himpsel concluded an exchange splitting of

AEe~ = 1 .0eV at r (he took the average of the exchange splitting of the upper d band

(0.85 ± 0.2 eV) and the lower d band (1 .2 ± 0.3 eV)) which is much to small.

With an exchange splitting of AEez = 1 .4eV for the lower d bands at F, determined
in this work, we locate the upper minority band about 0 .4eV above EF. Possibly we
see emission from a tail of this state that reaches below EF and produces the observed
structure although the maximum is located above the Fermi energy. A determination of

the binding energy must fail in that case.
Due to the fact that calculations, as recently done by Li [C .Li, 91], reveal surface states
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(see chapter 6) on the (0001) surface of hcp cobalt, they must also be considered as a
possible explanation for the structure near EF . Acording to this calculation we can expect
surface states at r in both spin directions, at about 2eV binding energy in the majority-
spin direction and close to the Fermi level, at about 0 .5eV, in the minority-spin direction.
Himpsel [Himpsel, 79] found a surface state of A I symmetry at 0 .3eV binding energy on
Co(0001) . The AI surface state is very sensitive to contamination with hydrogen and can
be seen, due to its symmetry, only with p-polarized light.
However, this does not rule out the possibility of a surface state of A3 symmetry that may

appear in the spectra that were taken with s-polarized light.
The dispersion of the A 3 bands as determined by Himpsel, further away from r is similar
to our results. The dispersion of the bands does not agree with the theory. The main

difference is, as our spin-resolved spectra show, that the energy difference between the A3
minority band and the upper A 3 majority band is much smaller than predicted (see fig.
5 .5) . For k values further away from r, where a difference between these bands of about
0 .6eV is given in the calculation, we find that the two bands are nearly degenerate.
A possible explanation for the reported differences between theory and experiment, in-
cluding the fact that all the observed d bands are more close to EF than predicted, can

be given in terms of many-body effects.
Due to the fact that only the ground state of a system is determined in a calculation
whereas an excited system with electron-electron correlations is studied in the experi-
ment, differences between theory and experiment are expected.

The measurements that were done by Clemens with spin-resolved photoemission [Cle-
mens, 91] [Clemens, 92] on Co(100) are in good agreement with the results presented here.
Due to the fact that he studied a different high-symmetry direction of the crystal, we can
compare only the results at the r point.
He found an exchange splitting of 1 .55eV between the spin-split 6.5 bands at r, that
is slightly higher than our value of 1 .4eV. The difference can certainly be attributed to
errors in the determination of the peak position of the weak majority peak of the lower
A3 band. In addition we have determined the binding energy of this peak not exactly at
Y~, because no emission from

	

lower A3 majority band

	

correspondingdi1

	

1S the SU7YCi 11 majorityÄVaniSIA can

	

seenbe sGin the ~.vaiGng
spectra. This gives an additional uncertainty to our value.

As a result of this study we find at the r point that the energy difference between
the upper majority A3 band and the lower minority A3 band (AE I = 0.3eV) and the
exchange splitting (AE,z = 1 .4ev) agree with theoretical calculations.
We find the d bands more close to the Fermi level (0 .3eV at r) than predicted in the
calculation . These differences can be explained by many body effects.
The dispersion of the A 3 bands does also not agree with the calculation . As one goes
further away from I' one finds that a minority band and a majority band that should
show a difference in energy of about 0 .6eV are nearly degenerate.

38



6 Two-Dimensional Systems
Until now, we have discussed the electronic structure of three-dimensional systems . The
band-structure calculations of Co and Cu, shown in chapter 5, have been done for infinite
periodic three-dimensional crystals . Boundary effects have not been taken into account
although it has been mentioned several times that photoemission spectroscopy is very
sensitive to the surface of our samples.
In reality it turns out, that the presence of a surface can influence the wavefunctions of
the bulk and produce completely new states at the surface, called surface states.

Surface states are states at the two-dimensional surface and can be characterized by
the quantum numbers E and k 1 . In contrast to bulk states they are independent of
k1 . Surface states cannot mix with any bulk states, they must lie in a band gap of the
projection of the bulk states onto the surface.
A state of the same kind that mixes with bulk states is called a surface resonance . It does
not lie in a gap of the projected bulk bands and can extent into the bulk.
To identify surface states in angle-resolved photoemission, there exist three criteria [Plum-
mer, 82]:

1. The energy E and parallel momentum k 11 of the state must lie in a gap in the pro-
jection of the bulk band structure onto the surface brillouin zone . These projections
must consider the symmetry of the bulk state.

2. The binding energy of the peak must be independent of the exciting photon energy
for a fixed k11 .

3. The peak that is caused by a surface state or surface resonance should be sensitve
to the perfectness and cleanliness of the surface.

Surface states have been reported for Cu as well as for Co . A surface state near EF, that
lies in the surface brillouin zone of Cu(lIl) cannot be seen in our . geometry (s-polarized
light) due to the fact that the state is of the wrong symmetry. It can be seen with p-
polarized light only. The same is true for the surface state on Co(111) which has been
observed by r,Iimpsel [Tirnpsel , 79] ,

Another two-dimensional system that is expected to show a similar k dependence as a sur-
face state can be found when ~IML adsorbate is grown epitaxially on a substrate crystal
and the interaction with the substrate is weak . When the adsorbate grows epitaxially on
the substrate, . the periodicity within the surface is conserved and the parallel component
of the momentum k11 is still a good quantum number.
Normal to the surface a single monolayer does not show any periodicity . As a consequence,
structures, that arise from the single adsorbate layer, should not depend on k l .
Due to the fact that the monolayer at the surface of the sample has a different coordina-
tion number Z and a different chemical surrounding compared to the bulk, one can expect
additional changes in the electronic structure . For the single layer the wavefunctions have
a smaller overlap and the electrons are more localized . As a result the adsorbate atoms
of the 2D system have a more free-atom like character with an enhanced magnetic moment.
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Fig 6.1a-f: Spinintegrated photoemission curves of 0-10ML Co on Cu(111) for differ-
ent photon energies taken in normal emission with s-polarized light . The spectra are
normalized to the photon flux on the sample.

Co deposited on Cu(100) or Cu(111) substrates represents a good system to study the
differences between a two-dimensional system and the bulk . Co grows epitaxially on Cu
in both cases and shows only a weak interaction with the substrate.
In Fig. 6.la-f we present a series of spin-integrated photoemission spectra for different

overages ats photon

	

from

	

4 30eV. The spectra are taken inCotw~
t,on energies ranging

	

10eV to a~ a T hS11, ~p.~,~.

normal emission with s-polarized light . Selection rules restrict our observation to emission

from A 3-symmetry states . This time the spectra are normalized to the photon flux on the
sample . That allows one to compare the intensity of spectra with different Co thicknesses,
taken at the same photon energy. The intensity of spectra that were taken with different
photon energies cannot be compared, because the transmission function of the analyser
changes with electron energy.
The topmost spectra have been measured with the clean Cu(111) crystal . They show the

dispersion of the A3 bands in Cu that has been discussed previously in chapter 5 . A pho-
ton energy of 10eV corresponds to emission near the L-point and by = 30eV corresponds

to emission near I'.

With increasing Co coverage the intensity of the Cu . peaks goes down, following an

exponential function . The decrease of the substrate signal can be seen in a similar way in
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all spectra of fig. 6.1 . That it follows an exponential decrease results from a quantitative
analysis which will be discussed in more detail in chapter 7 . The attenuation of the
Cu signal will be used in that chapter to determine the inelastic mean free path of the
electrons.
We do not see any structure in our photoemission spectra that can be attributed to an
interaction of Co and Cu states . This is an indication for the weak interaction between
the Cu substrate and the Co adsorbate. Reasons for this behaviour are:

1. The overlap of Co and Cu valence bands is weak . The binding energy of Cu d-
states is mainly above 2eV whereas Co has the highest density of states below 2eV
binding energy. This can be seen in the local density of states in fig. 6.2 and
also by comparison of the band structures of Co (fig . 5 .4) and Cu (fig . 5.3) . In
the photoemission spectra, the peaks of Cu and Co are well separated . Except for
one Co majority band, that has a weak structure in some spectra (20eV and 25eV
photon energy) at a binding energy of about 2eV, there is no overlap with Cu peaks.
Emission near EF belongs to Co and peaks with a binding energy of more than 2eV
belong to Cu.

2. The valence 3d-shell of Cu is filled with 10 electrons . For that reason the valence
3d electrons, that form to a high extent the valence band structure, are not very
reactive. Changes in the electronic structure are mainly due to spd hybridization
between substrate and adsorbate.
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Fig 6.2a and 6 .2b: Local density of state of bulk fcc Co and bulk Cu after [Clemens, 91].

At 10eV (6 .1a) we show the entire spectra . The secondary edge at about 5eV binding en-
ergy corresponds to electrons that had just enough energy to overcome the work function

of the solid . They arrive in the detector with nearly 0eV kinetic energy. We calculate

the work function as the difference between photon energy and binding energy at the
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secondary edge. For Cu(111) we get a work function of (Pc (l11) _ (4 .7 ± 0.2eV) and
with Co on top Cu(111) it changes by 0 .2eV to OCo(111) = (4.9 + 0.2eV) (see fig . 6.3).

For comparison we give our value of Co(1OO) _ (4.7 + 0.2eV) obtained for Co(100) . For

polycrystalline Co a work function of 5 .0eV is reported in [Michaelson, 77].
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The high intensity in the background for low kinetic energies has its origin in inelastic
scattering of the excited electrons.
The intensity does not go to zero in the spectra at 10eV, above the Fermi energy. The
electrons, that seem to have negative binding energy, are due to second-order light that
can pass through the beamline . The monochromator, that has been adjusted to transmit
light of a fixed energy, fulfills the Bragg law for light of twice the photon energy in the
second harmonic. The relative intensity of the second harmonic light to first harmonic
light is strongest at these low photon energies .

Fig . 6 .4 : Spin-integrated pho-
toeinission curves taken with
25eV photon energy in nor-
mal emission . The spectra axe
normalized to equal height.
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While the Cu emission is attenuated by the overlayer, the intensity of the signal aris-
ing from the Co increases . Besides these changes in intensity, the Co peaks shift at low
coverages. In fig. 6.4 the spectra of fig . 6.2e have been normalized to equal height and
the binding-energy scale has been enlarged to emphasize the binding energy-shift of the
Co peaks. It shows the spectra taken at 25eV photon energy where the strongest changes
have been observed. The maximum of the curves at 25eV shifts between 0 .55ML and
3.1ML Co coverage by about 0 .2eV.
We attribute these shifts to a transition from a 2D (E = E(k il )) to a 3D system (E =
E(k H , k.L))•
Due to the fact that the spectra in fig . 6.la-f were taken in normal emission the parallel
component of the momentum is always zero (k ll = 0) . By varying the photon energy
one changes kl . A 2D system is independent on k 1 and therefore expected to show no
dispersion.
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energies . The Cu signal distribution has
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been subtracted . The Co signal near EF
does not change for higher coverage.

To study the dispersion of the 2D Co system in comparison with the 3D system, we show
in fig . 6 .5a• and 6 .5b the dispersion of the Co structure for an ultrathin layer (0 .55ML)
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and for a rather thick layer (5 .5ML) . The Co emission has been separated in the spectra
by subtracting the clean Cu spectrum of the same photon energy with an intensity pro-
portional to the Cu emission . This makes it easier to determine the maximum of the Co
peak, especially at 10eV and 12eV photon energy of the 0 .55ML film.
The results are shown in fig . 6.6 . The dispersion of Co in the system 5 .5ML Co/Cu(111)
shows the lc1-dependence of bulk Co. The binding energy of the Co peak shifts from

0 .35eV near L to 0.7eV at F . The dispersion is similar to the dispersion of the upper Cu
A3 band, serving separately as a reference.
The Co peak in the difference curves of 0 .55ML Co/Cu(111) (fig 6 .5a) shows only a slight
shift of about O .IeV between L and I' . The dependence on ks is negligible within the
accuracy of the experiment.
This indicates that between 0 .55ML and 5 .5ML Co/Cu(111) there is a transition from a
two-dimensional to a three-dimensional system.
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Fig 6.6 : Co peak binding energy versus photon energy, as obtained from fig . 6 .5. The
photoemission spectra of 5 .5ML Co coverage show the dispersion of the bulk, wheras
nearly no dispersion can be found in the submonolayer regime.

Now we show with the help of spin-resolved spectra that already 2 .5ML Co/Cu re-

semble the spin-split bandstructure of bulk Co. We therefore show spin-resolved spectra
of different coverages in fig . 6.7a,b. The spectra were taken with s-polarized light of

15eV and 25eV photon energy in normal emission . We found that Co films of less than
2ML thickness cannot be magnetized permanently in plane ; spin-resolved spectra below

2ML Co thickness are for that reason not informative . We have started the series with a
coverage of 2 .5ML Co (hi/ = 15eV) and 2 .8ML Co (hi/ = 25eV) . The last spectra were
taken at a coverage of about 25ML, where no sign of Cu can be seen any more.
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Fig. 6.7a: Spin-resolved photoemission

curves of Co/Cu(111) taken at 15eV pho-

ton energy in normal emission . Filled
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Fig. 6 .7b : Spin-resolved photoemission

curves of Co/Cu(111) taken at 25eV pho-

ton energy in normal emission . Filled

(empty) circles correspond to majority-

(minority-) spin direction.

In fig. 6.7 we show that the Cu peaks in the spin-resolved spectra resemble the be-

haviour that has been seen already in the spin-integratedtLC~,ie6LGUegr.,ted
~

	

spectrac, in chapter 5 .1 . Witha~ax

increasing Co thickness the substrate signal decreases in intensity, but the binding energy

remains constant . Since Cu is not ferromagnetic and the interaction with Co is weak, we

see the same behaviour for majority- and minority-spin electrons.

The structures arising from the Co overlayers on the other side are strongly polarized . In

the bottom spectrum of a thick layer in fig . 6 .7a there is strong emission from majority-

spin electrons and a much smaller peak for minority-spin electrons . For lower coverages

the spectra are qualitatively the same with respect to the Co emission . The peak positions

of the Co structures for the very thin films agree with the peak positions of the thick film.

A similar series that show the same behaviour for 20eV photon energies will be shown in

chapter 7 (fig. 7.8a) .
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Fig. 6.8 : Polarization P as a
function of the Co film thick-
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The polarization P(E), defined in eqn . 28, as a function of Co coverage at a fixed photon
energy (hi/ = 15eV), is shown in fig. 6.8 . The polarization has been measured at two

different binding energies . At 0.6eV binding energy (filled circles) the Co majority peak
comes out and the polarization is always higher than in the rest of the spectrum. The

other point is 1 .4eV (open circles) binding energy, where neither Cu nor Co shows strong
emission.
The starting point for remanent in-plane magnetization is in fig. 6.8 at about 2ML
Co/Cu(111) . Up to 2ML we are not able to magnetize the sample remanently in plane.
Between 2 and 3ML the polarization increases steeply and a 6ML Co sample already
shows a strong polarization, which slowly increases for higher coverage.
Gradmann investigated the magnetic properties of ultrathin Co(111) films that were
grown on Cu(111) [Gradmann, 70] [Gradmann, 71] [Gradmann, 73] . After the produc-
tion of the Co film it has been covered with Cu to reduce contamination. Gradmann
found that a monolayer of Co is spontaneously magnetized perpendicular to the surface,
the magnetization Ms(T) depending linearly on the temperature T [Gradmann, 70] . The

Curie-temperature for the single layer is, according to this work, 0 .3Tc(oo) 416K(

Tc(oo)=1388K [Kittel] is the Curie-temperature of the bulk).
He reports that the easy-magnetization axis rotates with increasing Co coverage and about
two monolayers the magnetization was found to be in the surface plane .



Fig. 6 .9: Real-space image
of the (111) surface of the fcc
structure.

The polarization shown in fig. 6 .8 depends on the in-plane magnetization of the sample.
Taking into account the results of Gradmann we interpret the onset of magnetization in
the surface at 2ML with a turn of the magnetization axis rather than with an onset of
magnetic long-range order at this coverage.
Another possible explanation for the onset of magnetization at 2ML is the change of the
Curie temperature with the Co film thickness . Due to the fact that the Curie tempera-
ture of the single Co layer (416K) has been measured by Gradmann with a Co film that
was covered with Cu, the Curie temperature of an uncovered Co layer can be smaller.
If the Curie temperature is below room temperature for less than 2ML Co/Cu(111) we
can expect an onset of magnetization at this coverage . In our experiment the sample was
oriented in a way that applied the magnetic field along the (211) direction (see fig . 6.9) of
the fcc crystal . With this geometry we obtained a high polarization in the spectra, indi-
cating that the magnetization stayed to a high degree within this axis after the external
magnetic field was switched off.
We are not able to decide absolutely whether the sample was magnetized in the chosen
(211) axis or the (011) axis . If the sample was misaligned completely (field applied along
(211) axis, but magnetization is along the (011) axis) where the sample is 30° out of the
magnetization direction one can expect only a decrease of 15% in the absolute polariza-
tion of the spectra. Due to the fact that we have applied the magnetic field always along
the same direction we do not know whether the polarization increases or decreases when

the sample is . rotated.

Only a few studies of ultrathin layers of Co on Cu(111) have been published up to
now. Miranda [Miranda, 82] studied 1 and 2ML Co/Cu(111) with angle resolved photoe-
mission. He presented spin-integrated spectra of 0 .9 and 2.1ML Co/Cu(111) taken with

s-polarized light of 25eV photon energy in normal emission. These spectra can be directly

compared to the spectra in fig . 6 .1e. The ratio of the Co and the Cu signal intensity in
Miranda's spectra agree with our thickness calibration.
He found, in contrast to our results, that the peak positions in the spectra at 25eV do
not change between 1 and 2 monolayers . He claimed moreover that they do not differ

to those of the single Co(0001) crystal . We clearly see changes of the peak positions in

fig. 6 .4, although they are small for coverages of more than 1 .8ML (^: 0.1 eV). Possible

reasons for the fact that already 1ML Co shows a small dispersion (a difference between

0.55ML . and 1ML is evident in fig . 6 .4) dispersion are (a) the . thickness of the films is



underestimated and the second layer has already started to grow in the spectra referred
to as 1ML, or (b) the second layer starts to grow when the first layer is not finished com-
pletely (multi-layer growth). When we take into account the results of the Auger study
of Tikhov [Tikhov, priv .], where the low-energy curve did not show the discontinuity in
the slope as expected for Frank van der Merve growth, the multi-layer growth (b) seems
more likely.
Miranda determined the peak positions in his spectra at 25eV as a result of a deconvolu-
tion of the spin-integrated spectra (see fig . 6 .10). The peak positions and the intensities
of this deconvolution do not fit with our spin-resolved spectra (see fig 6.7b, 2 .SML). The
main difference is the peak position of the majority Co peak found in our spin-resolved
spectra at about 2eV. He determines the binding energy of this peak as 1 .4eV and ob-
tained an exchange splitting of 0 .7eV that is much less our value of AE = 1 .4eV.

Fig .

	

6 .10 :

	

after Miranda
[Miranda, 82] : Angle-resolved
energy distribution curves of
photoelectrons taken at normal
emission, using s-polarized light.
The photon energy is 25eV . Ex-
perimental results for (a) one
(0.9 ± 0 .2) layer of cobalt on
Cu(111) and (b) two (2 .1 + 0.2)
layers of cobalt on Cu(111), are
shown . The continuous lines
show the fit of the experimental
data with the following contri-
butions : four Gaussians for the
exchange-split bands (the lower
pair being more intense), the s-p
band of Cu and a secondary elec-
tron background . The arrows in-
dicate spin-up (-down) subbands.
The same set of Gaussians prop-
erly weighted fits the one (0.9)
layer and two (2.1) layer spectra.

Summarizing the results obtained in this chapter we can say that a film of 0 .55ML Co on
top of the Cu(111) has been found to represent a two-dimensional system.
With increasing coverage a three-dimensional bandstructure develops and at a coverage
of 5.5ML Co on Cu(111) we see the bandstructure of bulk Co.
At 2ML we observe an onset of magnetic behaviour that has been interpret with a rotation
of the magnetization axis into the surface plane.
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7 The Inelastic Mean Free Path (IMFP) of Elec-

trons

7.1 Determination of the Electron Mean Free Path in Co

For most electron spectroscopies the characteristic surface information is contained in
the energy E, the momentum k and the spin s of the electrons escaping the material.
Therefore the information is lost after elastic or inelastic scattering events that the electron
may encounter on its way between the point where it was generated and the detector.
Inelastic scattering processes arise from electron-electron or electron-phonon interactions.
For a homogeneous material the inelastic scattering probability is proportional to the
path length x in the material . The flux of electrons of a certain state (E, k, s) therefore

decays exponentially according to

I = Io •e
_x~a

	

(41)

where A is the mean free path of the electron . For electrons with energies ranging from
10-1000eV, experimental values of 2-20A for the mean free phave been found forpath'
most materials . In fig. 1 .1 we have shown a compilation of the available experimental
data for the mean free path of various materials [Zangwill, 88} . This experimental data
were obtained either by direct transmission experiments or by measuring the reduction
in a characteristic electron emission from a different substrate after the deposition of an

overlayer of the material. For the use of the overlayer technique it must be ensured, that
the adsorbate grows strictly layer-by-layer to avoid errors due to holes in the overlayer or
diffraction effects.
Due to the fact that most of the accumulated data show a similar dependence of a as a

function of energy, the data are often displayed as the "universal curve" for the mean free

path . In fig . 1 .1 the full line represents a universal curve.
Seah [Seah, 79] has described the variation of a with energy in the analytical form

535®
/1m

	

~^ ! y .ba Y vr u
(4_,)

where An, is the IMFP in monolayers and a is the monolayer thickness in nanometres. For

low electron energies a is proportional to E-2 . This can be explained by the fact, that the
scattering probability of the excited electron is proportional to the product of accessible
filled electron states (ae E n(Ep)) and accessible unoccupied states (c E n(EF)).
Electrons with high kinetic energies are much less influenced by electron- or phonon-
scattering events which leads to a higher IMFP . As a consequence we find a universal

curve with a minimum at about 50eV electron energy.
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Fig . 7 .1a-c : Spin-integrated pho-
toemission curves of Co/Cu(111),
taken in normal emission with s-
polarized light of a) 33eV, b) 43eV
and c) 52eV photon energy. The
spectra are normalized to the pho-
ton flux.
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However, there exists no reason for the assumption that a single curve should be able
to describe the IMFP in all materials and consequently large deviations are expected.

In this chapter we study the inelastic mean free path of electrons originating from a
Cu substrate travelling through a thin Co film . We determine the IMFP by measuring the
attenuation of the Cu signal in photoemission experiments . Including the results obtained

in chapter 4 for the high-energy electrons of the Auger decay process we determine the
IMFP of electrons in Co for kinetic energies ranging from 7-920eV.

The spectra in fig . 7.1 show spin-integrated photoemission spectra as a function of
coverage for three different photon energies . They were taken in normal emission with

s-polarized light . The spectra are normalized to the photon flux on the sample . At this
point we are interested mainly in the intensities of the Cu and the Co peaks . Due to the
fact that the spectra are normalized, we can also compare the intensities of the Cu peak

for different coverages . As already seen in the Auger study of chapter 4 this allows one
to determine the IMFP with the Cu signal and the Co signal independently.
In some of the following spectra where the photon flux has not been measured, we can
use the ratio between Cu and Co peak intensities only leading to larger uncertanties in

the resulting IMFP.
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Fig .

	

7 .2: Spin-integrated
spec-
trum of 3 .3ML Co/Cu(111)
taken with 43eV photon en-
ergy. The dotted lines show a
Cu(111) and a Co(111) spec-
trum taken at the same pho-
ton energy . The superposition
of these two spectra is printed
with a broken line . Also the
difference between the simu-
lation and the 3 .3ML Co/Cu
spectrum is shown.

To determine the relative signal intensities in fig 7 .1, each spectrum has been simu-

lated by the superposition of a measured clean Cu spectrum and a measured thick Co
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spectrum. For the 3.3ML spectrum measured at 43eV photon energy we show such a

simulated spectrum in fig . 7 .2 . The superposition is drawn with a dotted line and the

spectrum of 3 .3ML Co/Cu(111) is plotted with circles . In the difference curve appear
small structures that indicate a broadening of the Cu peak in the 3 .3ML spectrum. Due
to the weak interaction between adsorbate and substrate, the simulated spectra match
very well with the measured spectra for intermediate thicknesses.
We also tried other methods to determine the signal intensities, such as integration over
the peak area or measuring the peak height but these methods include uncertanties in
the background that can be avoided with the our method of simulating the spectra.

Fig. 7.3: Intensity of the
Cobalt (open circles) and
Copper (filled circles) signal in
fig. 7.1 as a function of the Co
thickness. The lines show ex-
ponential curves fitted to the
points.
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With the intensity of the clean Cu and thick Co set to 100%, we get changes of the
signal intensities with overlayer thickness as shown in fig. 7.3 . Errors of ±0.03 in the
intensity•I/Ip are due to uncertainties in the superposition . The errors in the thickness

are 10% of the total coverage . Due fo the fact that usually the IMFP is given in A we give

the. coverage in fig . 7.3 in A instead of ML (for Co(111) : 1ML=2.08A) . For the growth
mode we considered ideal layer-by-layer growth with a linear increase of the Co coverage

with deposition time.
The lines in fig. 7.3 represent a least-squares fit of an exponential curve to the intensity
of the Cu . substrate signal . Obviously the attenuation of the Cu signal is very similar
for 30eV, 40eV and 49eV kinetic energy (the kinetic energy is referred to EF and can
be calculated as photon energy minus binding energy) . Consequently the IMFP does
not change strongly with the kinetic energy in this energy range . We obtain IMFP's of
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a(30eV) = (5 .3 + 0 .6)A, a(40eV) = (5 .8 ± 0 .6)A and .1(49eV) = (5.3 ± 0 .6)A from the

Cu substrate signal. The intensity of the Co signal in fig 7.2 has been fitted with the

expression

where ID and A are the fitting parameters . The IMFP's resulting from the fits to the

overlayer signal intensity are .\(32.5eV) = (5.0 ± 0.6)A, A(42.5eV) ---- (5 .5 ± 0 .6)A andV ±

a(51 .5eV) = (4.7 ± 0 .6)A. The kinetic energy of the electrons originating from the Co

is 2 .5eV higher than for electrons that originate from Cu because the binding energy is
about 2 .5eV less.
The IMFP's that have been determined for the Co adsorbate electrons agree with those
determined for the Cu substrate . This is expected since they both describe the same
physical property, the inelastic mean free path of electrons in Co.

I-Io(1-e-'I'‘) (43)

2

	

4

	

6

	

8

	

10

Co coverage (A)

Fig. 7.4 : Intensity of the Cu
signal in fig . 6 .1a-f as a func-
tion of the Co thickness for
different energies . The lines
show exponential curves fitted
to the points.

We have extended our study of the IMFP to photon energies down to 10eV . In fig . 7.5

we show. spectra similar to 7 .1, but for lower photon energy. At by = 10eV the binding

energy of the Cu peak is about 2 .5eV. This corresponds to a kinetic energy of the electrons

of 7.5eV in the solid (referred to Ep ) . In this energy range the universal curve already

shows a strong increase.
The spectra in fig . 7 .5 are not normalized. This means we can compare only the ratio
of the Co and the Cu signal and not the absolute intensity. But when there is only one
variable, we are not able to determine a from the Co and the Cu signal separately . For

this reason we assumed the same IMFP a for the substrate and the overlayer signal . The
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least-squares fit for the ratio Ic,/Ica has been done with the function

ICu =
e-'/A

(44)(1 - e-x/A )Ic° _

The results of this fit are included in fig . 7 .6 (open circles) . They clearly show an increase

of A between by = 30eV (27eV kinetic energy) and n/ = IOeV (7.5eV kinetic energy) . In
the photoemission spectra we can confirm this statement qualitatively by comparing spec-

tra of the same Co coverage . At 10eV and 15eV photon energy, we can still see emission
of the Cu substrate after deposition of 21ML Co. In the spectra taken at by = 20eV and

above the Cu peak has vanished at this coverage . The same can be found by comparing

spectra with 1OML Co coverage. The 20eV spectrum for this coverage shows a small Cu
peak that hardly visible in the spectra taken with 30eV or 35eV photon energy . It is

important to note that these effects cannot be attributed only to the change of the cross
sections with photon energy for the excitation of Co and Cu states . Comparing previous

spectra that were normalized to the photon flux (fig . 7.la-c and fig . 6 .1a-f) one can see

that the ratio of the peak intensity for clean Cu and thick Co differ always by a factor of
about 2-4 . The relative cross sections for Co and Cu do therefore not change dramatically

with photon energy. However, the above discussion uses only qualitative arguments, the
quantitative results were obtained from the fit procedure.
The filled circles in fig . 7.6 originate from the spectra shown in chapter 6, fig . 6 .1.
Those spectra are again normalized to the photon flux and A has been determined with
the absolute intensity of the Cu peak, as in fig . 7.1 . The intensities of the Cu peak
versus coverage for 10, 15, 25 and 30eV photon energy together with the fitted expo-

nential functions is shown in fig. 7.6 . The spectra with the strongest decrease of the
Cu-peak and consequently the shortest IMFP are the spectra taken with 30eV photon

energy. Towards smaller kinetic energies we see a continuous increase of A . The spectra

taken at 10eV (A(7.5eV) = (7.3 ± 1 .2)A) are the only exception to this rule. Due to

the large errors in A it is not possible to say if the curve of the IMFP decreases for very
low electron energies or if it is due to uncertanties in the determination of the peak height.
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Fig. 7.5a-g: Spin-integrated pho-
toemission curves of Co/Cu(111),
taken in normal emission with s-
polarized light of a) Well, b) 15eV
and c) 20eV, d) 25eV, e) 28eV, f)
30eV and g) 35eV photon energy.
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In fig. 7.6 the diamonds show the results of other measurements . They include the
data obtained with the attenuation of high-energy Auger electrons discussed in chapter
4.

As a result of this study we have determined the IMFP in a Co film over a wide energy
range. Qualitatively the data points and the theoretical curve of Seah and Dench (eqn.
42) agree . We see the minimum of the curve in the range 30-60eV and an increasing
IMFP towards very low and high energies.
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Fig. 7.6: IMFP of electrons
scattered through a thin Co
film as determined in PES and
AES in comparison with the
theoretical curve of Seah and
Dench [Seah, 79].
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The main differences are (a) that the theory predicts an IMFP of about 3A in the
minimum, whereas we find A min = 5A in the experiment and (b) that for very low kinetic
energies (below 10eV) the IMFP does not increase as strong as expected.
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7.2 Spin Dependence of the IMFP

A long-standing question in spin-resolved spectroscopy and diffraction is whether and to
what extent the IMFP is a spin-dependent quantity . If in photoemission the scattering
probability differs for majority- and minority-spin electrons on their way to the surface
we would observe a net polarization of the emitted electrons in photoemission that does
not correspond to their polarization after excitation . To interpret measurements of ferro-
magnetic materials obtained with electron emission it is therefore important to know the
value of the IMFP separately for majority- and minority-spin electrons.
Experimentally only a few data are available about the spin dependence of the IMFP.
These are measurements of the spin polarization in secondary electron emission as for
example [Bringer, 79] [Penn, 85] [Kisker, 82] and recent results from spin-resolved pho-
toernission adressing this subject [Pappas, 94 The relation between these experiments
and the spin dependence of the IMFP will be discussed below.

Different theoretical models have been proposed to calculate the spin-dependent IMFP
as a function of electron kinetic energy. They usually result in a shorter IMFP for elec-
trons of minority-s pin direction. The first attempt to calculate spin-dependent IMFP's on
the basis of an atomic model has been suggested by Bringer et al [Bringer, 79] . Bringer
et al predict a shorter IMFP for the minority- than for majority-spin electrons. They
consider the scattering of an excited electron (below 50eV) by a valence electron in the
center-of-mass frame of the two electrons. The antisymmetry of the total wave function
implies that scattering cross sections are larger for electrons of opposite spin direction.
Bringer et al make the assumption that the inelastic scattering probability of the excited
electrons of one spin direction is proportional to the number of conduction-band electrons
of the opposite spin direction . That leads to the following equation for the IMFP's for
majority-spin (A I) and minority-spin (A I ) electrons.

	

~r

	

?2 i

	

i

	

ni

	

(45)

where nl and nt are the number of majority and minority spins per atom respectively. It
is often convenient to express the difference between the IMFP of the two spin direction
with a quantity called the mean free path asymmetry . The mean free path asymmetry is
defined as

A I - A I
AA _

	

	 	
(45)A t .1.. A l

This quantity is rather insensitive to the absolute magnitude of the IMFP . Errors in the
determination of the average IMFP (as those obtained with spin-integrated spectra in the
last chapter) do not influence the mean free path asymmetry as much as the IMFP of
majority- and minority-spin electrons itself.
In the model of Bringer et al A A turns out to be positive and it does not change very

much with the energy of the scattered electrons.

A . .more detailed calculation which takes into account the spin dependent band struc-
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ture effects of the solid has been performed by Penn [Penn, 85] . According to Penn
the shorter IMFP of the minority-spin electrons can be explained with the fact that
in a ferromagnetic material there are more unfilled d states available for minority-spin
electrons than for majority-spin electrons . Consequently, the scattering probability of
minority-spin electrons into the empty minority states is larger than the corresponding
scattering probability of majority-spin electrons into empty majority states . As a result
of a spin-dependent calculation he found that the mean-free-path difference between the
two spin-directions is significant only at very low energies (below 4eV above the vacuum
level) where a relative small number of empty free-electron states is available and the
scattering into the empty d states is emphasized . The mean free path asymmetry A A

decreases rapidly with increasing electron energy.

Other calculations of Rendell and Penn [Rendell, 801 treat the conduction-band elec-
trons as an electron gas in a local-density approximation including exchange effects . They

predict at very low energy a mean free path asymmetry that is by a factor of 3 smaller

than calculated in ref. [Penn, 85] (AA 0 .02 for Co at the vacuum level) . It decreases
further at higher energies but less rapidly than in the calculation of Penn [Penn, 85] . The

calculated mean free path difference for Fe, Co and Ni, as calculated for this model by
Rendell and Penn [Rendell, 80], is shown in fig . 7 .15 at the end of this chapter.

	11?, 	I!,	 t	 I1„	 1	 1„ 	 11	 ,	 111i 	,
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t

Theory
Fig. 7.7: IMFP of electrons
scattered through a thin Co
film The theoretical curve
of Seah and Dench [Seah, 79]
is plotted with a broken line.
The full line corresponds to
least-squares fit of a 3rd order
polynom.

A calculation of the spin-dependent IMFP and elastic scattering cross sections for energies
above 100eV can be found in ref . [Matthew, 82] . Matthew's calculations are based on

anatomistic model, as the model of Bringer [Bringer, 79]. His calculations predict a very

small mean free path asymmetry at 100eV (A A = 2.6 . 10-3 for Co at 100eV) ,comparable
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in magnitude to the predictions of Rendell and Penn [Rendell, 80] . It decreases further
towards higher energies (A,, = 6 .5 • 10_4 for Co at 200eV).

Indirect experimental evidence for the spin dependence of electron scattering has
been found in the secondary electron emission of a ferromagnetic material [Bringer, 791
[Penn, 85] [Kisker, 821 . It has been found that electrons with energies comparable to the
vacuum level that had just enough energy to overcome the work function have a strong
spin polarization which is significantly larger than the bulk electron-spin polarization . The
spin polarization of these low-energy electrons decreases rapidly with increasing electron
energy and reaches the electron-spin polarization of the bulk already a few eV above Ev a,.
The enhanced spin polarization of the low-energy electrons can be attributed to different
IMFP's for majority- and minority-spin electrons . When the scattering probability at low
energies is greater for minority-spin electrons the signal originating from these electrons is
attenuated stronger than the signal of the majority-spin electrons leading to an increased
polarization at low energies.
Due to the fact that the polarization of the secondary electron emission is a rather indirect
way to determine spin-dependent asymmetries of the electron scattering, there is much
interest in getting more direct results . A new experimental and more direct approach
to this question has been presented in a recent paper of Pappas [Pappas, 91] . Pappas
studied a 4ML film of Fe deposited on Cu(100) with spin-resolved photoemission . Due to
the fact that Cu is not magnetic one expects an equal number of majority- and minority-
spin photoelectrons from an uncovered Cu sample . When this nonmagnetic substrate
is coverered with a magnetic overlayer the electrons undergo scattering events on their
way to the surface . If the scattering cross sections are the same for majority and minor-
ity spin electrons we can expect an equal signal intensity of the substrate electrons at
the surface for both spin directions . In contrast Pappas found a strong spin dependence
for the electrons photoemitted from the 3d bands of the Cu after travelling through the
4ML Fe film . The signal intensity for electrons with minority-spin direction was always
smaller than for electrons with the opposite spin direction suggesting a shorter IMFP for
minority-spin electrons . This approach allows to determine the spin-dependent mean free
path in a ferromagnetic material as a function of electron kinetic energy . An extrapolation
of his results towards the vacuum level gave a mean-free-path asymmetry of A A 'A:: 0.2
for the secondary electrons of Fe . Unfortunately the measurements were restricted to one
coverage (4ML) and only 3 different electron energies . Furthermore the statistic in the
spectra is rather poor and the presented spectra seem not to be representative for the
asymmetries given in the text.
We follow in our experiment the approach of Pappas [Pappas, 91] to determine in a di-
rect way the spin-dependent IMFP of electrons in Co . We give quantitative values for
the IMFP's of majority and minority-spin electrons as a function of energy and a curve
for the mean-free-path asymmetry . A wide range of electron energies is studied at many
different film thicknesses.

We. study the emission of the Cu peak for the system Co/Cu(111).
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Starting from an unpolarized Cu peak with the same photocurrent for minority-spin and
majority-spin electrons, we can expect a thickness dependence of the individual spin
currents according to

I1 _ 1 Ioe d/al l
2

We obtain for the spin-integrated current (sum of II and II) with eqn . 47

1(d) = 2Ie' (e-d/a t +
e
-d/al

)

i l I l i l 1 1

	

I 1 l l lil l l f, 1 11 11111111111

(47 )

(48)

Co/C (llI)
by=20eV
normal emission

I	 I	 1	 1	 1	 1	 11 	 1	 11 	1	 ~	 l	 l	 l	 ~	 F	 1!	 1	 1	 1{ 	I	 l	 l	 l	 l	 l	 J	

3 2 ~ EF4
Fig. 7.8: Spin-resolved photoemis-
sion spectra of different coverages
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mal emission with s-polarized light
of 20eV photon energy

On first sight the intensity of the Cu signal in the spin-resolved spectra appears to be very
similar for the two spin directions in nearly all spectra presented in this and in previous
chapters. Differences come out only after a detailed analysis of the spectra . Since the
attenuation of the Cu signal for the two spin directions is very similar we can expect that
also the :IMFP's do not differ very much. In this case the double-exponential decay is
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experimentally indistinguishible from a single exponential,

1(d) = lo . e-d/a

	

with

	

A = -(A l -i- a l )

	

(49)

The spin-averaged IMFP A can be obtained from spin-integrated spectra by measuring
the attenuation of the substrate signal . This has been done for Co/Cu(111) in the last
section . In fig. 7.7 we show again the results of this study . The solid line in this plot
corresponds to a least-squares fit with a 3rd order polynomial and the dashed line shows
the theoretical curve of Seah and Dench (eqn . 42) [Seah, 79] . We define the polarization

of the Cu peak as
IT - Il

	

1 e_d/at - e
_d/al

(50)

For the second part of the equation we used eqn . 47 and eqn . 49.
The intensity ITl is given experimentally by the peak area of the Cu signal . To

determine the peak area of the Cu we have subtracted a spectrum of clean Cu in both
spin directions of the spin-resolved spectra separately. The intensity of the subtracted
spectrum is proportional to the peak area.
It turned out that it was often necessary to subtract a Cu spectrum with a higher intensity
in the majority-spectrum than in the minority spectrum to obtain a smooth background
in both cases . This effect is not visible on first sight, but in the subtraction there is clearly
a difference between the two spin directions that is out of the error of the measurement.
We obtain A t and al by transforming eqn . 50 to

	

1

	

1

	

ln(1 ±P(d))

	

ATl

	

a

	

d

Several spin-resolved spectra for different coverages over a wide range of photon energies
were taken. Some of them, taken in normal emission geometry at 20eV photon energy,
are shown in fig. 7.8 but compare also the spectra shown in fig 6 .7a,b in chapter 6.
The emission of the Cu substrate can be seen at about 3eV binding energy . It originates

from the upper Cu A3 band as described in chapter 5 . Near Ep we see the Co A3 bands

(lower minority A3 band and upper majority A3 band) and at 2eV:in the bottom majority
spectrum we find also emission from the lower majority A 3 band.

(51)
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Fig. 7.9a,b : Spin-resolved spectra of Co/Cu(111) taken at 10eV (a) and 12eV (b)
photon energy in normal emission . Majority-spin curves are printed with filled and
minority-spin curves with open circles, rsp . In the bottom of the plots the contribution
of the Cu substrate to the spectra is shown . The difference spectra after subtraction
of the Cu signal are also shown. Full (dotted) lines correspond to majority (minority)
spin direction.

We do not show all of the spin-resolved spectra used in our analysis, but some of them
which are thought to be representative are shown in fig . 7.9a,b and 7.10a-d . The spectra

in fig. 7 .9 are taken with 10eV (a) and 12eV (b) photon energy at a medium film thickness
(6%) and the spectra in fig. 7.10a-d were all taken with 15eV photon energy but for dif-

ferent Co coverages . We plotted majority-spin curves with filled circles and minority-spin

curves with open circles . To obtain the Cu signal contribution to the spin-resolved spectra
we subtracted a spin-integrated spectrum that was taken at the same photon energy for
clean Cu .

	

of the , subtracted Cu spectrum gives us the relative inten$ i .:,The intensitysityvtV of_T

the Cu signal to the spin-resolved curves .
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Fig . 7.10a-d: Spin-resolved spectra of Co/Cu(111) taken at 15eV photon energy in
normal emission . Majority-spin curves are printed with filled and minority-spin curves
with open circles, rsp . In the bottom of the plots the contribution of the Cu substrate
to the spectra is shown . The difference spectra after subtraction of the Cu signal are
also shown. Full (dotted) lines correspond to majority (minority) spin direction.

The subtracted Cu contribution is shown in the bottom of the figures 7 .9 and 7.10. It
is always smaller for the minority spectrum . The curve resulting after subtraction of the
Cu contribution is shown also. It is not always possible to obtain a smooth background
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after subtraction of the Cu spectrum (see for example the difference curve in fig . 7.10c)
due to the different resolution of the spin-integrated and the spin-resolved spectra.
A compilation of the results of this analysis is given in table 2 . It shows the polarization
for different energies and coverages . The IMFP's At and .1 d were calculated with eqn . 51
and the mean free path asymmetries were calculated with eqn . 46. The errors in .1 t1 and

AA are due to errors in the determination of the polarization only . Uncertainties of the
averaged IMFP A (full line in fig . 7 .7) have not been taken into account.

Photon
Energy (eV)

Kinetic
Energy (eV)

Thickness

( A)

Polarization

(°r ) AT (Ä)

10 7.8 9 .8+ 6 .0 9 .1±0.4 8 .0 ± 0.4 .

	

~:

9 .6 18.8±10.0 9.1±0.6 7.1±0.5 12.0±6.0

15
15
15
15
15
l5

12.4
12.4
12.4
12.4
12.4
12.4

5.2
7.1
7.3
9.8

11 .4
16 .6

4.8 ± 3 .0
4.1 ± 2 .5
8:7±4_0
8.3 ± 4 .0

10 .1 ± 6 .0
17.5 ± 8 .0

8.0 ± 0.4
7.8 ± 0 .2
8.1 ±0_3
7.9±0 .2
7.9 ± 0 .3
8.0 ± 0 .3

7.0 ± 0.3
7.1±0.2
6.8+0.3
7.0 ± 0.2
7.0 ± 0 .3
6 .9 ± 0 .3

6 .6±4 .4
4 .6±2 .6
8 .7±3 .7
6 .0 ± 2.5
6 .0 ± 3.8
7 .4±3.8

20
20

11.2
17.2

9.8
22 .9

6.2±4 .0
17 .8 ± 9.0

6.8±0 .2
6.9±0 .2

6 .3±0.2
6 .2±0.2

3 .8±2.9
5 .3 ± 2.9

25
25

6 .2
20 .6

6 .6±4 .0
9 .3 ± 5 .0

6.2±0 .2
6 .0 ± 0 .1

5 .5±0 .2
5 .7 ± 0.1

6 .0±3.2
2 .5±1 .7

30 27.2 10 .0	 8 .9±5.0 r

	

i 5.1±0.1 4 .6±1 .8

34 5.0±0.1 2 .0±1 .9

43
43
43

40.2
40.2
40.2

~
2 .5 ± 3.0
2.4±3.0
2.9±3 .0

4 .9 ± 0 .1
4 .9±0.i
4 .9±0.1

4.8 ± 0.1
4.8±0.1
4.8±0.1

1.0 ± 2 .0
1 .0±2 .0
1 .0±2 .0

52 49.4 10 .4 2.1±3 .0 5.2± 0.1 5.1±0.1
I

1 .0-±-2 .0

Table 2: Results of different spin-resolved spectra . For each spectrum
we give the polarization and the spin-dependent IMFP as determined
with eqn. 51

Additional information can be provided by comparing spectra of different coverages but
with the same kinetic energy. In fig . 7.10a-d we showed spectra that were taken with
15eVphoton energy. In these spectra we see an increase of the polarization of the Cu
signal with increasing Co coverage . When we plot the polarization Pc. of the Cu signal as
a function of Co coverage, as we did in fig . 7.11, we find within the error bars an approx-
imately linear dependence . This is reasonable since the different scattering probabilities
for majority- and minority-spin electrons polarize the electron beam originating from the
Cu substrate more. and more when the electrons travel through the Co film.
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This increase of the polarization with the coverage has been observed also at different
energies but for 15eV photon energy we recorded by far the most spectra.
At 25eV photon energy the analysis of the spin-resolved spectra is more difficult than for
other energies due to the different shape of the majority spectrum at this energy . We
tried to take this into account when subtracting the Cu contribution in the spectra, but
the uncertainty of the results at 25eV is in any case larger . This explains that we get two
rather different values for the asymmetry in table 2 for 25eV photon energy.

A plot showing at' versus kinetic energy (referred to EF ) is presented in fig. 7.12.
Filled circles correspond to majority-spin electrons and open circles correspond to minority_
spin electrons . The lines show a least-squares fit of a third-order polynomial to the data.
For kinetic energies above 30eV the polarization is so small (below 4%) that the difference
between A t and A l lies within the error of the measurement for all the observed spectra
but towards lower energy we find the IMFP values are more different for the two spin
directions . Especially at 12eV kinetic energy (that corresponds to 15eV photon energy),
where several data points exist, we can establish a difference of A l and A l of about 1Ä.
A different way to plot the data of fig . 7.12 is given in fig. 7.13. It shows the mean free
path asymmetry defined in eqn . 51 as a function of the kinetic energy of the electrons
(referred to EF) . As mentioned above this way to plot the results has the advantage of
being rather insensitive to uncertanties in the determination of the averaged IMFP.
Ax is small or zero for kinetic energies above 30eV but increases towards low kinetic en-
ergies. At 12 .4eVkinetic energy we can give a rather reliable value of A A . 0 .065 . . In all
these plots (fig 7 .10-7.12) we obtained large error bars compared to the absolute size of

0
0

Fig. 7.11 : Polarization Pat,
of the Cu peak as a function

4 8 12 16 20 of the Co coverage for 12eV
kinetic energy. The data were
taken from table 2.
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the effects expressing how small the spin-dependence of the scattering is in Co.
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Fig. 7.12: Spin-dependent
inelastic mean free path de-
termined from spin-polarized
photoemission spectra . Filled
(empty) circles correspond
to majority- (minority-) spin
electrons. The full line show
a least-squares fit of a 3rd or-
der polynom.

Until now we have discussed the spin-dependent asymmetries in . the . transmission
through the Co film on the basis of different IMFP's for the two spin-directions, as Pappas
did in his work about 4ML Fe/Cu(100) [Pappas, 91] . Another explanation for the spin-
dependent asymmetries has been proposed by Gokhale [Gokhale, 91] . Gokhale calculated
spin-dependent asymmetries for electrons transmitted through thin magnetic Fe films . on

the basis of different cross sections for elastic scattering due to exchange coupling to : the
atom of the ferromagnetic adsorbate rather than different cross sections for inelastic scat-
tering. He calculates transmission asymmetries (Pcu in our analysis) for 1-5 ML Fe on

Cu(100) and electron energies up to 40eV . Due to the fact that Gokhale's calculations
were performed for Fe instead of Co we can compare our results only qualitatively with

his calculations. We show these results for energies ranging from 20eV to 40eV in fig.
7.14. The calculations predict strong oscillations with energy and also with coverage. At

a kinetic energy of 3001 for example the polarization of the Cu peak changes from 0%
for 1ML to +50% for 3ML, -15% for 4ML and again 0% for 5ML Fe/Cu(100) . Similar

oscillations are predicted when the electron energy changes . This can be seen best for

	,	 1	 1 	1!	 r	 r	 1	 1	 I.	 r	 1	 1	 1! 	 1	 r	 1	 1!	 1	 1
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the 3ML film in fig. 7.14. The results of Pappas agree very well with the asymmetries
predicted in this theory although the comparison could not be considered to be conclusive
because of the very limited number of experimental data points.
Calculations for Co are not available . However, if the model by Gokhale can be applied
one would expect to observe an oscillation of the polarization for a given coverage by
varying the photoelectron energy and, conversely, for a fixed electron energy by varying

the coverage.
Experimentally, we did not observe such oscillations . We found a smooth decrease of the
polarization with increasing electron energy for similar Co coverages leading to the calcu-
lated decrease of the mean free path asymmetry in fig . 7.13. For different Co coverages
we observed a linear increase of the polarization with film thickness (fig .7 .13).
We did not see any indication for the predicted strong oscillations in the polarization of
the Cu peak and therefore think that Gokhales theory cannot be applied to explain our
results about the spin-dependent attenuation and that elastic scattering is in our case not
the dominant scattering process.

0.14

041~

0 .10

E 0.08

0m06
<

0.04

0.02
.~

0.00
0 10 20 30 40 50

Kinetic Energy (eV)

Fig. 7.13 : Mean free path
asymmetry A A as a function of
the kinetic energy of the elec-
trons (referred to EF ) . Data
are taken from table 2 . The
full line show a least-squares
fit of a 2nd order polynom.

The atomistic model of Bringer [Bringer, 791 strongly overestimates the spin dependence

of the IMFP. With 9 electrons per Co atom (n T + n 1 = 9) and a difference in the occupa-

tion of the majority- and minority-spin states of 1 .5 electrons per atom (n t - n = 1 .5)

[Tebble, 69] one gets (using eqn . 45) a mean free path asymmetry of 0 .17 for Co, indepen-

dent on the electron energy. The sign of A A agrees with our results, but the magnitude

and the energy dependence were found to be different . At very low kinetic energies where
we found the strongest asymmetries our results are still by about a factor of two smaller
than. Bringers predictions. Instead of an energy independent A A we measured a strong
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decrease of A A with increasing electron energy.
The models of Penn [Penn, 85] and Pendell and Penn [Rendell, 80] agree better with our
data since they both predict a decreasing spin dependence for higher electron energies.
In ref. [Penn, 85] predictions are made about the spin dependent IMFP only for a rather
limited energy range at very low energy (0-5eV above E ac ) . Two of our data points
fall within this range (spectra taken with 10eV and 12eV photon energy) . They agree in
magnitude with the calculated spin asymmetries although the decrease of A A at higher
energies is smaller in theexperiment . We therefore do not agree with the statement of
Penn that the mean-free-path difference between majority and minority spins is signifi-
cant only at very low energies.

0.6

0.5

(b)

Fig. 7.14: The asymme-
try in transmissivity (= Pc,,, )
for films that range from 1
to 5 monolayers, in the en-
ergy range 20-40eV (referred
to the vacuum level) after
[Gokhale, 91].
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Fig. 7.15 : Calculated dif-
ference of IMFP for incident
electron with spin parallel and
antiparallel to majority spins
of Fe, Co and Ni as a function
of incident electron energy af-
ter ref . [Rendell, 80j
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At higher energies we find a better agreement with the model of Rendell and Penn

[Rendell, 80] . Although experimentally the absolute values of Aa are always about 3
times less than in this calculation, they predict the energy dependence of the results more

accurate. Experimentally the decrease of A ), is faster, but the energy range where effects

can be expected is predicted correctly. The decrease of the mean free path asymmetry

of Fe, Co and Ni with electron energy as calculated by Rendell is shown in in fig . 7.15.

One can see that the effect is larger for Fe. This is consistent with the fact that Pappas
[Pappas, 91] measured stronger asymmetries in the system Fe/Cu(100).
When we compare the model for elastic scattering of Gokhale [Gokhale, 91] with the
model of Penn [Penn, 85] or Rendell and Penn [Rendell, 80] for inelastic scattering, we
conclude that the dominant scattering process is the inelastic scattering . We cannot see
the oscillations predicted by Gokhale, but we observe the decrease of the polarization
with increasing electron energy as predicted in the models for inelastic scattering.

Summarizing our results about the IMFP of electrons in Co obtained in the last two
chapters we can say the following . With spin-integrated photoemission spectra we find an
IMFP curve for electrons, travelling through a thin cobalt film, that agrees qualitatively
with the theoretical curve predicted by Seah and Dench [Seah, 79] for Co . It shows a
minimum at about 30-50eV electron energy and increases towards low and high energy.
We found a difference for majority-spin and minority-spin electrons in the attenuation
of the Cu peak in spin-resolved measurements . The effects are very small, but due to
the good statistics in our spectra and the large amount of available data we are able to
establish the difference for low kinetic energies . The polarization Po., of the Cu signal
in the spin-resolved spectra increases proportional to the thickness of the ferromagnetic
Co overlayer. The different attenuation for the two spin directions can be explained
with a difference in the IMFP for majority- and minority-spin electrons . The IMFP for
majority-spin electrons has been found to be larger than for minority-spin electrons at
kinetic energies below 30eV . A comparison of the results with the available theoretical
models indicates that in our case elastic scattering is of minor importance.
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8 Final States of Cu(100) and C®(100)

Angle-resolved energy distribution measurements of secondary-electron emission from
metals reveal spectral fine structure that relates directly to the density distribution of
the one-electron states above the vacuum level.
Structures in the secondary electrons can be seen best at low kinetic energies, where the
inelasically scattered electrons accumulate.
In contrast to states below EF which produce primary electrons with kinetic energies
changing according to the energy of the incident light (Ek; n = by - EB - (I)), final state

structures in the secondaries are located at fixed kinetic energies.
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Fig . 8.1a: Spin-integrated spectra of clean

	

Fig. 8 .lb: Spin-integrated spectra of
Cu(100) taken with s-polarized light of
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With Cu(100) and Co(100) we found such structures at low kinetic energies . In fig. 8.1a

and 8.lb we show photoemission spectra of Cu(100) and Co(100) in the range of the
secondary electrons . The spectra show a broad structure at 8 .5eV (Cu(l00)) and 10 .5eV

(Co(100)) . The states were found to be at fixed kinetic energy. When the photon energy
is changed the peaks shift with respect to the Fermi level in the photoemission spectra.
The energy axis corresponds for that reason to the kinetic energy of the electrons.
The zero in the kinetic energy corresponds to Fermi level and the onset of the secondary-
electron emission (4 .8eV in fig. 8.1a) defines the vacuum level . Final states below the

vacuum level cannot be detected since the electrons in these states can not overcome the
work function .
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Fig . 8 .2b: Band structure of Co along the
direction T -X of the fcc Brillouin zone in-

	

direction 1'--X of the fcc Brillouin zone in-
cluding final-state bands as calculated by

	

eluding final-state bands as calculated by
Burdick [Burdick, 62] .

	

Noffke [Noffke, priv .]

For the interpretation of the structures we show in fig . 8 .2a and 8 .2b the band structures

of copper and cobalt in F -X direction as calculated by Burdick [Burdick, 62] and Noffke
[Noffke, priv .J . We see again the s- and d-bands of the two metals that have been studied
already in chapter 5.
The final statesabove EF are shown in fig. 8 .2 up to 25eV. For ferromagnetic cobalt

they are spin split (straight lines were used for majority bands, broken lines for minority
bands). The final-state band, that reaches down to 8eV on Cu at the X point, has . AI

symmetry and shows a dispersion that is very similar to the free-electron parabola.
Near X, where this A l band becomes flat, the density of states increases . In the range

2eV to . 8eV there is gap between the valence bands and the ©1 final-state band of Cu in

the direction F -X.
The energy of the observed structure in the photoemission spectra (fig . 8.1a) agrees well

with the increased density of states at about 8eV . When the electrons are inelastically

scattered, they scatter with a high probability into AI states near X, leading to the ob-
served peak. Due . to the fact, that. there are no final-state bands. for lower energies, one
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expects a dip in the secondary-electron emission for lower energies that stresses the peak
even more.
For Co(100) we see a similar structure at higher kinetic energy (10 .5eV). This is in agree-
ment with the fact, that the corresponding ® i bands for Co(100) has an energy of 10eV
at the X-point .

6 8 10 12 14 16
Kinetic Energy (eV)

Fig . 8 .3: Spin-resolved photoemis-
sion spectrum of a thick Co layer
on Cu(100)(:.. 20ML). A and v
are used for majority- and minority-
spin electrons . Circles show the
corresponding polarization (P(E) =

( gip - A )1
.71 , I~)

Spin-resolved photoemission spectra of a Co(100) film (^- 20ML), taken at the same
photon energy in normal emission, are shown in fig . 8 .3 . In this figure we show the en-
ergy distribution curves of majority- (filled triangles up) and minority-spin (open triangle
down) direction together with the polarization ((I t I 1 )/(I T + I I )) . The spin-resolved
spectra reveal the majority-spin character of the final-state structure on Co . A peak in the
minority-spin spectrum can be expected leV higher in energy than in the majority-spin
spectrum, when comparing the minority and the majority A i final-state band . Obviously
we do not see this peak in the minority spectrum of the spin-resolved spectrum. We ex-
pect the structure to be weaker in the minority spectrum due to the fact that the overall
emission is smaller, but that does not explain the lack of observation of the minority
peak. When comparing the bandstructure of Co for minority- and majority-spin direc-
tion in fig 8.2b one finds that much more unoccupied states near EF exist for minority-
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than for majority-spin electrons . Consequently, the scattering probability of majority-
spin electrons into unoccupied states of lower energy is smaller than for minority-spin
electrons. This qualitative argument for the explanation of the polarized final-state struc-
ture in Co(100) is obviously connected to the spin dependence of the inelastic scattering
discussed in the previous chapter . It can be related to the argument of Penn [Penn, 85]
although the present calculation does not include a detailed analysis with respect to the
photoelectron wave vector k.
It has been discussed in the previous chapter that secondary-electron emission of magnetic
bulk materials has been found to show an increased polarization for low-energy electrons.
The polarization in fig . 8.3 does not increase between 14eV and 4eV kinetic energy. It
shows structures corresponding to the final-state structures explained above, but no in-
crease.
This is due to the limited thickness of the Co films (^ : 20ML). We did not see any signal
of the Cu substrate in the valence band or in the Auger spectrum, but due to the fact
that the IMFP steeply increases towards low energies, the photoemission spectrum may
be influenced by electrons originating from the substrate as one goes to very low kinetic
energies . The electrons originating from the Cu substrate are unpolarized and mainly de-
crease the average polarization of the spectrum . They become more dominant as one goes
to low energies, the IMFP becomes longer and more substrate electrons reach the detector.

75



9 Summary
In this work we have studied the electronic and magnetic structure of Co/Cu(100) and
Co/Cu(111) using spin- and angle-resolved photoemission spectroscopy, Auger electron
spectroscopy and low-energy electron diffraction.

The growth of cobalt on the (111) surface of copper has been studied under ultra-
high vacuum conditions at room temperature using Auger-electron spectroscopy and low-
energy electron diffraction. It has been found that cobalt grows layer-by-layer (Frank van
der Merve growth) on Cu(111). The overlayer grows epitaxially with the fcc structure of
the substrate up to at least 5 .5 monolayers (ML).

The band structure of Cu has been found in good agreement with theory [Burdick, 62]
and previous experiments [Thiry, 81] . We determined the dispersion of the A5 and A3

bands in the high-symmetry directions I' - X and F - L of the fcc Brillouin zone.

We have followed the transition from a 2D to a 3D character of the electronic structure
of Co/Cu(Ill) with increasing coverage. Below fl L Co/Cu(Ill) shows no dispersion of
the Co states with respect to k (momentum perpendicular to the surface) and is for that
reason regarded as a 2D system . Coverages of more than 5.5ML show a dispersion with
k1 comparable to bulk Co.

At 2ML Co/Cu(111) we observed the onset of magnetization in the surface plane . We
interpret this with a rotation of the magnetization axis from the surface-normal direction
into the surface plane.

With a thick layer (^s 20ML) of Co on Cu(111) the spin-split band structure of Co
has been studied using spin-resolved photoemission . The A3 bands of Co reveal an ex-
change splitting at the F point (AEez. = 1 .4 ±0.2eV) that is larger than reported by other
groups for Co(1000) [Flimpsel, 80] and 2ML Co/Cu(111) [Miranda, 82] but agrees with
the results of a previous workai0

	

[C'4 lemenson Co/Cu(100) [Clemens, ,92].

The inelastic mean free path (IMFP) of electrons transmitted through a thin Co film
has been determined by measuring the attenuation of the Cu(111) substrate signal with
increasing Co overlayer thickness.
The IMFP as a function of electron. kinetic energy follows qualitatively the universal curve

having a minimum at 30-50eV electron energy and increasing towards very low and high
energies.
For electron kinetic energies below 30eV (referred to E F) the IMFP was found to depend

on the electron spin . In Co it is larger for majority-spin electrons than for minority-spin
electrons. The spin dependence of the IMFP increases towards low energies . A compari-
son of the results of this study to the available theoretical models about spin-dependent
scattering shows that elastic scattering is of minor importance.
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In the secondary-electron emission of Cu(100) and Co(100) we observed structures
that originate from final-state bands above the vacuum level . They are due to emission
from a band of ®1 symmetry with a high density of states at the X-point of the fcc Bril-
louin zone. In Co these structures are spin polarized.
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