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Zusammenfassung

Die spinabhingige clektronische Struktur epitaktischer Co-Uberlagen
auf Cu (100) und der EinfluB von Oj-Chemisorption wurde mit spin- und
winkelaufgeidster Photoemissionsspekiroskopie mit Synchrotronstrahlung
untersucht.

Co-Lagen mit Schichtdicken von weniger als 5 Monolagen zeigen e¢ine
erhdhie Austauschaufspaltung im Zentrum der Briliouinzone, bedingt durch
Quanten-Size-Effekte. Die experimentellen Ergebnisse wurden unterstiitzt
durch FLAPW-Rechnungen fiir 1, 2 und 3 Co Lagen auf Cu (100). Diese
Rechnungen =zeigen, da8 der Anstieg der mittleren Austauschaufspaliung
verkniipft ist mit der ErhShung des magnetischen Momenis in uliradiinnen Co-
Lagen,

Sauerstoff adsorbiert dissoziativ auf der Co (100) Oberfliche in einer
geordneten c¢(2x2) Strukiur bei einer Sauerstoffzufubhr von 2 bis 7 Langmuir
(bei Raumtemperatur). Die chemische Wechselwirkung zwischen Adsorbat und
Substrat manifestiert sich durch eine Redukiion der Co 3d
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Oberflichenzustands-Emission bei Ep. Die Sauerstoff Zp-Binder zeigen eine
induzierte Austauschaufspaltung im Zentrum der Oberflichen - Brillouinzone.
Bei hoherer Sauerstoff-Zufuhr zeigen die Photoemissionsspektren, bedingt
durch die Bildung eciner CoO-Oberflichenoxid-Phase, Anzeichen fiir starke
Korrelationseffekie in der eilekironischen Struktur. Die Bildung der CoO-
Oberfldchenoxid-Phase wird begleitet von einer Abnahme der Spinpolarisation
der Photoeiekironen, was auf einen Verlust der ferromagnetischen Ordnung
an der Oberfliche zuriickzufiihren ist. Bei niedriger Temperatur (150 K) und
hoher Sauerstoffzufuhr wird die Bildung einer Co30,4 - Phase beobachtet.
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The spin dependent electronic structure of epitaxial Co overlayers on Cu
(100) as well as the influence of O3 chemisorption has been studied by spin and
angle resolved photoemission speciroscopy with synchrotron radiation.

Co layers with a thickness below 5 monclayers show an enhanced value
of the exchange splitting at the center of the Brillouin zone due to quantum
size effects. The experimental results are supported by FLAPW calculations for

average exchange splitting is related to the enhancement of the magnetic
moment in uitrathin Co layers.
Oxygen adsorbs dissociatively on the Co (i00) surface in an ordered

c{2x2) structure for oxygen exposure beiween 2 and 7 L {at room temperatore),

The chemical interaction between the adsorbate and the subsirate manifests
itself by 2 reduction of the Co 3d surface state emission near Egx. The oxygen 2p-

derived bands exhibit an induced exchange spliiting ai the center of the
surface Brillouin =zone. At higher oxygen exposure, corresponding to the
formation of a CoO surface phase, the photoermission specira show evidence for
-strong correlation effects in the electronic structure. The formation of the CoO
-surface oxide phase is accompanied by a decrease of the photoeleciron spin
polarization revealing the quenching of the surface ferromagnetic order. At
low temperatures (150 K) and high exposures of O the formation of a Co304

"phase is observed.




Parts of this work have been published in:

Quantum Size Effects and the Enhancement of the Exchange Splitting
in ulirathin Co Overlayers on Cu (100)

W.Clemens, T.Kachel, O.Rader, E.Vescovo, S.Bliigel, C.Carbone,
W.Eberhardt; Solid State Comm. 81 No. 9, 739 (1992)

Spin Resolved Phoioemission Study of the Reaction of Oz with fecc
Co (100) : :

W.Clemens, E.Vescovo, T.Kachel, C.Carbone, W.Eberhardt; to be
published . | o
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1. Introduction

The electronic and magnetic properties of surfaces and
ultrathin (with thicknesses of some atomic layers) magnetic films
are of considerable interest [Gradmann 74], [Pescia 89], [Falicov 0],
[Erice 91]; (i) because they represent experimental realization of
two-dimensional (2D) macroscopic quantum systems with
thermodynamic and magnetic properties (like critical temperature,
anisotropy) quite different from bulk materials [Jonker 88],
[Heinrich 87], [Przybylski 87], [Stampanoni 87 (1)], [Liu 88], [Diirr
89], [Schneider S0 (1)]; (i) they are technologically relevant as new
materials tailored for recording and device applications.

Recent theoretical studies even predict ferromagnetism in
ultrathin films of some nenmagnetic materials (e.g. Rh, Ru),
evaporated on nonmagnetic single crystal substrates [Eriksson 91],
[Bligel (1)]. The magnetic coupling beiween itwo magnetic films
oscillates depending on the thickness of a nonmagnetic material in
vetween [Pescia 90], [Parkin 90], [Grinberg 90]. Multilayers of
alternating magnetic and nonmagnetic films can have prominent
properties. Some of them have a perpendicular anisotropy [Gradmann
86], [Chappert 88], which can be used for magnetic storage with high
information density. Multilayers can also have a huge
magnelioresistance [Baibich 88], [Binasch 8¢], which is of technical
mterest for new magnetic recording heads.

The properties of surfaces also differ from the bulk
properiies. The magnetic moment of surface layers of ferromangetic
materials is found to be enhanced compared 1o the bulk moment
[Ohnishi 83], [Li C. 88]. The changes of the electronic properties on
surfaces is also of great interest, because the electronic structure
is modified by the influence of adsorbates [Plummer 82]. The
influence of adsorbates on surface-magnetism is discussed
-comraéictcsry [Johnson 90]. Some groups find magnetically “dead
layers™ [Schmiit 85], [Abraham 87], oihers find induced magnetic
moments in the chemisorbed phases [Johnson 88], [Schénhense 88
(1)], [Schénhense 88 (2)]. Weber et al. [Weber 90] even find an
‘enhancement of the Curie temperature of ultrathin magnetic films

'du_e to adsorbates.

The question of the Iinfluence of adsorbates on surface
magnetism is of topical interest, because some adsorbate induced
. magnetic "dead layers™ on the surface of thin films or multilayers
- would have a drastic influence on their technical application. The




solution of this question requires more data under well defined
experimental conditions.

We studied the spin dependent electronic structure of ultrathin
epitaxial fcc Cobalt (Co) films evaporated under ultra high vacuum
conditions on the (100) surface of a Copper (Cu) single crysial
substrate. Co on Cu (100) is an extensively studied and well
characterized system; Co grows epitaxially in the layer by layer
mode on the Cu substrate [Gonzales 81], [Clarke 87], [Germar 88],
[Miguel 88], [Li H. 0]. In this system Cobalt is stabilized in the fco
structure (of the Cu substrate), which is stable for bulk systems
only above 720 K. At lower temperatures, bulk Co is stable in the hcp
siruciure.

The measurements were done by spin- and angle resolved
ﬂhﬁ%ﬁmnmaesﬁﬂ Qﬁaé’“ﬂ’naﬁﬁﬁ\i with linear p@|ai’§2@d and
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monochromatized synchmtron radla‘tion at the elsctron storage ring
BESSY, Berlin. We used photon energies in the VUV (vacuum
uliraviolet) range (about 10-200 eV photon energy). The samples
have further been characterized by Auger-spectroscopy and low
energy electron diffraction (LEED). Additionally spin resolved
bandsiructure calculations for the thickness dependence of the
electronic sitructurs of the Co films have besen performed with the
FLAPW (Full Potential Linearized Augmented Plane Wave) method at
the super computer CRAY, Jiilich.

We discuss first the development from the itwo- to the three-
dimensional electronic structure of Co films varying in thickness
from the submonoclayer regime up io 15 atomic layers. The
experimental resuits are campared to calculations for 1 - 3 Co
layers on Cu (100) and an i1 layer Co slab. For a bulk-like Co film (>
5 ML thickness) we determined experimentally the bands ‘EUC‘tuf’% in
the I" - X high-symmetry direction of the three dimensional Brillouin

Zone. - o

In the second part we report about the changes in the spin
dependent electronic structure of the Co-valence band and of the Co
3p core levels induceﬁ by @xygen adsorptaon a‘t room temperature and
at 150 K. . o _ _ . o




2. ltinerant Magnetism

Magnetism is one of the oldest physical phenomena studied, but
it continues fo be an active and challenging subject. This is due o
the fact that magnetic phenomena represent a complex application of
quantum mechanics and statistical physics. As new magnetic
materials are synthesized and new experimental conditions realized
(like ultrathin magnetic films), the very fundamentals of these
subjects are probed. We want to give here a short overview over the
most important aspecis of magnetism, especially of the magnetism
of delocalized (itinerant) elecirons in 3d metals. More detailed
descriptions can be found for example in ref. [Nolting 86], [White 83]
and [Erice 91].

2.1 Fundamenials

First we want to give the definitions of the magnetic moment,
the magnetization and the magnetic susceptibility. The magnetic
moment m is gefined as

m= gE/oH (2.1)
thus m is the change of the energy E of the magnetic system induced
by tha change of the external magnetic field H. The magnetization M
is obtained by averaging the moments <m> over a region of space

which is large enough to give such an average a meaning but smaller
then spatial variations in the sysiem, so M is defined as

M =NV .<am> , ' (2.2)
where N/V is the number of atoms per unit volume.

The magnetic suscepiibility v is a response funet'ﬁe, which
describes the magnetization as a function of an external field H. In
general, x is a tensor and is defined by the relation

M (F H dr dt x(r it - H{e,t) (2.3)

_If the magnetic medium possesses translational invariance, is
' magnetlzed hemogeneeusly end :f one assumes a homogeneous sta‘tlc

_ R XuB (a&%a/aﬁﬁ)i‘ . a ﬁ € {x Y, z} (24)
| _.Se X depends in. eeneral on H and the temberature T

5




Magnetic Ordering
:;:'There are roughly three different kinds of magnetic ordering:
a) Diamagnetic crdering is defined by N

ydia <« 0 ; ydi@ = const.

Here the external field H induces magnetic dipols that are aligned
antiparallel to the external field according to Lenz's rule.
Diamagnetism is a property of alf materials, but it is relatively
weak, so it can easily be covered by other forms of magnetism.
(examples for diamagnetic materials: noble metals, non-metals,
superconductors)

b) Paramagnetism is defined by
xpara = {) ; xpara = xpara(T)

In paramagnetic materials, there are permanent magnetic dipols that
are aligned by an external field H. This alignment is hindered by
thermal movemenis. The permanent magnetic dipols can be due o
localized momenis caused by only partially filled atomic shells; this
leads to Langevin-paramagnetism: jylLangevin = ylangevin(T) and to

pu?ie'e fensas
W had d o IGAEY

x(T) = C/7 (2.5)

at high temperatures. The permanent momenis can also be itinerant
moments of nearly free conduction electrons, that have a permanent
moment of one Bohr magneton (ug). This causes the Pauli-
Paramagnetism, where the susceptibility yPauli is constant in the

first approximation. Generally, yPaull << yLangevin,

tv is & complex function

often also of the 'history’

] ~ > . . . -4 P H*a4
¢) in collective magnetism the susceptibili
and

of the magnetic field, the temperature
of the sample:

| %€ = yC(H, T, 'history')
It results from a quantum mechanical exchange interaction between
permanent magnetic dipols. This leads to a critical temperature T,

below which a spontaneous magnetization is observed. The permanent
‘magnetic moments can again be localized (EuO, Gd, RbaMnC4, ...) or

o jtinerant (Fe, Co, Ni, ...). Collective magnetism is ‘mainly -found “in-—

three  different types:

W Wl




iy In the case of ferromagnetism the critical temperature is the
Curie-temperature Te. For temperatures 0 < T < T the permanent
moments have a preference direction and at T = 0 all moments are
aligned.

i) In ferrimagnestic materials, the lattice consists of two

ferromagnetic sublattices A and B with different magnetizations Ma
= Mp, where M =Ma + Mg =0 for T < Te.

iiiy Antiferromagnetism; here the critical temperature is the
Néel temperature Tn. It is a special case of ferrimagnetism, where
Ma =-MgforT < Tn.

Magnetic Exchange Interactions

~ Materials with collective magnetism are marked by their
spontaneous ordering of the magnetic moments below a critical
temperature. The reason for the spontaneous ordering are ihe
guantum mechanical exchange interactions that have many sources
and forms; the most important types are:

« direct exchange, i.e. interaction due to direct overlap of the spin
nolarized wave function; examples: Hs-moleculs, Fe, Co, Ni.

e indirect exchange, i.e. interaction due tc the polarization of
basically non-magnetic conduction electrons e 1/p-cos (2 ke B) (—
oscillatory!); examples: RKKY interaction, rare earth metals,
magnetic impurities in noble metals.

* super exchange, i.e. Indirect exchange in insuiators due to the
polarization of an anion (e.g. 02-). This interaction is short ranged
ang strongly direction dependent; example: antiferromagnetic
coupling in CoQ. B

2.2 Meteallic Magnetism

We want to review the field of metallic (or itinerant)
magnetism with particular emphasis on the 3d-transition metal
-series containing the 'classical' ferromagnetic metals iron, cobalt
~and nickel [Capellmann 88]. In the transition metals Cr, Mn, Fe, Co, Ni
‘the electrons responsible for the magnetic properties in the

' ferromagnetically (Fe, Co, Ni) or antiferromagnetically (Cr, Mn)

Grdered phases participate in the Fermi surface. These elecirons are
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itinerant, their wave functions are delocalized, therefore no fruly
localized magnetic moments exist. The delocalized nature of the
wave functions is due to the possibility of the electrons to move
around rather freely in the crystal (free-hopping processes). It is
this property, which disiinguishes itinerant magnetism from the
magnetism due to localized moments, such as in the insulating
transition metal oxides and in rare earth metals. The magnetism in
the localized systems can be discussed concentrating on the
magnetic degrees of freedom alone, governed by some magnetic
Hamiltonian (like a Heisenberg Hamilionian).

This separation of the magnetic degrees of freedom from the
translational degrees of freedom is not possible in itinerant
systems. The relevant d electrons are delocalized: they can move

freely through the crystal. The kinetic energy associated with this

B e adagi o by VAL lsthich é cf
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electron movement is characterized by the bandawidih W, whi
the order of 8 eV. This energy is much larger than the thermal energy

kaTc leading to a phase transition from the magnetically ordered to
the paramagnetic state. To achieve an understanding of the magnetic
properties, one has to deal with the full many-body problem
incorporating magnetic and translational degrees of freedom of the
electrons responsible for the magnetism. This is the reason why it
tock so long untll even a qualitatively undersianding of itinerant
magnetism evolved. We discuss here shortly the jellium model and

the Stoner model, that give a good qualitative describtion of

ferromagnetism in metals.

Jellium Model with Spin Polarization.

in this mode! the ionic charges are hoemogeneously smeared out,
i.e. the electron density is assumed to be constant (= no). The total
glectron energy is:

-

72KE

2m

@2RF

"
b

Etot = N

o
s Iw

N
()]
f o —

= kinetic energy (Exin) - exchange energy (Ex)
with N = total number of electrons, fi = Planck’s constant,

‘m = electron mass and kr = (312 no)1/3.




Therefore magnetism in solids depends on the balance between
increase of kinetic energy because of delocalization and gain of
exchange energy, so magnetism in solids depends on the degree of
lecalization of the electron wave functions:

completely delocalized X not magnetic

localized : magnetic.

The jellium model is qualitatively correct, but it fails
quantitatively, i.e. it overestimates the tendency for magnetism. For
the description of the ferromagnetism in transition metals, it is
better to use the

Stener Mode! for 3d Ferromagnetism.

Here the effective one-particle Hamiltonian for spin direction T
is HT s Hg -1/ 1 M (majority electrons) and for spin direction ! H! =
Ho + /2 I M (minority electrons) where Hy is the MHamiltonian in the
paramagnetic state, M is the local magnetic moment and Ithe
exchange integral (I~ 0.7 eV/ug). Now there are two bandstructures
(and densities of states) for majority and minority elecirons, shifted
in energy by AE = + 1/5 1 M, related to the value in the paramagnetic
state, where the minority bands (states) are shifted to higher energy.
The energy difference between the majority and minority bands is
the exchange splitting.

The Sioner criterion for ferromagnetism
&
L

[
ie farrmm
IS ferrem

paramagne

1 H s Ad mdmd
agnetlic, if the density of stat

H
ic state (no) times the exchange integra

e L2

no(EF)L = 1, (2.7)

else it is paramagnetic. The value of ng(Er) depends strongly on the
bandwidth W with W2 = Zy, a2 (Znn is the number of nearest
neighbors and a the hopping matrix element), a narrowing of W [eads
to an enhancement of ng(Eg). o '




For transition metals one can find general trends for the
properties which are relevant for magnetism, like the vaiue of the
exchange integral I, the bandwidth W, and also the behavior at
surfaces and monolayer sysiems:

Trends for transition metals:

i) Iad > l4d > Isd

iy in each series there is a sirong contraction of W with
increasing atomic number, therefore only Fe, Co and Ni are
ferromagnets, Pd is nearly so.

iii) at surfaces or in monolayer sysiems Znpnp is reduced. This leads
to band narrowing and therefore ioc an enhancement of the
surface magnetic moment or magnetism in materials that do
not display bulk magnetic behavior.

- For the “classical” ferromagnets Fe, Co and Ni we want to give
in table 2.1 some important magnetic and structural properties in an
overview:

atom crystal
electron. m m
config. (uB/atom) | lattice (ue/af_om) e (K)
'.E‘_‘—‘e__ [A] %_323d6 | 4 | 5cc 2.22 1043
Co [Ar] 452347 3 hcp/fce 1.72 1388
Ni [Ar] 4s23d8 2 fce 0.61 627

‘Teabkle 2.1: magnetic properiies in the atoms and crystals of Fe, Co and Ni, taken

PR
from ref. [Kiltel].
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3. Photoelectron Spectroscopy

Among the various probes for surfaces electrons as the
carriers of the specific information have found by far the widest
application for a number of reasons:

1.--Electrons have an inelastic mean free path of a few A depending on
‘the energy (see fig. 3.1 and ref. [Seah 78], [Zangwill 88], [Ebel 90]).
- Energy and momentumn of an electron are therefore characterlstic
- of elementary excitations near the surfacs.

T T TTTT7] T T T T TT¥T] LI N S B T
100} 46 ar :
- \ :
SN
-~ SOr A8 Theory
< - Asg ig \ /
= L
a Aza . ‘\ Mo
A\ Aug g
E ‘\8.6 E-;ns ce “ow
% #ae \\ o OAe ’E:/
2: 10 =9 Ay &{9 G &{%"Ay - ]
o \\ o 48“?;% P /CQI::: ]
.._ efe v’@ﬂ : . ] .
[ R 1 Fig. 3.1: "Universal curve" of
3 L ged e 1o 1 el L el 2910@0 9!90%?0?! mean free pa‘ih, afier
2 5w 5010 01 ref. [Zangwill 88].

Elsctron energy (eV)

2. Electrons are easily focused into beams and the energy may be
varied by applying appropriate potentials.

. Elecirons are efficiently detected and counted.

L]

4. Electrons may be analvzed with respect to angular and snergy
distribution using electrostatic lenses and deflection systems.

5. The spin of the electrons can also be analyzed (see chapter 3.2).
Therefore one can additionally get information, abeut the magnetic
properties of the sample. - -

Photoelactron ﬁmmf‘%rﬁs.rﬁpy is 2n vanﬂfﬁﬂﬂ'ﬁ’ﬂl ‘?Qr‘ﬂﬂlqlrm that

bR WF I wes wr e R B W e T W

measures the kinetic energy of an emitted electron following the
absorption of a photon. If an electron is to be photoemitied, the
energy of the incident light must be larger than the ionizatiion
potential of an atom or molecule, or the work funciion of a solid
(which is in the range of some eV). Therefore ultraviolet to X-ray
hght sources are commonly used. Because of the surface sensitivity
~in VUV-(Vacuum Ultraviolett) photoemission (10 - 200 eV photon
energy) the electronic properties both of the surface and bulk can be
~ studied as well as of ultrathin films and of interface systems. For a
~given energy of the incident light (hv), the peazks in the kinetic

“energy distribution of the emiiied eiecirons (energy distribution

11




curve: EDC) reflect the nature of the guantum states of the system
being studied.

3.1 Angle Resolved Photoemission Spectroscopy (ARPES)

Conventional angie-integrated phofceiectron spectroscopy
measures the energy and intensity of the peaks in the specira as a
function of the electronic structure of the sample. Angle resolved
detection adds a new dimension to phoioelectron spectroscopy. The
intensity and energy dependsnce can be measured as a function of the
coliection angle with respect to the crystailographic direction.
Review articles about angle resolved photoemission spectroscopy one
can find in ref. [Cardona 78], [Thiry 80], [Plummer 82], [Himpsel 83],
[Davis 881,

Angie resolved photoemission is even more poweriul when
polarized radiation is used in systems with a high degree of
syimmetry. For example the emission intensity from a single crystal
low index surface is measured with respect to the photon energy
(hv), the direction of the polarization of the light (defined by the
vector potential A), the incidence angle of the light () and the
emission angle of the photoslectrons (&), see fig. 3.2.

~Fig. 3.2: Photoemission geometry.
‘The Photoionization Process. |

The transition probability per unit time between two
eigenfunctions of the same Hamiltonian Hy denoted by |‘P > and <‘Pf| is

glven by Fermis golden rule, if the perturbation H' is small.

Cdo 27T H [ws2{8(Es - B - hv)}
4w I« [y >{8(E; v)} (3.4)

12




The perturbation to the system caused by the incident radiation is
found by replacing the momentum operator P by P + (e/c) A, in the
original Hamiltonian Ho. So that the full Hamiltonian H is

HeHo+—2 (AP + P.A) -0 ® +—£%_Ja?
- 2mc 2me2 (3.2)

‘where A and @ are the vector and scalar potentials of the incident
light field. The diamagnetic term |A]2 is always small and is
- neglected now. it is always possible to choose a gauge where © = 0.
The differential photoionization cross-section can then be written

as:
B 40 o |<yd AP + B-A 1% (8(Es - Ei - hv))
TS W Y t i (3.3)

The differential cross section can be simplified by using the
commutator [P,A]l=-h V-4, The term V-A is usually assumed to be
small or zero. However al the surface this is not generally justified.
The wavelength of the light is so large compared to the atomic
dimensions, that we can freat A as a constant. The momentum of the
photon is ignored, which is a good approximation below photon
energies of about 10 keV. Now equation (3.3) becomes

4G o |yl P Iyp-Agls 8(Ef - Ej - hv
) W = Y o (Et - E ) (3.42)

This 'electric dipole' matrix element can be converted inic itwo
alternate forms by using the commutation relation of Hy with P and

F, yielding
40 o gt |1p‘i>-ﬁ012- 8(E¢ - Ei - hv)

T 73 Al
dse (0.4D0)

46 o« |ayd VV A o5 8B - E; - hy
10 ¢l W 0 (g - Ej ) (3.4¢)

whnere V is the potential in Hy. Note that ali forms of (3.4) are
incomplete if V-A = Q.

_ The wave function <¥4 in the golden rule mairix element
describes an eleciron stale which coniains an ouigoing plane wave
with the energy E; and the wave vector k; of the photoelectron having
amplitude 1. The initial state wave functions |¥;> coniributing to the
~golden rule mairix element are determined by energy conservation
~and momentum conservation in a periodic medium (for example, a
“single.-crystal):

SRR B = E; - hv, {3.5)

13




ki'=k!- gl (3.6)

(hv = photon energy, k = pAi) where gll is a reciprocal surface lattice
vector. The second equation shows that kll is conserved when it is
reduced to the unif celi in kil space, i.e. the surface Brillouin zone.
The momentum of U.V. photons is negligible compared to the electron
momentum. The momentum perpendicular to the surface ki is not
conserved because the ouigoing electron has to overcome the work
- function at the surface and the lack of pericdicily allows any amount
of momentum iransfer perpendicular to the surface. Generally, a
theaoretical angle-resolved photoelectron spectrum consists of
discrete & functions which originaie from bulk initial states with
different ¥; and from surface states. Experimenial spectra are
broadened by initial- and final-state-lifetime effects and phonon
-scattering, which are not included in this matrix element.

Experfmeﬁfa! Determination of Bulk Energy Band Dispersions

Energy bands are used to describe many basic properties of
solids, such as electrical conductivity, optical properties,
magnetism and others. Theoretically, energy bands (E(k)) originate
from a single particle ground state picture, which leads to the
concept of Bloch states for a periodic crystal latiice. With angle
resolved phoioemission spectroscopy one is able {o determine not
only the energy ana momentum (ks of the excited finai state of the
electron but aiso for the initial state (E;k;) [Himpsel 80], [Thiry 80],
[Plummer 82]. Energy and momentum conservation are given by
equations (3.5) and (3.8). Thus the excitation of the photoeleciron by

the photon (with the energy hv) from the initial to the final state can
be described as a vertical transition where k {in the reduced
Brillouin zone) is conserved. This vertical transition is shown in fig.
3.3.
photoemission pandstructure
spectrum i 4
7
I
~
™~
AN
'
~
hv \\
~
_______ — s I
/> . 1
PPre Fig. 3.3: Band structure
=T determination with angle
TS SR S ! resolved photoemission
intensity (arb. units} r A X
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Measuring the kinetic energy Ekin of the photoelecirons we
know their |k| value by the dispersion relation

72 2
2m (3.7)

Ekin =

By measuring also the emission angle © we get kll inside (= kll
cutside):

k=1 +/om Egp - sin ©
T | (3.8)

=051 ALV Eg/eV- sin @

. To determine the complete momentum vector directly from an
~angle resolved experiment, one has to find the mementum transfer
perpendicuiar to the surface, as k! is nol conserved. There are
several approximative and exact methods to do this, we want fo
discuss here the approximation for the final state (Eqks) as a
parabolic - free-electron-like band:

n2l
om (Vo<0) (3.9)

Here m is the effective slectron mass, which can normally be
assumed to be 1 mg (electren rest mass), and V, is a constant inner

potential (fig. 3.3).

This and the conservation of the energy (3.5) leads to

(3.10)

= 0.51 AL V(B + hv - Vo)/eV)

Fixing © to a given value restricts E{f and k; to certain curves in k
_space wh:ch are gwen by :

i g(f. = 3.51. Al.sine. J((E; + hv)/eV) K

o g“
iki “(3.11a)
. 2 |
%%EQ/(Ei + hy - w’o}:’3.84 gV - klfl (31‘1@)




If one restricts the experimental geometry to normal electron
emission (® =0 — kil = 0) from a low index single-crystal surface,
the situation becomes even easier:

el o 0,

ki =051 AL J/(Ei+ hv - Vo)leV . (3.12)

The initial energy E; can be obtained from the energy
distribution curves (photoemission specirum), when they are
normalized to the Fermi energy Eg. In this case, E; is the negative of
the binding energy Eg of a peak in the photosmission spectrum: (E; = -
Eg), see also fig. 3.3. hv is again the photon energy. In equation 3.12

one sees that ki depends on the photon snergy but also on the binding

‘energy of the state. That means that different peaks at different

binding energies in one photoemission spectrum correspond 1o
emission from states at different k-peints in the Brillouin zone.

The only unknown parameter in equation (3.12) is the constant
inner potential V,. This can be experimenially determined by taking a
set of photoemission spectra in normal emission at different photon
energies, where one follows the dispersion of one state in the
spectra. For this it is necessary to have a light source, where the
photon energy can be varied continuously over a wide range, like
synchrotron radiation. By varying the photon energy, the spectra
correspond to emission from states along a high symmeitry direction
of the Brillouin zone. For example at the (100) surface of a face
centered ocubic (fcc) crystal one follows the I' - X direction, see fig.
3.4.

. SURFACE
NORMAL

SURFACE BRILLOUIN
ZONE

PROJECTION PLANES
BULK BRILLOUIN ZONE

Fig. 3.4: (Top) Surface
Brillouin zone and (botiom)
bulk Brillouin zone of an fce
crystal with the surface
normal in [100] direction
~[Plummer 82].

16

il




The states at high symmetry points like the T' point in the
Brillouin zone have an extremum in the binding energy Eg”, that one
sees in the photoemission spectra. At that particular photon energy

hv*, where the peak of a special state is at an extremum position in
binding energy, the transition is likely to take place at a high
symmetry point in the Brillouin zone, where kil is kpz (k vector of
the first Brillouin zone) times an integral number n. This
determination of a high symmetry point in the Brillouin zoneis
independent of any assumption. Ksy is known from the lattice of the
sample, the surface and the lattice constant (see for example ref.
[Plummer 82]). Now one gets V, from

o . 2
VOE EB+ hv - 3.84 eV-(ﬂ-kBZ/AJ}‘ (3.13)

Vo is typically in the range of -5 to -10 eV.

As mentioned above, with ARPES one can study bulk properties
as well as surface eiectronic properties (for instance the surface
band structure of ordered adsorbates). They can be distinguished
from each other by their different behavior in the energy distribution
curves due to the chosen parameters:

Surfaces

The influence of the surface on the valence states of a crysial is
twofold. First, bulk states are modified near the surface but remain
periodic .going towards infinity inside the crystal. Second, there also
exist completely new states at the surface, called surface states.
‘Surface states are states at the surface with an Energy E and kil such
that there are no states of the same symmetry in the bulk with the
same vaiues of E and kll, independent of kL. This type of elecironic
state cannot mix with any buik siaie. Surface states must lie in a
bandgap in the projection of the bulk states onto the surface. The
__following -rules apply for the identification of a peak in the angle-
resolved photoemission spectrum as a surface state:

”_‘E The energy £ and parallel momentum kll of the state must lie in a
~.gap in the projection of the bulk band structure onto the surface
_Brillouin ‘zone. These projections must consuder the symmetry of
the bulk states.

‘2. The initial state energy of the peak musi be independeni of the
- @xciting photon energy for a fixed kii. if a peak moves in the
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photoemission spectra as hv is changed in normal emission, then it
is due to an initial state whose energy depends on ki (bulk state).

3. The peak should be (but does not always have to be) sensitive {o
- the surface conditions like perfection and cleanliness.

' Besides pure surface states there exist also surface
resonances. These are electronic states at the surface that are
modified bulk siates.

Using polarized light (like linear or circular polarized
synchrotron radiation) one can also select special electron wave
functions by their symmetry. This one can reach by choosing the right
3

oo g

experimental parameters for the sample geometry, the incoming ligh
and the detection direction of the photoelectrons:

Symmefry and Selection Rules

Apart from energy and momentum there exist exira symmetry
guantum numbers for electron wave functions in a crystal. The
situation is easy with photoelectrons detected in planes of mirror
symmeiry perpendicular to the surface. The solutions of
Schrddinger's equation with k in a mirror plane must be of oad or
‘even parity under reflection. The final state wave function ¢ has
even parity since it contains a plane wave with amplitude 1
approaching the detector. The photoemission intensity is given by the
“matrix element of the operator A-P in eguation (3.4). The operator
_A-P is of even parity If the polarization vector A is parallel to the
‘mirror plane and odd if A is perpendicular to the mirror plane. A non-
—arn T omatriv e t is therefore obtained with either A

.
LW {ITEELETA [ RPN N B8 &F Wit RR R e

perpendicular and ¥ odd, or A parallel and ¥; even.

Linear polarization of the light is characterized by a fixed
polarization direction (defined by the vecior potential A), that is
perpendicular to the propagation direction. In this case one achieves
A perpendicular to the surface normal (s-polarized light) for example
. by ‘normal .incidence of the light (o = 0, see fig. 3.2). P-polarized light
‘requires a polarization vector A parallel to the surface normal,
.~ which can only be achieved by off-normal incidence.
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For wave functions with higher symmetry at special poinis in
momentum space one has to take into consideration dipole selection
rules. Table 3.1 shows these dipole selection rules, that are valid in
the one electron picture, in the case of normal emission from low
index surfaces [Hermanson 77]. Similar tables for the more general
case of off-normal emission can be found in ref. [Eberhardt 80].

Crystal Coordinate axes irreducible Initial
Face Representations Symmetries
X y z Allx __ Ally Az

(001) <100> <010> <001> AjAi‘AzAz’As As As  Aq

(110} <001> <110> <ii0> 21 Z2 Z3 Z4 z3 Z4 Z1

(111)  <i10> <112> <i11> Al A2 A3 A3 A3 Al

Table 3.1: Dipole-allowed initial state symmetries for normal emission from low index
faces of cubic crystals (afier ref. [Hermanson 77]). For each face the directions of
Carfesian coordinate axes are referred to the conventional cubic axes, and irreducible

representatlons at kil = 0 are listed in single group notation. A is the vecior potentiai of
the light.

. .
B
Ang Hesoived Photoemission

=) ¥
.. Spectroscopy (SARPES)

£
4%

- Spin- and Ang

Besides energy, momentum and symmetry, it takes one more
quantum number {0 characterize fully an electron: the spin. in this
chapter we review the fechnique of spin and angle resolved
photoemission (SARPES) from ferromagnets [Kisker/Carbone], [Feder
85 (1)]. SARPES can give a detailed information on the spin-
dependent elecironic structure of the bulk and of the surface of a
ferromagnetic system. The electronic structure of a ferromagnet is
characterized by 'a spin-split density of states with an excess of
‘electrons of one spin direction. They are referred to as "majority (T)"
‘electrans, ‘those of opposite spins as "minority ({}" electrons. As an
s __exampie F’:g 3. 5 shcws a calculated fcc Co band structure.
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Fig.3.5: Calculated Band-
structure of fcc Co along
high-symmeiry direclions
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78]). Dark poinis indicate
0.0 majority spin, light points
w L T X W K for minority spin.

In the ferromagnetic state, bands for electrons with their
magnetic moments parallel {o the magnetization direction differ in
energy from those of elecirons with opposite magnetic moments. In

an approximative description (e.g. in the Stoner model), the two seis

of bands are of similar shapes, but are shifted in energy by the $0-
called exchange splitting. For Fe (Co, Ni), it is of the order of 2 (1.5,
0.3) eV. To identify experimentally the spin dependent electronic
structure of magnetic materials, the spin information from the
photoemitied electrons has to be determined.

For spin analysis either relativistic spin-orbit or quantum
mechanical exchange interactions have to be used. The first of these
methods has been most commonly applied and is called Mott
scattering. lis physical principles are described in detail in ref.

[Kessler 76]. Other spin detectors are described in ref. [Kirschner
85], [Tillmann 89]. The. spin polarization P is defined as o

where - NT.¥ are the numbers of electrons with their magnetic
momenis parallel or antiparaliel to the guantization (z-) axis. In 80-
called high-energy Mott scatiering, a thin Au film is commonly ‘used
‘as ‘target on which the primary beam, accelerated to about 100 keV,
- is scattered o determine its spin polarization. The asymmetry in the
- intensity ~of the electron beam backscatiered at angles (&) of
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typically +120° (where the sensitivity is largest near 100 keV) is
measured by a pair of surface barrier detectors. The spin polarization
is obtained from the asymmeiry by the relation

P = 1/8(d) - A. (3.15)

Here S(d) is the effective Sherman factor, which depends on the
thickness (d) of the scaitering foil (because of multiple scattering),
on the electron energy and on the scatiering angle. it is largest for
scattering nuclei with large atomic number Z. For d = 0, E = 120 keV
and = & 120° the Sherman factor has been calculated as 8§ = 0.39;
the value of S is typically between 0.2 and 0.3 for gold foils of about
1000 A thickness.

The low intensity of the scatiered beams is the problem which
has restricted the application of spin analysis to a limited number of
experiments so far. The beams scatiered inio the collection angles of
the eleciron detectors amount typically to some 10-3 of the
incoming electron bearm.

When also the photoeleciron spin is analyzed in photoemission,
two energy distribution curves (EDC’s) are obtained for
ferromagnets, one for the majority-spin electrons (I?(EB)), and a
second one for the mincrity-spin electrons (IY(Eg)). These two curves
are referred io as the spin-resolved energy distribution curves. From
the spin polarization curve P{Eg) as calculaied with the heip of ihe
determined asymmetry, together with the spin-integrated intensity
curve Ig(Ep) (that contains the sum of spin-up and spin-down
electrons) the spin resolved energy distribution curves can be

calculated as
Tl (Eg) = 0.5 1o(Eg) - {1 = P(Eg)) (3.18)

A specific problem in a spin- and angle-resolved photoemission
experiment concerns the magnetization of the samples. The size of
the light spot and of the analyzer accepiance area are fypicaily
larger than a single Weiss domain of a demagnetized sample.
Accordingly, samples have to be magnetically saturated within the
sampled surface area to avoid a trivial spin averaging due to electron
emission from several macroscopic domains with different
magnetization directions. One needs samples of suitable shapes such
as a picture frame shaped crystal or thin single crystal plates or
films that can be remanenily magnetized in-plane. They remain
magnetically saturated over a large enough surface area afier the

- removal of the external magnetization field and they have nearly no




magnetic stray field which can influence the detection of the
photoelectrons.

Besides the study of the spin split valence band structure, also
the spin splittings in the core levels are of great interest for a
detailed understanding of the elecironic siructure of solids. Multi-
electron effects such as resonances and Auger processes also show
often strong spin dependence [Landolt 89]. Near the core level
excitation threshold resonant photoemission and resonant Auger
emission are observed when the core electron is exited into a fairly
localized unoccupied state. Spin effects have alsoc been observed in
these cases since the empty siales of a ferromagnetic material are
spin split by the exchange interaction.
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4. Experimenial Aspecis
4.1 Experimental Conditions

_ The experiments have been performed at the 800 MeV electron
siorage ring BESSY in Berlin. Linear polarized synchroiron radiation
in the VUV (vacuum uliraviolet light of about 10-200 eV photon
energy) regime has been used as light source. The synchrotron light
was monocnromatized at the TGM1 (Toroidaler Gitter Monochromator)
and TGMS beamlines. The TGM1 beamline is connected o a bending
magnet in the storage ring and onse gets monochromatized light with
photon energies of about 10 to 100 eV. The spin resolved spectra
below 30 eV photon energy are taken at this beamline. The TGMS5
beamliine [Peatman 89] is connected to a Wiggler/Undulator inside the
storage ring, which gives high photon flux even at higher photon
energies. The spin resolved specira above 30 eV phoion energy are
measured at this beamline.

The Photoelectron Spectrometer

The energy analyzer used for the spin and angle resolved
photoemission spectroscopy is shown schematically in fig. 4.1.

SYNCHROTON
10N APERTURE RADIATION
BEAM  LENS SYSTEM N

@'

MANIPULATOR

. ¥
90°
LEEDJAUGER  <ppepicar L
ANALYSER
WITH

*'LENS SYSTEM %

100KV
ACCELERATOR~—
____________ | | — .
MOTT- SPIN ” Fig. 4.1: Scheme of the
DE TECTOR Cr qi> D1 ensrgy analyzer for spin-
1 >-AU-FoIL and angle resolution

Bo
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The energy analyzer consists mainly of two 90° spheres held at
different potentials. An eleciron that passes through the electric
field will be deflected; its path is fixed by means of apertures. One
can choose the energy of the transmitted electrons - the pass energy
- 'by varying the voltage beiwsen the spheres. A review of
electrostatic analyzers can be found in ref. [ibach 77]. In this work a
90° - spherical analyzer with an energy resclution of about 250 meV
at an angular acceptance of + 3° has been used [Kisker 85]. In this
analyzer normal incidence of the light (thus s-polarization) at
normal collection direction is realized by a pair of capacitor plates
which deflect the electrons from the light axis. Off normal collection
directions can be reached by tilting the angle of the sample. If the
sample is turned around an axis parallsl to the polarization vecior,
s-polarization will be preserved, otherwise ihe specira are taken
with mixed (s- and p-) polarization. The spin analysis is done by a

d AR 1,328 RS e ve

i00 keV Moti-detector after the energy analysis.

Experimenial Sei-Up

Fig. 4.2 shows the sxperimental set-up ai the TGM1 monochromaior-
beamline at the BESSY storage ring:

Background: concrete wall as protection against the radiation coming
from the electron storage ring behind.

1. Beamline with monochromator TGM1

2. UHV - chamber. It contains the manipulator (3), a sputter gun,
evaporators, an oscillating quartz thickness monitor, a leak vaive
for gas exposure, and a combined LEED/Auger system for sample

nreparation and characierization; a magnetization coil and the
energy analyzer for photoemission spectroscopy.

3. Manipulator with sample holder. The sample can be moved, rotated,
heated and cooled (with liquid nitrogen or helium).

4. 100 keV Moti - detector for spin analysis.

5. Rack with control units and computer for controlling the sample
~preparatien and photoemissicn measurements,

6. Rack with control units for LEED and Auger spectroscopy.

24




gl

AT e

up at the TGM1-beamline at BESSY

tal set

imen

Exper

2

4.

ig

i

25




" @. 2 s@mpe ?remra%s@n and Characierization ﬁﬁe%ﬁ@ds .

Sample ‘Preparation

The Co films investigated in this work have been evaporated on -
the (100) surface of a Copper single crystal. To achieve a clean and
well ordered subsirate surface, the Copper crystal has been prepared
in ultrahigh vacuum by cyclic Ar+ - sputiering at 650 eV and "hea‘iing
This procedure has been continued several times, until there was no
more coniamination detectable with Auger-spectroscopy and the
LEED patterns showed sharp spots. Before each evaporation of Co, the
Cu substrate has been sputtered and heated up to 700 K for 2 min to
have a clean and well ordered surface. Cobali was then evaporated on

the surface after the crystal was cooled down to room. temperature.

We —evaporated Co at room temperature to avoid thermal
diffusion of cobalt and copper which ‘was found “at temperatures
above 410 K [Arnott 88]; whereas at lower {emperatures, no
interdiffusion was found. Co was evaporated by eleciron beam
heating from a high purity wire at a raie of typically 0.5 atomic
Jlayers/min with  the evaporating facilities surrounded by water-
“cooled jackets to prevent contamination by thermal desorpiion. The
‘pressure in the UHV system raised during Co evaporation fo 5 10 i0

" 'mbar, while the base. pressure was 1.5 10-10 mbar. The coverage

Lo H. O am s sy

- calibration has been ?er ormed with an GSunaung quartz thickness

" monitor and with Auger-Electron-Spectroscopy (AES). The growth

- “mode and surface quality of the sample have been charactenzed in
'*_g'detaii by AES and Lﬁw Energy Electron D:ffracticn (LEEB) o

The angle and smm resolved photoemission spectra have been

-f-__-__-s"measured with the 'spherical energy analyzer coupled tc a 100 keV
" 'Mott polarimetsr (as discussed above). The Co @verlayefs Wwere
remanently - magnetezed by applying a short: magnetlc pulse in the___ -

direction of the in plane <110> easy magnetization 3, h.ch wa
aligned 1o ‘c €. saiﬁ seﬂsmve uﬁ’wu, on ai‘_. the - ? ei’t-deieci‘er .

To - study the mfiuence ef ‘gas adsorbates on the eiectromc .

" structure of-the Co film, it is necessary to have well defined gas

- exposure conditions. Gas exposure is measured in units of 1 Langmuir
L) =106 Torr-sec (= 1.3.10-6 mbar-sec). If the gas has a sticking =
- coefficient § = 1 the exposure of 1 L corresponds to the building of

one layer of adsorbed gas on the sample surface. The exposure’ of
oxygen into the UHV sysiem has been controlled by a leak valve. The
partial pressure of oxygen during the exposure normally was 1 107
mbar, thus exposure of 1 L correspends to an exposure time of 13 sec.
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Characterization Mesthods

LEED: The method of low energy electron diffraction (LEED) is a
tool for studylng the atomic structure and degree of order within a
surface region of limited depth. Bescause of the wave nature of
matter (with the de Broglie wavelength A=h/mv; m = electron mass, v
= velocity) electrons that are scattered elastically at a periodic
lattice show interference effects. Those electrons that interfere
constructively form a structure on a fluorescent screen which
represents ihe reciprocai lattice of the surface. Therefore one can
identify the structure of the surface latlice and also its quality by
the symmetry and sharpness of the spois. Reconstructions as well as
the arrangement of adsorbates can be determined. In this work a
four-grid LEED system (as indicated in fig. 4.1) was used. lts compact
electron gun generates monoenergetic elsctrons of energies up io 1
kV. Two outer grids of the analyzer are grounded, the inner grids are
connected to a negative potentiai of about the same magnitude as ihe
accelerating voltage in the electron gun. This potential decelerates
the inelastically scatiered electrons and thus prevents them from
reaching the fluorescent screen.

Auger-Electron-Spectroscopy (AES): if a core level in an atom or
& solid is ionized (by irradiation with elecirons or photons) holes are
creaied in core levels (X). Following the creation of this hole, the
atom relaxes by filling the hole via a transition from an outer level
(Y). As a resuli of that transition the energy difference between the
outer and the core level Ex-Ey becomes available. This excess energy
can be used by the atom in either of two ways. it can appear as a
characteristic X-ray photon at that energy or it can be given to
another slectron either in the same level or in a more shahcw level
In

Ademea)

Z, whereunon the seeon 3o o ctron) is UjUbEUU

eupon ine secor %le Lfon (ﬂ’ie ﬁ%uge.

wit h a fixed energy Bn ggs 83]. The first process is that of X-ray
~fluorescence,. the second that of Auger emission. The three energy
levels X,Y.Z reflect the common notation XYZ for Auger electrons, e.g.
KLL, LM emission. Because the energies of the Auger eiecirons are
‘characteristic of each aiom, and the inelastic mean free path of the
-electrons .is in the range of some atomic layers (see chapter 3) Auger
~electron spectroscopy (AES) is used for element specific surface
analysis. An Auger spectrometer on the basis of a LEED system works
~as a retarding field analyzer (RFA), where a decelerating potential in
front of the collector holds back those electrons whose kinetic

~energy is less than the pass energy. The LEED-RFA used in this work
consists of four grids, which are arranged concentrically in front of
~the LEED screen, which serves as a coliector. The inner grids are both
connected to the decelerating potential in order to diminish the field

{l
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“penetration of the single grid. The outer grids are grounded in order
to keep the area in front of the sample fieldfree and to screen the
collector from modulation on the grids. Because ali electrons with
higher energy can overcome the potential barrier, the retarding field
analyzer is a high-pass filter. Thus a first differentiation of the
current on the coliector in the lock-in amplifier yields the energy
distribution curve (A) and a successive differentiation vyields its
derivative (B). In spectrum B the peak-to-peak heights are
proportional to the intensities, i.e. the areas underneath the peaks in

spectrum A )

Gr;owfh -Modes

e apam e Py s ey

Depending on the interaction between subsirate-atoms and
adsorbate-atoms one can mainly distinguish three different growth
medes:

a} In the laver by layer growth (Frank - v.d. Merwe (FM)) mode the
interaction between subsirate and adsorbate aioms is stronger
than between two adsorbate atoms. The next layer starts to grow
only after the previous layer is finished.

b) In the Stranski Krastanov - growth mode (SK) the first (or several)
manalaver (MUY arows in the FM IAMS ﬁp fan At %his comnleta !aua?

Faf 1 |Uluy\4! \iEIE:’ &IUE’W\J 1 BlE% 0§ FTI TEIWA St T ¥ K & P Lo ] BHAE p!\#& le

B ‘the formation of 3 dimensional islands siaris.

¢) If the inferaction between two adsorbate atoms is stronger than
between adsorbate and substrate atoms, then the adsorbate grows
as islands from the beginning on (Vollmer-Weber (VM) mode).

..... T H

“in real systems all of these growth modes exist. On
possibility to distinguish beiween these modes is the analysis of the
‘growth with Auger speciroscopy depending on the thickness of the
-gveriayer. The intensity of the substirale and adsorbate emission has
a different behavior with increasing adsorbate thickness in each
growth mode [Kermn 79]. The rel. changing of the AES intensity AI/I
.can be used in this analysis. In the case of the layer by layer growth
mode, AI/l depends on the changing of the adscrbate thickness Ah as
following: . - | .

L

I (4.1)
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where A is the inelastically mean free path of the electrons. Now we
get for the intensity of the adsorbate signal I5(h):

Ta(h) = I3 (1 - oxp [+ i}\
{ {

Aall (4.2)

with 14 = AES intensity of the massive adsorbate material, h the
adsorbate film thickness, and Ap the inelastically mean free path of
the adsorbate electrons.

For the substrate signal Ig (h)we get:

Tsth) = IS

o
D
s
- 1Y
5l

As) (4.3)

with Ig° = AES intensity of the c¢lean substrate and ig the
inclastically mean free path of the substrate electrons.

During the creation of the first adsorbate monolayer (ML), the
AES signal grows linear with the adsorbate coverage (h). During the
creation of the next ML the AES signal also grows linear with the
adsorbate coverage, bui with a smaller ascent (because of the
extinction of ine signai in the previous layers). Therefore one c¢an
identify the completion of an adsorbate monolayer as a kink in i’he
AES signal plotted as a function of the adsorbate thickness.
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5. Resulis from clean surfaces

The spin dependent electronic structure of epitaxial Co
overlayers on Cu (100) has been studied by spin- and angle resolved
photoemission with linear polarized synchrotron radiation. The
experimental results are supported by FLAPW calculations for 1 - 3
Co layers on Cu (100) and for an 11 layer Co slab.

5.1 Characterization of the Ce/Cu(i00) Sysiem

Cobalt occurs in two crystalline forms, hexagonal-close-packed
(hcp) a-Co and face-centered cubic (fcc) B-Co. Both forms are
ferromagnetic. The laitice constants for the hcp phase are a = 2.51 A
and ¢ = 4.07 A and for the fcc phase a = 3.54 A The stable
crystallographic phase of Cobalt from about 720 K to beyond the

Curie temperaiure at 1,388 K, fcc phase

is stable at lower temperaiures.

To get single crysials of high purity and quality, as they are
needed for angle resolved photoemission, it is necessary to heat
them up to some hundred °C [Musket 82]. For Cobalt this is difficult
because of the phase transition. Therefore studies of Co single
crystals in the hep and fcc phase have mainly been restricted to
works on recrystallized samples with a rather limited crystalline
quality. One way out of this problem is to grow epitaxial overlayers
of Co on an fcc substrate. In this way one achieves single crystal
surfaces of high quality. Thus one can alsc study the properties of
thin Co films and their developmenis with increasing thickness.

Co on Cu(100) is an extensively studied and well characterized
system. Co grows epitaxially on Cu(100), in the layer by layer (Frank
v.d. Merwe (FM)) mode [Gonzales 81], [Clarke 87], [Germar 88], [Miguel
89], [Li H. 90)], even for Co thicknesses up to 20 ML. There is no
interdiffusion of Co and Cu up to an substraie temperature of about
410 K [Arnott 88]. The Curie temperature for thin Co films is found to
be significanily lower than the bulk value and to show a sirong
dependence on the overlayer thickness [Miguel 89], [Mankey 80]. At
room temperature, there is a contradictory result, at which coverage
Co starts to be ferromagneiic. Beier et al. [Beier 88] find
ferromagnetism already in one monolayer of Co (in the same group
there was also observed no variation of the magnetization as a
function of temperature up to 400 K [Pescia 87]). On the other hand,
Schneider et al. [Miguel 88], [Schneider 90 (1)] observe the onset of
ferromagnetism at rcom temperature at about 2 ML coverage, and
Mankey et al. report similar results [Mankey 90]. In all studies the
. magnetization of the Co lavers was found to be in the plane of the
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film [Pescia 87], [Schneider 90 (1)] and the easy magnetization axis
is the <110> direction [Kerkmann 89], [Oepen 90]. Only in ultrathin Co
films sandwiched by Au Chappert and Brunoc [Chappert 88] find
magnetization perpendicular to the film plane for Co thicknesses
lower than 11 A

The Cu (100} Surface

In fig. 5.1 we show the spin integrated photosmission specira
of the clean Cu (100) surface taken in nermal electron emission for
different photon energies from 11 to 45 eV,

Intensity (arb.units)

Fig. 5.1: Spin
integrated energy
disiribution curves of
Cu (100) taken in
normal elactron
emission with s-
polarized light of
different photon

Binding Energy (eV) energies.

- The spectra mainly show one strong peak each. Their maxima
shift from 2.2 eV to 3.5 eV binding energies with increasing photon
energies. By excitation with s - polarized light (A perpendicular to
the surface normal) we can detect only states of As symmetry, see
table 3.1. Varying the photon energy in normal electron emission we
‘can observe states from k poinis of the T' - X high symmetry
-direction of the Brillouin zone, see fig. 3.4. A calculation of this part
-of the Cu bandstructure [Burdick 63] is shown in fig. 5.2 (solid lines).
--Here one.can see that there is only one band with As symmetry, so
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the peak in the clean Cu spectra is due to this Ag band. Emission
from the I' - poini {(k = 0 or 2.kgz) was found in normal emission o
occur at a photon energy of hv = 45 eV with a binding energy of the
As peak of 3.5 eV.By assuming a free electron parabola with an

eleciron mass of m = me we get an inner potential of - 5 eV (see
chapt. 3). With these final states we determined the band with the
help of the specira of figure 5.1. These points are shown as dots (e)
in fig. 5.2, they fit very well to the calculated band structure, just

like in previcus work of Thiry [Thiry 81}

Fig. 5.2: Band structure
of Cu in the T" - X
direction after Burdick
[Burdick 63]. The dotis
(8) and diamonds (8)

~-10 ah
-1 show experimental

0 - o 1 1.74  determined points of the
' o k(A As band taken from fig.
r x 5.1 and fig. 5.13,

resnactively,

" The 'diamonds (¢) show experimental points from the dispersion
“of ‘@ Cu (100) sample covered with 8 ML Co, see fig. 5.13. Here we
also determined that emission from the I'-point of the Brillouin zone
corresponds to a photon energy of 45 eV. Also these points fit very
'well to the band structure. The spectra in fig. 5.1 do not all consist
“only of ‘one strong peak. There is also a shoulder visible at about 2.5
eV binding energy in the spectrum for 28 and 45 eV photon energy. We
interpret this shoulder to be attributed to Umklapp processes

" “involving transition from the flat As band near the X -point.
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Co Overlayers on Cu (100)

Epitaxial Co overlayers have been prepared in situ on a Cu(100)
single crystal as discussed in chapter 4.

I i i 1 [} ] i

Co/Cu (100)

normal emission
hv = 45eV

\ Co coverage a
, (ML) 5 i

Intensity (arb.units)

5 4 3 2 1 Ep
)  Binding Energy (eV)
: -Fig. 5.3 Spin integrated energy disiribution curves of Cu (100) with Co overlayers up _ —

_ “to 15 monolayers (ML) thickness. The specira are taken in normal eleciron emission R T
- with s-polarized light of 45 eV photon energy. R, S
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In fig. 5.3 we show the changes in the photoemission specira
due to Cobalt overlayers on the Cu (100) surface. The specira are
taken at normal electron emission with a photon energy of 45 eV. The
bottorn most spectrum is taken from the clean Cu (100) surface. It
shows a strong peak at 3.5 eV binding energy coming from emission
from the Ag band at the T’ - point. The spectrum changes due {0
evaporation of Co. The specira for Co evaporation from the
submonolayer regime up to 15 ML thickness are shown. The Co derived
features grow within 3 eV binding energy, the sirongest siruciure
grows in the region below 1 eV binding energy, but also in the region
between 2 and 3 eV a shoulder is visible due to Co. The emission
coming from the Cu substrate is suppressed more and more with the
Co coverage due to inelastic scattering of the photoelectrons through
the overiayer. The spectrum for 15 ML Co coverage shows ihe bulk Co
emission, where almost no more emission from the Cu substrate is
seen.

To test the epitaxial growth of Co we siudied the surface
ordering by low energy electron diffraction (LEED). In fig. 8.7 one can
see the LEED-pattern of the clean Cu (100) subsirate (see also the
text to this figure in chapt. 8). It shows four sharp spois building a
square that represents the surface Brillouin zone. After evaporation
of 5 ML Co the patisrn does not change. This shows, that the Ce
covered surface has exactly the same structure as the substrate

surface, indicating an epitaxial growth of Co.

1201 L= [ R = Y N =91

Whether the adsorbate grows in the layer by layer or in island
growth, we checked by different methods. In the first case we
determined the peak to peak iniensities of the Co and Cu LMM Auger-
peaks in the derivative (dN/dE) Auger spectrum. The typical Co peaks
are at 656, 716 and 775 eV binding energy, while the typical Cu
peaks are at 776, 845 and 920 eV electron energy. Because of the
overlap of the 775/776 eV peak, we ook the sum of the 656 and 716
eV peaks for the Co (Igo) and the 920 eV peak for the Cu intensity
(Icy). Fig. 5.4 presenis the Co intensity normalized to the sum of Co
and Cu (R = Ico/{Ige + Icy)) as a function of Co coverage (ML). As
discussed in chapter 4, in the layer by laysr growth mode we expect
the intensity of the substrate Is to decrease exponentially with the
completion of each adsorbate layer h by Ig = Is0.exp(-h/ks). On the
other hand the adsorbate intensity Ia (= Igo) increases by Ia = Ia®(1 -
exp(-h/Aa)). By plotting the ratio of the intensities as shown in fig.
5.4, one cannot expect kinks at the completion of each layer (because
“ the ratio of two linear curves is not a linear curve); but one is able
. to identify the. growth mode cver a wide thickness range.
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Fig. 5.4: raiio of the Cobalt to Copper peak to peak intensities in the derivaiive AES -
Specira R = Ige/{lce + Icy) a function of Co thickness (dots) compared 1o the expecied
curve for the laver by layer growth mode
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The solid curve in fig. 5.5 shows the expected curve according
to the layer by layer growth. We found the best fit with Aa = Age = 7+1
A and Ag = Acy = 921 A. These values fit very well to the empirically
determined curve for the inelastically mean free path (chapter 3) and
also for theoretical calculations [Ebel 90], which is a proof for the
layer by laver growth mode of this system. -

Another independent test for the layer by layer growth is shown
in fig. 5.8, which shows the emission in the photoemission spectra
presented in fig. 5.4 normalized to the sum of the Co and Cu emission

R= ECo /(ECO + Ec:.u)

0 . 1 - 1 " 1 FUN | . 1 . ] . 1

0 2 4 6 g 10 12 14 16
Co coverage (ML)

Fig. 5.5: Intensity of the Co emission in the photoemission specira of fig.5.3 normalized
- -to the sum of the Co and Cu emission piotted as a function of Co thickness
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For Co the intensity of the emission at 0.9 eV binding energy
has been used (Igo) and for the Cu intensity at 3.5 eV binding energy
after subtracting the background of inelastically scaitered elecirons.
The dots in fig. 5.5 show the experimental points taken from the
specira of fig. 5.3. The solid line shows the expected curve for the
layer by layer growth by using the same model as for the Auger
study, because the Photoemission is also surface sensitive due to the
emitied elecirons, only the inelastically mean free paths of the
photo slecirons is different from the Auger elecirons because of
their different kinetic energies. We obtain the best fit of the curve
with A4 = Ag = 541 A, which are again reasonable values, compared to
a general empirical curve for the inelastically mean free path, see
chapter 3 and ref. [Seah 78]; this is another proof for the layer by
layer growth. So we hav& verified the eprtax:ai and Iayer by layer

Now we want to study the spin dependence of the electronic
structure of the Co overlayers. We found that only Co films with a
thickness of more than 2 ML are ferromagnetic (with magnetization
in the surface plane) at room temperature. For thinner Co films the
specira for both spin channels looked exactly the same (like the spin
integrated spectrum), indicating that there is no long range
ferromagnetic order in the plane of the sample. in fig. 5.6 we present
the spin resolved spectrum of 4 ML Co / Cu (100). This spectrum,
taken at normal emission with 45 eV photon energy is shown in fig
5.6 together with the polarization curve (P = NT-NY/NT+NY. Here one
can see a sfruciure in the polarization between the Fermi level and 3
eV binding energy, while for higher binding energies it is nearly
constant at about 20 %. The spin integrated phoiocemission spectirum
(top} is the sum of the emission of majority (4) and minority (V)
electrons, as shown in the figure. At about 3.5 eV binding energy one
can see the emission of Cu equal in both spin channels, because the
Cu substrate is not ferromagnetic. There are feaiures in the majority

e Atrirys et ahant 95 V Rindine anarmv (ATY and 2t N1 E aVV Rindine
e ]
Crum gl adGutl £.6 VoOMHIGIEILE SIHIGIiygy \FvE ) il Gl WD Uy sanianiig

energy (ST). A minority peak is observed at about 0.8 eV binding
energy (Al). So, the Co derived struciure below 1 eV binding energy,
seen in the spectra of fig. 5.3 consisis of a majority and a minority
neak, whnile the siruciure ai higher binding energies corresponds io a
majority peak. The origin of these peaks will be discussed below in
the ‘chapter about the band structure determination.

36




{ 1 I i i i H
4ML Co/Cu (100)
hv = 45¢V, room temp.

)
=
3
L2
8
2
@
. g
E
e
2
I
&
©
18

Binding Energy (eV¥)

Fig. 5.6: Spin resolved
photoemission spectrum of
4ML. Co/Cu(100) taken at
room temperature with s-
polarized light at 45 eV
photon energy in normal
emission, see text.

Now we want to study samples with different Co film
thicknesses. Fig. 5.7 shows the spectrum for 1 ML Co on Cu (100).

1ML Co/Cu (100}

/\\ normal emission

A

Intensity (arb.units)

i ] 1

L
3 2 1 Er
Binding Eneray (eV)
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Fig. 5.7: Spin integrated
photoemission spectrum of
1ML Co/Cu(100) taken in
normal emission  at
differeni photon energies.




Because the monoclayer system is two - dimensional, it should
not show dispersion in the photoemission spectra taken at normal
electron emission varying the photon energy. It is not periedic normal
to the plane, therefore no ki is defined. This is shown in fig. 5.7.
While the Cu structure shows dispersion coming from emission
around the I" - point of the 3D Brillouin zone, there can be identified
no shift in the Co derived structures.

The energy dependence of the specira of thicker Co film is
shown in the nexi figures. Fig. 5.8 presents the specira of 2.3 ML Co

coverage:

Intensity {arb.units)

‘ 25
21
18

2.3ML Co/Cu (160)

. normal emission

14
1

3 2 1 Ep
Binding Energy {eV}

Fig. 5.8: Spin inte-
grated photoemission

specira of 2.3 ML
Co/Cul100) taken in

normal emission.

Fig. 5.9 shows the energy dependence of a 2.5 ML Co film:

Intensity (arb.units)

B 1 E i 1

2.5ML Co/Cu (1G0)

normal emission

Binding Energy {eV)

38

Fig. 5.8: Spin inte-
grated photoemission
spectra of 2.5 ML
Co/Cu{i00) taken in
normal emission.




And in fig. 5.10 we present the spectra of a 8 ML Co film: -

o I i i I I ¥
6ML Co/Cu (100)
normal emission
)
2 hv (eV)
2
2 a5
2
£
40
\.5&25 .
Fig. 5.10: Spin inte-
91 grated photoemission
1 1 1 1 1 L i specira of 6 ML
[ 4 3 2 1 Ep Co/Cu(i00) taken in

Binding Energy (eV) normal emission.

In the specira of fig. 5.8-10 one can identify the dispersion of
the Cu peak, but also a shift of the Co derived structures below 1 eV
binding energy. If this structure would only be one peak, it would
show the dispersion of the corresponding state in the bulk Brillouin
zone and therefore indicaie ithe three dimensionai struciure of the
overlayer, just as for the Cu substrate. But in the spin resolved
spectrum of fig. 5.6 we have seen that this structure is the sum of
iwo peaks, one majority and one minocrity peak. Therefore the shifis,
seen in fig. 5.8-10 can alsc bes due to different intensity ratios of
these peaks varying the photon energy. For an unambiguous
interpretation of this shift one needs a set of spin resolved spectra,
as discussed in chapt. 5.2.

A further characierization of a overlayer system where one can

distinguish between emission coming from the subsirate or the
adsorbate is the use of resonance effects. Photoemission spectra of a
eML Co / Cu (100) film with photon energies near the Co 3p - 3d
threshold energy of about 61 eV are shown in fig. 5.11. In this energy
range states with configuration pSdN+1 are degensrate with the final
photoemission states p6dN-1 [Davis 86]. If any matrix element
connects these two types of states, then autoionization (pSdN+1 —
- p8dN-1) . will ‘occur. Therefore one expects resonance effects in this
‘photon energy region due to Co emission, while the ‘Cu emission

_....shouid be quite constant. One effect one can see in the specira of fig.
- .8.11 is. the relative decrease of the Co structure near the Fermi
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energy. The Cu emission at about 3.5 eV binding energy remains
nearly constant and the struciure at 2.5 eV binding energy changes
slightly, indicating that there is Co and Cu emission in this feature.
Above the threshold energy the MNN Co Auger peak with a constant
kinetic energy appears in ihe spectra with a broad structure. Because
the specira are plotted on a binding energy scale relative to the
Fermi energy, the Auger peak shifis to higher binding energies with
increasing photon energy.

H [ £ [ T 1 i i

6ML Co/Cu (100)

normal emission

_ mtehsiﬁy {arb.units)

| J i i 7 § 1 ]
14 12 10 8 6 4 2 Eg
Binding Energy {aV)

Fig. 5.11: Spin integrated photoemission spectra of 6ML Co /Cu(100) taken in normal
-emission with s-polarized light varying the photon energv around the Co 3p threshold
energy of aboui 61 eV _ ) _
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5.2 Beandstiructure Determination of fec Co(100)

in the previous discussion we have seen that the Co films of 2.5
ML thickness and more seem to have three dimensional character. But
for a clear identification we nesd spin resclved specira. In fig. 5.8
we identified already the spin character of the Co derived features in
the spectra. There is a minority and a majority peak near the Fermi
energy and an additional majority struciure at higher binding energy.
The emission from the Cu subsirate is unpolarized.

By using linear polarized light in normal incidence {(— s -
polarized light) and measuring the electrons for normal emission
from the (100) surface of a cubic crystal. we can detect only bands
of Ag symmetry of the three dimensional Brillouin zone ({see chapter
3). In fig. 5.15 we show a calculated bandstructure in the high
symmetry I - X direction for fcc Co with the Cu lattice constant
[Noffke priv.]. There is one band with As symmetry. Because of the
ferromagnetism of Co it is exchange split. The majority band is at
higher and the minority band at lower binding energies.

in fig. 5.12 we show spin resolved spectra of rel. thick Co films
of 12 and 14 ML thickness for photon energies from 18 1o 45 eV. Here
one can see a minority peak with low intensity at 18 eV photon
energy at a binding energy of about 0.4 aV. With increasing photon
energy the intensity of this peak increases and at 45 eV photon
energy its intensity is even higher than the majority emission. Its
maximum is shifted now to 0.9 eV binding energy. There is also a
majority structure at 0.6 eV binding energy in the spectra. This peak
does not change with the photon energy, it remains at a constant
binding. energy and intensity. There is another majority structure at
‘higher energies; the position of this peak is hard to find from the
‘specira ‘alone, but one can evaluate it by using difference curves, as
discussed in chapter 5.3. These majority structures shift with the
.photon -energy in the same way as the minority peak. The majority and
~minority peak that shift have 3 dimensional character. Because of the
_symmetry rules meﬁtlened ‘apove, they must be due to the exchange
~split As band of the bulk Brillouin zone. To determine the
bandstructure we need to know the final state to find out the %l
-values of the initial state. We assume a free eleciron parabola with
~an eifective electron mass of 1 mg as final state. For the exact
‘determination we need to know the inner potential of this final state.

~Therefore we need tc have more spectra, especially at photen,

_energses that cerreepcnd tc ‘emission arcund the [ - point.
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Fig. 5.12: Spin resolved
photoemission curves of Co
/ Cu (100) taken in normal
emission with s-polarized
light varying the photon
enargy. The thickness of the
" Co films is 14 ML for the
top spectrum and 12 ML for

others. (&) Iindicates
majority and (V) minority
spin emission, rsp.
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Because of the loss of some 10-3 in the intensity due to spin
‘analysis it takes much more time and effort to take spin resolved
‘spectra than spin integrated ones. One problem in the spin integraied
‘spectra is that one can not identify their spin character. But in fig.
5.6 and 5.i2 we have done this, so we can go on from now with spin
‘integrated spectra. Fig. 5.13 shows a set of spin integrated spectra
“of a 8ML Co film taken in normal emission with photon energies {rom
12 {o 50 eV. With this Co coverage one can still identify the Cu
subsiraie emission, marked with Cu. From fig. 5.8 and 5.12 we could
‘also mark the majority and minority peaks in these specira. The Cu
‘peak shows the same dispersion with the photon energy as for the
“uncovered surface. The majority peak AT also shifts in energy from
~about 0.6 eV at 12 eV photon energy ic a maximum of about 2.4 eV in
_.the range of 45 eV photon energy. In the spectra around 30 eV photon
energy the position of this peak cannot be identified unambiguously,
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here it is marked with dashed lines. The minority peak can be
distinguished from the other majority peak only for photon energies
above 25 eV in these spectra. It shifts to a maximum value of 0.9 eV
binding energy near 45 eV photon energy. The majority peak at 0.6 eV
binding energy does not shift in energy over the whole photon energy
range.

SML Co/Cu (100)

normal emission

Intensity (arb.units)

Fig. 5.13: Spin integrated

photoemission spectra of 8

N ML Co/Cu{i00) taken in

L 1 i ! L i ! normal emission with s-

5 4 3 2 1 Eg -1 poiarized light varying the
Bmdmg Energy (eV) photon energy.

New we have seen the dispersion of the peaks coming from the
As.band, but to determine the inner potential we must know - the
‘photon energy corresponding to emission from the T point with more
‘accuracy. ‘Therefore we have taken another set of specira with photon
energies varied around 45 eV where the peaks have their maximum in
- “binding energy. This is shown in fig. 5.14 for a 9ML Co film. The
~maximum for the dispersion of the Cu peak is at 45 eV photon energy
and for Co it is at 43 eV photon energy. This leads to -an inner
potential for the Co final state of -5 eV (according to eq. 3.13).
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F’ig. 5.14: Spin integrated photoemission specira of 9 ML Co/Cu(100) taken in normal
emission with s-polarized light varying the photon energy around the 45 eV.

Now we ca eq. 3.12 the k'l values of the initial

o
Wwe <a \S|

‘states from the peak positicns and the phoion energies of the
photoemission spectra and determine the Co bandstructure in the T -

X dirsction of the Brillouin zone, see fig. 5.15.

5
3
9_

. uaa

The calculations show thai, at 8 ML coverage, the experimental
-spectral features and their energy dispersion are well accounted for
by bulk transitions. The spin-up peak at a constant binding energy of
about 0.6 eV below Ep, which displays no dispersion upon variation of
‘the photon energy is an exception, having no correspondence in -the
buitk band structure. We attribute this feature to a Co 3d spin
polarized surface state or surface resonance. Further support 10 this
-interpretation is given by the surface sensitivity of this majority
. spin feature, which is strongly attenuated by small (i-3 L) oxygen
_exposures, see chapter 6. i
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3 fcc - Cobalt

energy (eV)

wave vector k

Fig 5.15: Band structure of fcc Cobalt in the T - X direction of the Brillouin zone. The

solid (dashed) lines show the calculated majority (minority) bands of fcc Cobalt in the Cu

lattice constant [Noffke priv.]. The dots correspond to experimental determination of the
Ag bands from the energy distribution curves of Co films having bulk character (Co
thlcmess > 5ML}

. A pair of exchange spht states sf Ag - symmetry at the center
-'of the Brillouin zone contributes to the spin-up emission at 2.45 eV
‘binding -energy and to the corresponding spin-down features at 0.9 eV
‘binding energy. Their exchange splitling for bulk like Co films {> BML
~thickness) is (1.55 + 0.15) eV, in good agreement with the calculated
vaiue of 1.55 eV [Noftke priv.].

. “We notice that the overall agreement between the experimental
results and the calculated band siructure shows that a single

- '3-'-p_ar_ti_cie “description of these photoemission spectra based. on an
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itinerant picture of the Co 3d states is satisfactory, at least within
the present level of accuracy. Furthermore we observe that no multi-
electron satellite could be detected even at low coverage (0.5-2 ML),
indicating that correlation effects in this two-dimensional system
may be significantly smaller than theoretically predicted [Chen 80]

In a previous work, Schneider et al. [Schneider 90 (2)] have also
determined the bandstructure of fcc Co on Cu (100). They find
_consistent results with the calculated band structure of Noffke
[Noffike priv.]. But they could not see a dispersion of the peaks in the
spin integrated spectra and they found an exchange splitting which is
significantly smaller than given by the band structure calculation.
Schneider st al. have been restricied to photon energies up to 30 eV.
Therefore they were able io detect emission correspending to the
range of the X-point of the Brillouin zone to the center of the I" - X

direction but not from the I point of the Brillouin zone. The

determination of the exchange splitting near the center of the T - X
direction is complicated because the minority band crosses the Fermi
level. In this case one sees the peak of this band in the photoemission
spectra of different photon energies at nearly constant binding
energy but with changing intensity, as we have seen it in fig. 5.12.
This is also the reason why the two minority-dots in the middle of
the T" - X direction in our band structure determination, do not fit 10
the band structure. The reason why Schneider et al. saw no dispersion
in the spin integrated spectra might be because the peaks from the

Co bands are overlappmg with the majority surface state that does
not show dispersion and is quite strong in intensity.

5.3 Guanitum Size £
Emiﬁ@ﬁge Splitting in Ultr

_ The modification of a bulk wave function of an infinite solid
‘caused by a reduction of at least one of the dimensions is referred to
as quanium size (QS) effect. QS effects in general result in a change
‘of the eigenvalue spectrum of the solid. In semiconductor overlayers
and heierostructures this is readily observed, for example, as a
change in the bandgap. Thus QS effects even found technological
applications in quanium well lasers [Koibas 84].

; “For thin metallic films this particular effect of the reduced
-:_i_c:men?,lonallty is more difficult to detect since bandgaps exist only
~at certain- k-points in the Brillouin zone. Therefore only fow
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experimental studies of QS effects in these systems are available
today. One of them is Pd on Nb(110) [Pan 88] where Nb is expected o
show a partial bandgap between bcc bonding and antibonding states.
Another work is done for Ag on Fe(001) [Brookes @1], where the Ag 4d
band and the Fe 3d band are well separated in energy and
hybridization seffects are small. Himpsel [Himpsel ¢1] studied
Quantum-well states in Fe films on Au (100), where the Fe 3d and Au
5d bands are also well separated in energy. But uniil now there is no
- sysiematical siudy on the influence of QS efiects on magnetic
properties in uitrathin magnetic films.

All of the theoretical efforts so far have focussed upon the
understanding of the magnetic ground state structure of monolayer
systems. In particular, spin polarized band struciure calculations by
several groups [Fu 85], [Li C. 88], [Li C. 80], [Richter 85], [Blugsl 89]
predict an enhancement of the ground state magnetic moment in 3d

metal monolayers in those systems where the overlayer-substrate
hybridization is weak.

This work presents the first systematic experimental and
theorslical investigation of the influence of QS effecis on magnetic
properties of thin magnetic films. We have chosen Co overiayers on
Cu(100) bscause the Co and Cu 3d hybridization is expected to be
weak and because Co grows epitaxially in the layer by layer mode on
Cu (100). We studied the dependence of the exchange splitting of the
As bulk band of Co on the dimension (D) of the Co film by varying the
Co coverage from 1-14 atomic layers, thus changing the dimension of
'Ehe faim from 2D to 3D.

in Fig. 5.16 we show energy disiribution curves of the clean
Cu(100) substraie and of 1 and 2.5 ML Co on Cu{100). The specira are

measured with 45 eV s-polarized light in normal emissiocn at room

temperature. The spectrum of the clean Cu(100) substirate shows a
strang peak at 3.5 eV binding energy which is due to emission from
buik states of Asg symmetry close to the I' point (see discussion
above and ref [Thiry 80]). The shoulder at 2.5 eV is attributed o
Umkiapp processes :nvoivmg transitions from the flat As band near
_the X pomt S
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Fig. 5.16: Energy distribuiion curves taken in normal emission with 45 eV photon

energy for 1 and 2.5 ML Co coverages on Cu (100). a) Spin integrated spectrum of 1ML
Co compared to a specirum of clean Cu (100) and the difference curve. b} Spin resolved
spectrum of 2.5 ML Co with majority (&) and minority (V) spin emission. The arrows
show the position of the minority ({) and the majority (T} states of the A band near the
- point of the Brillouin zons, rsp. The difference curve between majority and minority
acirs (NT- Né) is shown underneath { ). The spin polarization curve (P = NT . NYy

NT + NY) is shown at the bottom of the figure.

Upon Co deposition new speciral features appear within 3 eV
from the Fermi ievel. Up to 1 ML coverage the Co-induced features do
not show energy dispersion varying the phoion energy, see fig. 5.7, as
expected for two-dimensional states (i.e. states which are localized
near or at the surface plane). The difference curve in fig. 5.16a shows
‘the double-peaked lineshape of the Co induced emission for 1 ML

coverage.
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Above 2 ML the onset of the photoelectron spin polarization
reveals that the overlaysr attains long range ferromagnetic order in
the surface plane. The 2.5 ML specirum in fig. 5.16b shows a spin-up
(majority) and a spin-down (minority) peak within 1 eV from the
Fermi level. Another spin-up Ce state, superimposed on the
unpolarized Cu d band emission, grows near 2.5 eV. This peak and the
spin-down peak below 1 eV binding energy correspond to emission

from the As derived state near the I' - symmetry point. We evaluated

the exact position of the As spin-up peak in the spectra on the basis
of a subiraction of the minority spin photoemission from the
majority spin photoemission which is aise shown in fig. 5.16b. A
maximum in the difference curve at 2.7 eV binding energy
Coirresponds to the spin-up peak position. A second siructure arcund
3.5 eV binding energy, that appears also in the polarization curve
shown at the bottom of fig. 5.18b, may be an indication for a weak
but not negligible hybridization between the Cu substrate and the Co
overlayer. The spin resolved spectra for higher Co coverages are

shown in fig. 5.17:

Co/Cu (100)

normal emission . Co
hv = 45eV [l coverage
A '!._7

(ML)

Intensity (arb.units)

Fig. 5.17: Spin
resolved photoemission
spectra of Co films on Cu
(100) with different Co
thicknesses taken in
normal emission with 45
eV photon energy. Filled
triangles (A )
correspond to majority
and open triangles (V) to
- minority spin electrons,
. : : ; \ . . respectively.

5 4 3 2 1 Eg
Binding Energy {eV)
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The spectra in fig. 5.17 display rather similar spin polarized
features but the peak positions for the Co As spin up and spin down
states shift in energy; their positions have been evaluated for all Co
coverages in the same way as discussed for the 2.5 ML sample. The
peaks shift with increasing Co coverage in the way that their energy
difference, the exchange splitiing, becomes smaller with increasing
Co coverage.

_ The values of the experimenially determined exchange splitling
of the Ag band at the center of the Brillouin zone are shown in Fig.
5,18 as a function of the overiayer thickness. All spectra show an
exchange splitting, which is a microscopic property, however the
photoelectrons are spin polarized only for films larger than 2
monolayers coverage. The exchange splitting for 1ML coverage is

5.16. The

obtained from the spin integrated difference curve of Fig. S.
monolayer exchange splitting is found to be enhanced by 2515 % with
respect to thick bulk-like films. The value of the exchange splitiing
decreases rapidly with increasing Co coverage and approaches the

bulk value of 1.55 eV above 5 ML.
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“Fig. 5.18: Experimentally determined exchange splitling of the Ag band of fcc Co at the

_ T- point of the Brillouin zone as a function of Co coverage on Cu (100). The values are
s taken from spin resolved (@) and spin integrated () photoemission specira, rsp.
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The exchange splitting is a quantity of a specific electronic
state in the film. Depending on the relative amplitude of the
wavefunction of this state within the various layers of the film, this
state samples the layer dependent magnetic properties in a
corresponding manner. We have chosen (by selection of the photon
energy, the polarization, the emission angle, and the energy of the
observed electrons) a state which as we know develops into the
Bloch state repressnting the Ly state at the T' point of the bulk
Brillouin zone. Consequently we are measuring the change in the
exchange splitting as this state develops from a bulk Bloch state to
a state with a wavefunction which bscomes confined to two
dimensional geometry. In other words, these measurements represent
bulk measuremenis of the film studied here and reflect the generally
assumed suriace enhancement of the magnetic moment only to the
extent that the As derived state has an amplitude in the surface
fayer. -

§.4 Calcuiation of the Flectronie Structure for the
- Co/Cu(160) Sysiem

The experimental data for the thickness dependence of the
electronic structure of Co overlayers on Cu(100) are compared to
calculations for this system.

The electronic structure of the solid is determined by the
guantum mechanical many electron wave function. It is a function of
the spin and space coordinates of each electron. i one is interested
in ground state properties, the sciuti@n becomes considerably easier
by "using the density functional theory. In this case ‘i..e most
important property is the electron derﬁs;t\l that depends only on the
space cc@rcjmates (3 dimensional vector) of the infinite solid. The
elecitron ~density, M“iw is normally unknown, is the solution of a
highly non-linear functional that cannot be written in a chosen
analytical form. The equations split into two non-linearly coupled,
three dimensional, time independent partial differential equations,
‘which are the single particle Schridinger eguation and the Poisson
equation. If the electron density is known at each point of the solid,
ocne can determine the potential in the solid using the Poisson
equation. With this potential one can solve the Schrédinger equation
and one obtains the single particle wavefunction. The square of this
wavefunction leads to a new electron density. These two equations
are solved iteratively until self-consisiency in the electron density
" is -achieved.
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In general the choice of the method for solving the three main
problems i) Schrédinger equation, ii) Poisson eguation and iii) self
consistency depend on a specific problem at hand. For perfect
crystals with high symmetry there are very efficient bandstructure
methods (like e.g. the linear muffin tin orbital method (LMTO)) with
which one can solve simple problems even on the PC. But in the case
of very complex systems such as systems with low dimensionality,
low symmetry and magnetism, which we wani to discuss here, the
effort to solve the 3 mentioned points above increases very rapidly.
The method that we use, the FLAPW method (Full Potential
Augmented Plane Wave Method, see ref. [Wimmer 81], [Weinert 82]) is
by far the most advanced and most successful method of foday io
solve the elsctronic structure of these low dimensional systems. The
calculations in this chapter have been performed with Stefan Bligel.

The main effort within each iteration cvele is the solution of
the Schrédinger sguation. The waveifunctions are expanded with
problem-oriented basis functions (augmentied plane waves) and the
solution of the Schrédingsr equation is mapped to an eigenvalue
problem. The dimension of the matrix depends on the specific
problem and is typically in the order of 300 - 1000. For each
iteration cycle these mairices have to be generated and diagonalized
for about 50 - 300 times. The generation of the mairix elements
needs about 30 % of the calculational time. The solution of the
Poisson equation is done quite efficiently with the help of a Green's-
function method. We use modern algorithms coming from the problem
of minimizing high dimensional functions, to reduce the number of
iterations - tc obtain self-consistency.

With these calculations we are able to determine many physical
aranarfiss like maanetier mamenie maanatie enin eanfiauratione
FIUP’UILI\JU 118 lllhﬂslivﬁlv LERA A NRLTRNE LS Bllm&llv&lv V?JIII vvuu!wuluyrvllv,
work function, spin dependent band structures and others from first
principles. In this context we are interesied in the development of
the electronic structure of Co from the monolayer regime to thicker
layers., We have chosen an unsupporied (isolated) Co(100) monolayer
(UML), and films of 5 layers of Cu (100) coated with & monolayer (1
ML), bilayer (2 ML), and triple layer (3 ML) of Co on each side of the
Cu surface, as well as an 11 layer Co(‘iOG) slab. The geometry of the
1 3 ML systems is shown in f[g 5.19.
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Fig. 5.20: Geometry used for the calculations

For the calculations a iotal number of about 100 symmelrized
pane waves is used as variational basis set. We found that
sufficiently accurate Brillouin zone integrations can be performed by
using 38 kil points in the irreducible wedge of the 2D Brillouin zone
for each system. The systems have been checked additionally with 78
kil points. Laitice harmonics with angular momentum componenis | <
8 are included to describe charge and potential inside touching
muffin tin spheres. All states including core states are calculated
self-consistently. The local density of states (LDOS) and local
magnetic moments presented belew are data w:th respect to ‘the
muffm fin spheres : :

“For C@ we assumeﬁ an’ fcc pseudomorphic growth mode with ihe
m plane lattice censtant of Cu of agy = 6.83 a.u. (= 3.61 A) and a
Iat'tlce constant for fcc Cobalt of age = 6.54 a.u. (= 3.46 A) normal to
the film. This. represents the experimental determined tetragonal
contraction of 3 - 6-% in the Co film [Clarce 87] The interlayer
-distance between Ce and Cu has been estimated o be 1/4-(ace + acuy).
The calculational results in terms of the local magnetic moments and
average exchange splittings  (explained below) are ‘summarized in
Table 51
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System Co-Laver Magnetic Exchange
Moment {(uB) Splitting (eV)

UML Co 2.11 1.92
1 ML Co/Cu g 1.85 i.78
2 ML Co/Cu s 1.84 1.75
' s-1 i.60 1.58

3 ML Co/Cu S i.89 1.79
s-1 1.67 1.66

s-2 1.62 1.58

Co [ 1.88 1.78
-1 1.68 1.686

§-2 1.68 1.65

5-3 1.68 1.684

§-4 1.68 1.65

¢ 1.68 1.65

Table 5.1: Calculated local magnetic momenis and average exchange splitings for the
fcc Co-Cu (100) systems. s, s-1, s-2 indicates the surface and sub-surface Co layers,
respectively; ¢ indicates the cenier layer of the 11 layer Co slab.

it is shown, that the top surface (s) Co layer has, in agreement
with ref.fLi C. 88], [Li C. 90], 2 magnstic moment of roughly 1.85 up
regardiess whether the s-i sub-surface layer is made out of Co or
Cu. This is clearly larger {= 0.25 ug) than the momenis of the sub-
surface Co-layers, which are approaching the fcc-Co-bulk moment [Li
C. 88], [Min 86]. For an UML of Co the magnetic moment is roughly 0.25
upg larger than that of the top Co layer. Since fcc Co is a sirong
ferromagnet (majority band filled) for all systems, the change of the
magnetic moment is controlled by the strength of the sp-d
hvbridization. Thus changing the coordination number from 4 o 8 {0
12 for UML, surface (s), and s-1, s-2 sub-surface Co-layers,
respectively, increases the strength of the sp-d hybridization and

reduces the magnetic moments in steps of = 0.25 ug. The magnetic
moment -of 1.68 up of the bulk like atoms in the 11 ML Co slab is
slightly ‘larger than the value calculated for a similar calcuiation of
a 9 layer fcc Co (001) slab by Li et al. [Li C. 88] or for bulk fec Co
[Min 86], who both found ‘a bulk magnetic moment of 1.64 pp. But this
is consistent because we used larger lattice constanis (the Cu
lattice ‘constant in the plane of the film and the average of the Co and
Cu lattice constant normal to the film). Larger lattice constanis lead

to -enhanced magnetic moments due io the reduced sp-d hybridization.

| Furthermore we calculated the average exchange splitting as
‘the energy difference between the centers of gravity between the
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majority and minority d-bands. We found a strict proportionality
between the local moments and the average exchange splitting with
<AE> = 1- M, and I = (0.85 £ 0.02) eV/ug for all Co films. Thus the
enhancement of the ground state magnetic moment is univocally
related to the enhancement of the exchange splitting, and from this
point of view we predict an enhancement of the average exchange
splitiing in the monolayer about 15%.

Now we want to discuss the calculated local densities of
states (LDOS) for the Co/Cu (100) sysiems; they are shown in the
following figures. Plotted are the density of siates for majorily
(spin +) and minority (spin -) spin direction separately. The magnetic
moment is obtained from the LDOS as the difference of the energy
integral of the majority and the minorily states below the Fermi

energy.

Fig. 5.20 shows the local density of states for the unsupporied
Co monolayer (UML) compared to the LDOS of bulk Co (iaken from the
center layer of the 11 ML Co slab) and of bulk Cu (taken from the
center layer of 1ML Co/Cu). Due io ferromagnetism in both Co-
systems one observes a relative shift in the energy of majority and
minority states, where some minority states are shifted above the
Fermi level (0 eV in the figure). Co is a strong ferromagnet for all
the systems, the majority bands are always filled. The loss of
nearest neighbors (from 12 in the bulk system, 8 at the surface to 4
in the UML) leads i) to a reduction of the d-d hybridization and
therefore the monolayer bands are narrower than in the bulk ("*band
narrowing”). This narrowing changes the balance between the
magnetic exchange energy and the kinetic energy towards magnetism.
Furthermore charge neutrality has o be obeyed. Since Co is a strong
ferromagnet, the majority states are always occupied, and charge
neutrality is obtained by adjusiing majority and minority states
rigidly with respect to the Fermi energy. In a second step ii}, the loss
of nearest neighbors leads to a reduction of the sp-d hvbridization
which changes the number of the majority d electrons, which
increases the magnetic moment and the corresponding exchange
splitting. That means, by obeying charge neutrality the increased
drive towards magnetism due to the reduced d-d hyoridization leads
to an increasing exchange splitting as well as magnetic moment,
after taking the reduced sp-d hybridization into account.

. The LDOS for Cu shows the same staies in both spin channeis
(slightly different shapes come from hybridization with the spin
polarized Co overlayer). The main features in the Cu LDOS are

. between 2 and 4 eV binding energy (= -2 to -4 eV in the figure) and

Loy L]

_there-are only few states near the Fermi level. Compared o the Co
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states one can see that the Co majority states are mainly in the
same energy region as the Cu staies, while the occupied Co minority
states are closer to the Fermi level where the Cu density of states is
small. From this, one can expect more hybridization between the Co
majority states with the Cu substrate than beiween the Co minority
states and the Cu substrate.

Fig. 5.21 shows the LDCS for the surface (s) and s-1, s-2 sub-
surface layers of 1ML Co/Cu(100). The LDOS of the Co overlayer has
nearly the shape of that of the UML, but it is slightly broadsr. This
indicates a slight hybridization effect due to the Cu subsirate
underneath. The LDOS of the topmost Cu layer (s-1) aiso shows a
slightly different shape compared tc the one of bulk Cu. However the
induced moment of about 0.02 ug in this Cu layer due to the Co
overiayer is negligible. The LDOS of the next Cu layer underneath (s-
2} has already nearly the bulk shape. Fig. 5.22 presents the results
for the 2 ML Co/Cu system. The Co surface LDOS is again different, it
has become even broader but is still narrower than the bulk DOS. The
second Co layer LDOS has already more the bulk-like shape. The three
layer system is shown in fig. 5.23. Now the surface LDOS has not
changed very much any more and also the LDOS for the Co layers
underneath are quite similar and bulk-like. The resulis for the pure
11 ML Co clab, presented in fig. 5.24, show again quite the same

behavior.

As with the magnetic momenis one can distinguish here
between the LDOS of Co surface and bulk. Already the second Co layer
is bulk-like.
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5.5 Summary of Chapler 5

In this chapter we have characterized the system Co/Cu (100)
and measured the spin dependent electronic structure of ultrathin fcc
Co films.

The dispersion of the Cu Agsband in the T - X direction of the
Brillouin zone was found to be in good agreement with a calculated
band structure. An additional feature due to Umkiapp processes was
identified in the spectra.

Co grows epitaxially in the layer by layer mode on Cu (100),
adapting the fcc structure and the in plane lattice constant of Cu.

The onset of long range in plane ferromagnetic order was
established to occur at a coverage of 2 monolayers at room
temperaturs.

The monolayer Co on Cu (100) shows a two dimensional
behavior, while already for thicknesses of little more than 2 ML a
three dimensional character could be seen. Co films of 5 or more
atomic layers of Co are bulk-like.

The bandstructure determination for thick, bulk iike fce Co
films showed good agreement with a calculated bandstructure of fce
in the Cu lattice constant. The binding energies of the majority and
minority states with As symmetry at the I — point and thus the
gxchange splitiing of the As band at the I” - point of 1.55 eV is in
good agresment with the calculation. The dispersion of the Ag bands

along the I - X direction agrees with the theory as well.

We observed a spin dependent QS effect for Co films on Cu(100)
vith Co thicknesses less than 5 ML. As a conseguence of this the
exchange splitting of the bulk As siate in this low dimensional
sysiem is enhanced. New laver dependent band structure calculations
confirm these experimental results and also show proportionality
between the enhanced magnetic momsnt and the exchange splilting.
Thus the experiment gives evidence of an enhanced local moment for
a ML Co on Cu(100).
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6. Resulis from the Reastion of 02 with fcec

Co (100)

The influence of adsorbates on the electronic structure of
metal surfaces is of fundamental interest because the surface
electronic structure is modified by adsorbates. A guestion of
considerable interest is whether adsorbates destroy the magnetic
order on the surface of magnetic materials. This aspect is of topical
interest, because recent research shows that thin magnetic films and
multitayers become important for magnetic storage with high
information density [Erice 91]. In these thin films, some
magnetically "dead layers” at the surface induced by adscrbates
would have dramatic influence on their magnetic properties.

The chemisorption of different atoms and molecules on
transition-metal surfaces has been the subject of a number studies
[Plummer 82]. Less well studied has been the interplay of the
magnetic or spin properties of the substrate with the chemisorptive
activity [Johnson 80]. The measurements on single crystal surfaces
are limited until now to Fe and Ni and the results are controversial.
They depend on details of the oxidation conditions, on the metal and
also on the choice of the crystal surface. The experimental and
theoretical models include both the possible formation of magnstic
dead layers in the surface region as well as the presence of magnetic
moments on the adsorbate.

" in the case of oxygen chemisorption on Ni Abraham and Hopster
[Abraham 87] found that for Ni (110) there are about two magnetic
dead layers induced by the chemisorbed O-c(2xi) structure.
Adsorbate induced magnetic dead layers on Ni {110) have alsoc been
found by Schmitt et al. [Schmitt 85] and confirmed by theoretical
-analysis [Feder 85 (2)]. But in more recent work by the same group
[Schmitt 87 (1)), [Schmitt 87 (2)], under  slightly different
experimental conditions, no influence dus to oxygen chemisorption
‘has been found on the exchange splitting of Ni (110). On the other
‘hand, *Schénhense et al. [Schénhense 88 (1)] found that the O 2p
derived bands of ‘chemisorbed oxygen on Ni: (110) ‘are exchange
splitted, indicating a ferromagnetic order even in the oxygen
overlayer. On Ni (001) no appreciable effect on the measured spin
~dependence or spectral intensity of the Ni 3d photoemission is found

[Klebanoff 871, and for Ni (111) Elmers and Gradmann [Elmers 88]
- found a steep linear decrease of the magnetic moment during
.. chemisorbtion of oxygen, where one ‘single O atom eliminates the
magnetic moment of 3.8 - 4.5 bulk Ni atoms.
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For chemisorption of oxygen on iron surfaces, the situation is
less controversial but also not unambiguous. in an earlier work
Allenspach et al. [Allenspach 85] found a complex magnetic struciure
of an oxidized Fe (001) surface with a mixing of paramagnetic and
ferromagnetic layers. Schmitt et al. [Schmitt 87 (2)] found no
changes in the binding energy for the Fe d bands for O-p(2x2)/Fe
(110). But the chemisorbed O 2p bands on Fe (110) are found to be
exchange splitted [Schénhense 88 (2)] and therefore
ferromagnetically ordered. The chemisorbed O 2p bands on Fe (001)
[Johnson 88] also show an exchange splitting. This is again an
indication for the presence of an induced magnetic moment in the
oxygen overlayer, which has already been predicted in an earlier
theoretical work by Huang and Hermanson [Huang 85]. The Curie
temperature of ultrathin Fe films on W (i10) is even found to
|ncrenae due {o small exposures (up to i L) of oxygen [Weber 80].

s o

With respect to the change of the spin dependent electronic
properties due to oxidation of Co single crystal surfaces there is
nothing known at all untii now. Because of the hcp/fcc phase
transition in Co at 720 K it is not possible to get a high quality
single crystal surface of a bulk Co crystal. The oxidation studies of
Co single crystals in the hcp and fece phase have mainly been
restricted to studies of recrystailized samples with a rather limited
crystalline quality and without spin analysis. There is only one study
about the oxidation of Co overlayers on Cu (100) [Gonzales 81].

Castro and Kuppers [Castro 82] and Matsuyama and ignatiev
[Matsuyama 80] report a first absorption stage for low oxygen
exposures on hecp Co followed by oxide phase formation at higher
exposures. Maglietta et al. [Maglietta 78] found that the interaction
of “the (100) fcc Co surface with oxygen produces ordered
chemisorbed lavers with first a p(2x2) and then a c¢(2x2)
reconstruction. They conclude from a LEED analysis that oxygen is
-chemlsﬁrbed in- the fourfold hollow sites with a O-Co distance of

1.84 ‘A, which is liitle smaller than in CoO (2.13 A). The atomic
-arrangements and metal-oxygen distances are analogous io those
observed and siudied on Ni(100) [Rae 84]. The reaction of oxygen on
the Co overlayers on Cu (i100) [Gonzales 81] again shows a similar
behavior: a chemisorbed stage at low oxygen exposures and the
_grawth of.a sun‘ace oxide iayer ‘with higher expcsures SR

Here we have studied the effect of O2 chemisorption on the
‘electronic structure and magnetism of fcc Co overlayers on Cu (100)

.. by spin- and angle resolved photoelectron spectroscopy, and

compiemented these experiments by Auger and LEED studies.
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6.1 Atomic and Magnetic Structure of the Co Ouxides

There are two thermodynamically stable oxides of Cobalt, CoQ
and Coz04 [Henrich 83].

CoO, like the other transition-metal monoxides MnQO, FeO and
NiO, is electrically insulating; at elevated temperatures, CoQ is a p-
type semiconductor. CoO crystallizes in the rocksalt structure (NaCl
- Struciure, see fig. 6.1) [Goodenough 72], with a laitice constant for
CoO of 4.26 A. Co2+ and 02 ions occupy lattice sites on two
interpenetrating face-centered-cubic lattices. Both types of ions are
_sixfold coordinated in the bulk. Below the Néel temperature of 293 K.
CoO is antiferromagnetic. CoQ exhibits [111] antiferromagnetism, in
which all Co2+ ions in a given (11?) plane have the same magnetic
moment and spin direction, which is, due to superexchange through
the O2- ions, opposite to the magnetic moment and spin direction of
the two neighboring (111) planes of Co2+ ions.

€= A-2 AND @ = B-2, B-3,8-4 CUTSIDE OF PRIMITIVE CELL

_FIG‘ 6 1: Ator“;g, structurs of {a) Ln'ﬁ {rocksalt structurs) and {b} Coz04 (spinel
_'St’”Cfoe (Sho\f*m is the primitive cel)).

00304 has the spine! structure (frcrﬁ the spinel MgO-Al203
-crystai Co304 can also be described as Co0-Coz03), see fig. 6.1. The
-structure is complex, in that there ‘are 8 “molecules” or a fotal of 8 x

7 = 56 ions, per unit cell. The large oxygen ions are packed quite
close tcgether in a face centered cubic arrangement, and the smaller
“metal ions occupy the spaces between them. These spaces are of two
- kinds."One is calied a tetrahedral or A site, because it is located at
" the center of a tetrahedron whose corners are occupied by oxygen
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ions. The other is called an octahedral or B site, because the oxygen
ions around it occupy the corners of an octahedron. The interatomic
distance of the A sites is 1.93 A and of the B sites 1.92 A [Kindig
69]. In Co304 the A sites are occupied by Co2+ and the B sites by Co3+
ions. Co3z04 is an antiferromagnet below the Néel temperature of 40 K
[Roth 64]. The Co3+ have zero permanent moment as a consequence of
the splitting of the 3d levels by the octahedral cubic field. The
magnetic siructure is due to antiferromagnetic ordering of spins in
the A sites; each Co2+ ion in an A site is surrounded by four nearest
;_neighbors with oppositely directed spins.

Under equilibrium conditions, the sysiem Co0304/Co0O shows the
behavior of a thermodynamical regular system [Aukrust 84]. There is
a clear borderline between stability regions of each phase, where cne
can ‘say in general that at higher temperaiures and lower oxygen

RPASSLIFS P i
pressures CoQO is stable and at lower temperatures and higher oxygen

pressures Cosz0g4 is stable.

6.2 Valence Band Photoemission, LEED- and Auger-Study

We present here first the results on the oxidation of relatively
thick fee Co films (8-14 ML), which have already developed a bulk-
like character.

a) Spin Integrated Photoemission Specira. Oxidation Stages and
Reaction Products.

Spin integrated photoemission specira measured for oxygen
exposures at room temperature are shown in Fig. 6.2. The spectra are
measured with 45 eV photon energy for normal electron emission,

Pt b TR P v ]

The clsan Co spectrum sh@ws 3d emission in the region within 3 &V
from the Fermi level. Most of these features originate from the spin-
up and spin-down states with bulk-like character near the T
symmetry point, as discussed in chapter 5. A small shoulder near 3.5
eV is due to the Cu substrate emission. Exposing the clean Co surface
to ‘O, produces drastic changes in the specira. We distinguish in the
following - between two distinct siages of the oxygen reaction with
fcc Co. Oxygen exposures up to about 6 Langmuirs (L) correspond to
the first stage. In this range of exposures the photocemission spectra
~show the growth of an oxygen induced staie at 6 eV. In this siage the
-photoemission spectra show also some changes induced by the oxygen
- adsorption on the Co 3d valence states. The most remarkable effect
- -is ‘the “attenuation of the peak near the Fermi level. Qur previous
“study of the electronic band structure of clean Co layers has
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identified a two dimensional spin up surface state (or surface
resonance) at 0.6 eV binding energy. The strong changes of the
intensity near Ep with low oxygen exposure confirms the surface
origin of this feature. Further evidence will be provided in the
following by the spin resolved spectra. In the second oxidation stage,
above 7 L, several new features appear in the photoemission spectra.

12ML Co/Cu (100) o

hv = 45 eV, room temp. | l
| Oz exp. /___I/\ Oz exp.

40
25

18
14

i2

jjjjjjjx

Binding Energy {(eV) Binding Energy (eV)

Fig. 8.2 Spin integrated energy distribution curves of 12 ML Co/Cu(i00) taken in
normal emission with s-polarized light of 45 eV photon energy. The specira for different
Oxygen exposures at room temperaiure {T = 288 K) are shown.

_ At 10 ‘eV binding energy a satellite appears in the spectra with
JIntensity increasing with the oxygen exposure, see Fig. 8.3. In the 4-8
eV binding energy region a broad feature develops, which includes
-several componenis. Also the Co 3d valence band emission changes

- dramatically its shape. New Co 3d derived features grow at 1.9 eV
-, and 3.8 eV binding energy. The development of the specira described
- 3-above 'iakes place mostly between 7 and 21 L oxygen exposurs. For
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higher exposures only little changes are observed indicating
saturation.

i

o
[
I

Intensity (arb.units)

okt

0 10 20 30 , 40
oxygen exposure (L)

Fig. 8.3: Intensity of the 10 eV satellite in the spectra of 12ML Co/Cu(100) shown in
fig. 6.2.

in Fig. 6.4 we present an analogous set of spectra to those
presentsd in Fig. 6.2 only with an even thicker Co film of 14 ML
thickness, so that there is no more shoulder from the Cu subsirate
emission visible at 3.5 eV binding energy in the clean spectrum. The
peak positions and the development of the specira with increasing

oxygen exposure are exactly the same as described in Fig. 8.2.

T i T (i [ I i !
Co (100}
hv = 45eV, room temp. | | 05 exp.

Fig. 6.4: Spin inte-
graied energy distri-
bution curves of 14 ML
Co/Cu(100) taken in
normal emission with s-
polarized light of 45 eV
photon energy. The
- spectra -for different
‘oxygen exposures at
foom ftemperature -are
shown. '

Intansity {arb.unlis)

Binding Energy (eV}
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To obtain a betier understanding of the oxidation process. we
have also characterized the sample by Auger elsciron spectroscopy
(AES) and low energy electron difiraction (LEED). Fig. 8.5 shows the
measured AES oxygen (503 eV) to cobalt (775 eV) peak-to-peak ratio
as a function of oxygen exposure. Here one can also ideniify two
distinct stages. First the ratio increases drastically up to about 2 L
and forms a plaieau at R = 0.3 for higher exposures, indicating the
first stage (I). Above = 7 L there is again a drastic increase of the

ratio, this is the onset of the second stage (II), reaching a saturation

limit of O/Co = 1.5. An egual concentration of Co and O in the sample
within the probing depth of the experiment corresponds to an Auger
ratic of O/Co = 1.8 [Maisuyama 81]). So we can interpret ocur result in
the way that at the surface lavers there is a 1:1 concentration of Co
-and O, corresponding to the formation of CoO, while there are Co
layers underneath (within the probing-death) that have still not
reacted. An analogous behavior of the Auger ratio has been detected
by Maisuyama and Ignatiev [Maisuyama 81] who have studied the
oxidation of the hep (0001) Co surface.

15—
5
o)
Ly 1F Ny
o N~
5=
x 3
0= . . /
W == S |
< @ w utiing
2 0.5 Y-
o) § 503 / U‘
o | 656 716 A
i EE Electron Energy {eV)
O I i " | L 1 L L I Z I
0 10 20 30 40

Oxygen Exposure (L)

Fig. 6.5 Auger-Analysis of the adsorption process of O2 on 14ML Co/Cu(100) at room

- temperature. Ratio of the Auger peak fo peak intensity of Oxygen (503 eV) and Cobalt
. 775 eV) versus oxygen exposure. I and II indicate the regions of formation of fwo
-different -oxidation stages. inset: derivative Auger-specirum after 6L Oz- exposure
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The resulis of our LEED study are shown in Fig 6.7. Picture a)
shows the pattern of the Cu(100) substrate surface. The lower right
part of it is shown again in b) (see the arrows; the spot on the upper
left side is due to the eleciron gun). Picture ¢) shows the pattern
after evaporation of 5 ML Co. This is ideniical to b), indicating the
epitaxial growth of Co. Pictures d)-f) show the patterns after
‘exposure of 4, 10 and 20 L oxygen on the Co surface at room
temperature. For exposures above 2 L the LEED pattern shows exira
spots (see the arrow in pict. d) that correspond to a ¢(2x2) symmeiry.
This is explained in Fig 6.8, which shows the comparison of a ¢(2x2)
superstruciure between the reciprocal two dimensionai lattice {(—
LEED paitern) and the real surface Ilatlice. The intensily and
sharpness of the LEED exira-spots reach a maximum at 4-5 L,

followed by a rapid decrease at higher exposures. Above an exposure
of 10 L the whole patiern becomes diffuse, indicating & loss of order
at the surface. The formation of an O-¢(2x2) superstructure at low
oxygen exposures has also been found by Maglietta et al [Maglistta
78] on fec Co (100) and by Matsuyama and Ignatiev [Matsuyama 81] on
hep Co (0001), who also found the disappearance of the surface order

at higher exposures.

reciprocal space
(0,1

e

~Fig. 6.6: Comparison between the ¢(2x2) superstructure of an adsorbate on a fce
(100) substrate surface in real and in reciprocal space. -
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To identify the structure in the photoemission spectra in the
second oxidation stage, we additionally studied the oxidation process
by photoemission with different photon energies. By varying the
photon energy one can expect several changes in the photoemission
spectra, even if the surface is not well ordered. The escape depth for
the photoelectrons changes because the mean free paih of the
electrons in solids varies with their kinetic energy, see chapt. 3. It
has a minimum of -about 3. A at = 40 eV kinetic energy [Seah 79],
therefore photosmission is more surface sensitive at a photon energy
of hv = 45 eV (with a work function of 5§ eV, the elecirons coming
from emission near the Fermi energy have nearly 40 eV kinelic
energy) than at lower or higher photon energies. Another aspect is

“that ‘the intensity of the peaks depends on the cross sections of the -
photoemission "process. Table 6.1 shows the atomic cross sections -
»(Mbarn) :for- the. photoionization process for copper, cobalt and oxygen . -

nnnnn a2t d]

~at -selected pn0tor1 enafgie:; The atomic c¢ross section can .

: .apprcx:ma‘teiy be taken also. for solids, but only for a quahta‘tzve
-_:'_analys:s ' . - : o

Chy (eV)  16.7

| 212 268 408 800  132.3 151.4

Cu 3d  6.448 7.553 8.180 ©.934 8.712 5.139 4.441

Co 3d 4356 5.917 8.738 7.154 3.719 2.907

O 2 1043 10.67 9.772 6.816 2.084 0.5772 0.4037
':-"j-_._"Co/o S 2":50.9&;1; 061 1.28 347 644 T2

"'--__'._ffTabEe 6.1: Atomzc subsheIE phoioromzatlon cross sections (Mb = 106 barns) for
- Cuand Co 3d and O 2p shells at selecied photon energues after Yeh and Lingau {Yeh
o 85} The bottom hne shows the Conalt 3d to oxygen 2p ratio.

Fram ti*'nQ tah!e one sees that Co and Cu have quite the same |
f.cross ‘sections, especially at about 40 eV, where tr‘iey both have their

rYIn o o wm s pmgm g -~ i armed

"'_-""maxm:_m_cr_ '8 ‘Mb. But the oxvgen cross section shows a different
~behavior. Its maximum is observed at about 20 eV phoion energy and .

it decreases rapidly with increasing photon energy. By looking at the
Co/O ratios of the cross sections one expecits in spectra of 20-30 eV
photon energy a dominating oxygen emission, in spectra of ~ 40 eV

photon energy a slightly dominating Co emission and at 130-150 eV .
photon energy a totally dominating Co emnssncn ef the omdrzed Co ;___;;_'

surface

‘We can use this behavior of the photoionization cross. sectlons _
__'_tc____id_ent_if_y he erlgm of the structures in. the photaem:ssnon spectra - '

72

1]




in our case we want to know which structures belong to Cobali and
which to oxygen. Therefore we study the oxidation process in the
following at different photon energies.

The oxidation process studied with photoemission at 18 eV
photon energy is represented in Fig 8.8.

Oz exp.
@)
)
=
=
2
5 30
2
g
=
= 10

8ML Co/Cu (100) |\ _ 3
hv = 18 eV, room temp. Fig. 6.8: Spin inte-

graied spectra of 8ML
Co/Cu{100) at 18 eV

; : ; . ‘ EO photon energy after
different oxygen
4 3 2 1 Eg exposures at room
Binding Energy {(eV) temperature.
The feature at 2-83 &V Eﬂdiﬁg energy in the spectrum of the
clean sample comes from the Cu subsirate while the peak near the

Fermi energy is due to Co 3d emission. The main change in the
spectra after Oz exposure is a decrease of the Co 3d emission; but
even at high exposures there is still a peak visible at the same
binding energy, in conirast to the oxidation process watched at 45 eV
photon energy. This might be due to emission from deeper lying Co
“layers, that are not affected by the oxidation. Varying the photon
“ energy up to 28 eV, as shown in fig. 6.9 one can clearly identify a
‘broad oxygen induced feature at = 5.8 eV binding energy that
~dominates the specirum, as expected from the small Co/O cross
“'section ratio_at this photon energy.
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30L O2/8ML Co(100)

room temp.
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10 8 8 4 2
Binding Ensigy {eV)

Fig. 8.9: Spin integrated spectra of 30L / Co (100) with different photon energies at
normal electron emission.

This changes dramatically if one goes to a photon energy of 138
eV, at which we present the oxidation process in Fig. 6.10.
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Fig. 6.10: Spin inte-
grated spectra of 12 ML
Co/Cu(100) at 138 eV
photon energy at normal
electron emission. for

differeni oxvgen ex-
posures  at - room
temperaiure. '

i




Again the peak near the Fermi level in the clean spectrum is due
to Co 3d emission while the shouider at 2-3 eV comes from the Cu
substrate. The development of the spectra after oxygen exposure
shows qualitatively the same behavior as in Fig 6.2. Again one can
identify iwo stages, below and above =~ 7 L. The main difference with
respect to the specira taken at 45 eV phoion energy is that there is
nearly no siructure seen in the spectra between 4 and 8 eV binding
energy, in both oxidation stages, while the other peaks described in
Fig. 6.2 are clearly seen.

H 1 ¥ i
O / Co(100)
normal emission
room temp.
i _ hv (6‘\!’)

intensity (arb.units)

Fig. 8.11: Spin integrated
specira of room
temperature oxidized Co
surfaces at 28, 45 and 138
eV photon energy. (spectra
taken from fig. 6.9, 6.4 and
§.10, respeactively)

In Fig 6.11 we show a comparison between the spectra of the
oxidized Co surface at 28, 45 and 138 eV photon energy. One can
clearly see that the structure at = & eV binding energy dominates the
spectra at lower photon ensrgy, while the other siructures dominate
at higher photon energies. This is a strong indication that the peaks
at 1.9, 3.8 and 10 eV binding energy are due to emission from Cobalt,
while the struciure at 4 - 8 eV binding energy mostly corresponds {o
oxygen 2p emission. But there must also be emission coming from Co
inthis -region, otherwise the intensity in the 138 eV spectrum would

| '”_'__be less in th.s energy region.
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As Matsuyama et al. [Matsuyama 81] identified two different
oxidation products on hcp Co at room temperature (— CoQ) and at 120
K (- Co304), we also studied the oxidation process at low
temperature. In Fig. 6.12 we report the photoemission specira
measured for oxygen exposure at 150 K with a photon energy of 43
eV. The spectra up to 5 L are very similar to those measured at room
temperature for the surface ordered adsorption stage. New features
appear in the spectra for oxygen exposures above SL. We atiribuie
these changes to a second reaction stage with formation of a surface
oxide phase different from that at room temperaiure.

Co (400)

hy = 45eV. T =150 K. |

s W

'Intensity (arb.unfts)

Sindiﬁg Energy (V)

Fig. 8.12: Spin integrated spectra of the oxidation process of 14 ML Co/Cu(100) arT =
150 K taken with @ photon energy of 45 eV at normal electron emission. :
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For a further characterization of the structure of the oxidized
surface, we took a set of specira of this sample with photon gnergies
near the Co 3p threshold energy of = 60 eV, see Fig 6.13, where one
expects resonance effects in the Co states but not in the oxygen (see
text to fig 5.12 or ref. [Jeng 91]). A problem is that going above the
threshold energy also the broad Co MNN Auger peak with = 53 eV
kinetic energy appears in the spectrum, that makes the
interpretation more complicated. But nevertheless one can see that
the emission of the 10 eV saiellite becomes stronger above 60 eV
photon energy, which is a further evidence for this peak belonging to
Co.

100L O2/Co(100)
T=150K
normai emissiow fihy (eV)

Intensity (arb.units)

Fig. 8.13: Spin integrated
specira of the at 150 K
oxidized Co film (14 ML
Co/Cu(i00)) for different
SR SN _ _ photon energies near the Co

Cwn320 10 08 6 4 2 Ep 3p threshold energy of ~ 61
' Binding Energy (eV) eV at normal electron

i
ermesion.
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Based on the discussion above about the oxygen reaction of the
Co (100) surface, we identify the second oxidation stage as the
formation of a surface oxide phase that is different for oxidation at
room temperature and at low temperature. This identification seems
unambiguous if the spectira obtained for high oxygen exposures are
compared to those of the bulk monooxide, CoQO for the room
temperature (RT) oxidation and of the bulk Co304 for the oxidation at
150 K {low temperature (LT)) [Jugnet 79].
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‘Fig. 6.14: Comparison of spectra with saturated oxygen exposure on 14 ML
~Co/Cu(100) with bulk CoQ and CogQ4 spectra of ref [Jugnet 79].
-.@) spectrum with oxygen exposure at room temperaiure (see fig. 6.4) compared o a bulk
_Co0 specirum. b} spectrum with oxygen exposure at T = 150 K (see fig. 6.12) compared
o a bulk CogOy4 spectrum.

78




Fig. 6.14 shows that all the spectral features have the same
binding energy and a very similar overall shape in the two systems.
According to ref. [Kim 75], [Jugnet 79], [Mackay 89], [Jeng 91] and [Elp
81] the peaks in the CoO spectrum are identified as follows: The
peaks ai 1.8 and 3.8 eV binding energy origin from Co 3d emission,
while the structure around 5.5 eV is due to O 2p emission. The
identification of the 7 eV structure is not obvious. According to ref
[Kim 75], [Mackay 89] and [Jeng 91] it is assigned to O 2p and
according to ref. [Jugnet 78] to Co 3d. The 10 eV satellite arises from

wonopeole charge transfer (shakeup) transition (O 2p - Co 3d),
accompanying photoemission in the Co 3d shell; for further
discussion see ref. [Kim 75) and [Elp 91]. The peaks in the Co304
spectrum are identified according to ref [Jugnet 78] as Co 3d
emission at 1.1, 2.5 and 6.7 eV , as O 2p emission at 3.7 and 5 eV and

zgain as a Co satellite at 10 n\! hlrgﬁimﬁ energy. ,&H—hnnﬁh the energy

Th g & (=3 L1t L

positions of the Co3z04 spectrum and the spectrum of oxygen exposure
at low temperature fit very well, the overall shape of these curves
do not fit as well as the curves in Fig 6.13 g). The peak at 1.1 eV
binding energy and its shape is reproduced very well in both specira,
but the 5§ eV peak of the Co304 is hardly seen in the LT spectrum. On
the other hand the peak at 3.7 eV in the LT spectrum is only a
shoulder in the Coz04 spectrum. There might be several reasons
responsible for these diﬁ‘erences The spectra are not taken under

and dlfferent pciarszaﬂ@n cf %he I:ght are used a bu&k cxnde on the
one hand and an oxide of only a few layers on the other hand, so it is
more surprising, that the shapes of the Co0 and RT spectra are so
similar. But there is also the possibility that the LT spectrum does
not only belong to a single oxide phase bui a mixture of different
oxides. This is not surprising bescause in our experiment the reaction
of oxvgen with the Co surface is not an equilibrium reaction. Here the
kinetics -of the system are more important and also diffusion of
oxygen intc the bulk must bs.taken into account.

_. “"We conclude that probably most of the oxide phase in the LT
spectrum belongs to the building of Co304 on the surface because of
the overail agreement in these spectra especially with the
characteristic shape of the peak at 1.1 eV binding energy; but there
_might aiso be some portion of diiferent oxide phases inside. The
-'_ox1de phase m the RT spectrum is ciear!y 1dentlf:ed as COO o
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) Spm Hesolved Spectra.

We present here the spin dependent results of the oxidation of a
i4 ML Co film at room temperature and at 150 K. :

E%ML w@ ?@@\
hv=45¢eV o |®2 exp.
room temp. —
)
=
.3
e
8
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£
14 ‘i2 ‘10 8 5] 4 EF

Binding Energy (eV)

Fig. 6.15: Spin resolved spectra of 14 ML Co/Cu(i00) taken in normal emission with
s-polarized light of 45 eV photon energy. The specira for different oxygen exposures at
room temperature are shown. The filled triangles (4) correspcnd to emission from
majorliy and the open circles {0} to minority electron spin- direci.cm _respectively.

_ F:g '6.15 shows spm resolved spectra taken in normal emission
with 45 eV photon energy and oxygen exposures at room temperature
up to 10 L. The falied triangles (A) correspond ic emission from
majority and the open circies (o) ifo wminority spin direciion,
respectively. The clean C¢ spectrum has already been discussed in
chapter 5. The peak at 0.9 eV binding energy in the minority spin
spectrum is due to emission from the As(l) band near the I -
symmetry point. The structure in the majority spectrum is broader
because there are two features in it, the As(T) state (near T') at
about 2.4 eV binding energy and another peak near the Fermi energy
that cannot be explained as a direct transition in the bulk

- .bandstructure and shows no dispersion with k.. After an oxygen

- exposure of 3 L, when the oxygen forms a c¢(2x2) superstructure: on
the surface, the specirum shows remarkable changes. The Co
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minority peak at 0.8 eV binding energy is slightly suppressed, while
its shape and position remains the same. The siructure of the
majority spectrum changes more drastically. The peak at lower
binding energy is reduced more than the As(T) emission at 2.4 eV
binding energy, so that this feaiure becomes more pronounced than in
the clean spectrum. This is again an evidence for the interpretation
of the surface nature of the majority peak near the Fermi energy.
Besides the fact that it shows no dispersion by changing k: and that
it has no corresponding state in the bulk band structure, it is also
strongly sensitive to contamination. These points show, that this
peak is most probably a surface state or surface resonance.

At about 5.8 eV binding energy there is the oxygen induced peak
that corresponds to the first oxidation phase as discussed above.
This peak grows in both spin channels. In Fig. 6.18 the region of this

peak is shown again, with the polarized background subtracted.
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'.Fig 8.186: 'épin resolved spectra of 14 ML Co/Cu(i00) after 3L oxygen exposure at
“room temperature in the region of the Oxygen 2p emission. It shows an induced exchange

splitting of (0.2 £ 0.1) eV. The filled triangles (4) correspond to emission from
magjority and the open circles (0} to minority electron spin-direction, respectively.

. The intensity of this beak is equal in both spin directions, but

rt shows an exchange splitting of (0.2 + 0.1) eV. The maximum in the

majority - peak is at 5.8 and in the minority peak at 5.7 eV binding
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energy. Since the majority components of the adsorbate induced
features are at higher binding energy than the minority components it
may be deduced that the magnetic moments on the aasorbate are
ferromagnetically aligned with the bulk moments of the substrate.
This has also been seen with oxygen adsorbed on Fe (001) [Johnson
88], for which theory predicted an induced magnetic moment ai the
oxygen  sites [Huang 85]. Whilst the exchange split photoemission
peaks. suggest the presence of a magnetic moment on the adsorbaie
they do not allow any guantitative determination of the magnitude of
that moment [Johnson 80]. But we can conclude from the induced
magnetic moment in the adsorbate site, that also the topmost Co
layers carry a magnetic moment, i.e. there are no magnetically "dead
layers® on the Co surface induced by the adsorbate.

The spectrum in Fig. 6.15 for 7 L oxygen exposure shows already
the transition from the first {O-c(2x2) superstructure) to the second
(surface-oxide formation) reaction phase. The oxygen induced
emission is much broader than in the 3 L spectrum and an exchange
splitting is not observable any more. The oxygen features consist
already of more than one peak, but they still doe not show the

structure of the CoQ spectrum. The minority As peak near the Fermi
energy is still clearly visibie but its intensity is even more
suppressed, while the majority featurs near EF has changed its shape
more drastically. From the surface peak there is now only a shoulder
left and one can see the formation of a new feature around 2 eV
binding energy. The spectrum for 10 L oxygen exposure is again
different. lis shape has already nearly the form of the oxygen
saturated spectrum, thai means this spectrum corresoonds mostly to
the second reaction phase. Cne can clearly identify the peaks at 1.9
and 3.8 eV binding energy due to the Co 3d emission, the broad
structure around 6 eV binding energy from the oxygen and the onset
of the 10 eV satellite. All these peaks are visible in both spin

channels, there is only a nearly constant small polarization left due

to inelastically scatiered elecirons. Becauss the peaks are in both
spin channels and at the same binding energy, we conclude that the

surface of the oxidized sample is not ferromagnetically ordered any
more. But this is not surprising, because CoQ is antiferromagnetic
with a Néel temperature of about 283 K, only little below room
temperature (298 K). So the oxide might even be already in the
paramagnetic phase. We can not distinguish from our spectra between
-antiferromagnetic and paramagnetic phases.

_ !.n Fig. 6.17 we plot the difference of the spin polarization
'measured at 2.4 eV and at 0.9 eV binding energy (P(2.4 eV) - P(0.9
‘eV)) as a function of oxygen exposure at room temperature. The
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specira show the largest polarization difference between these two
energies, because these are the peak positions of the majority and
minority Ag siate, respectively. The polarization-difference for the
clean spectrum (0 L oxygen exposure) has a maximum value of 35 %.
With increasing oxygen exposure the polarization decreases
drastically in an exponential way (solid curve), even in the first
oxidation stage below 7 L. At 10 L exposure there is only 5 %
polarization-difference left and for exposures above 20 L it nearly
vanishes. This drastic decrease even in the first reaction stage
(below . 7 L) is surprising, because we have seen that the oxygen
overlayer has an induced magnetic moment in this range of exposure.
Because we have measured the polarization in this figure only for
two points in the spectrum, we cannot conclude too much from this
figure. But nevertheless, by looking at the specira of fig. 6.15 on can
see that in the whole spectra the polarization decreases very fast.
This behavior can be interpreied in the way that besides the ordered
c{2x2) structure also islands of CoO are forming on the surface even
in the first reaction stage. This has also been reported for the
Ni(001) oxidation reaction [Godby 85], where islands of NiQ are
formed on the surface, while the oxygen is mainly adsorbed in a
c{2x2) superstructure. This will be investigated in more detail below
studying the core level photoemission.

40 T T T ;

10

polarization (%)

40

% S

0 5 10 15 20 25 30 35
oxygen exposure (L)

“Fig 6.17: Difference of the polarization at 2.4 eV and at 0.9 eV binding energy of
'phoioemission spectra (P(2.4 eV) - P(0.9eV)) of 12ML Co/Cu(100) versus oxygen
““exposure at room temperature. The corresponding (spin integrated) specira are shown in
“fig6.2. ‘
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The spin resolved photoemission study of the oxidation reaction
at low temperature (150 K) is shown in Fig. 8.18. The spectra for the
clean sample and for oxygen exposure of 5 and 35 L are shown. The
spectrum of the c¢lean sample is identical to that at room
temperaiure. Afier 5 L oxygen exposure the reaction at low
temperatures is already in the region between the first and the
second reaction phase. The specitrum is totally different from the
clean one and the polarization is nearly lost, but it still does not
have the typical shape that corresponds to the second reaction phase.
The formation of the 10 eV satsllite can be seen as an indication for
the second phase, but the typical siructure at about 1 eV binding
energy is not developed vet. This 1 eV peak is developed at higher
oxygen exposures, as shown in the spectrum for 35 L. Here the
polarization is totally lost, the specira of both spin channels are
identical, indicating again that the surface oxide has no more long
ranged ferromagnetic order.

Intensity (arb.units)

-Fig. 6.18: 'spin resolved spectra of 14 ML Co/Cu(100) taken in normal emission with
-.g-polarized light of 45 eV photon energy. The spectra for different oXxygen exposures at T
=150 K are shown. The filled triangies (A) correspond to emission from ma;onty and
the. open circles (0) to minority electron spin-direction, respectively
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Now we present valence band photoemission studies of the
oxidation reaction of Co films of less than 10 ML thickness, all taken
at room temperature. We want to see if the electronic siructure
behaves different to the reaction of the thick lavers. One can expect
& different behavior for several reasons. i) The Co films become
ferromagnetic in the thickness range of 2 ML i) We found a guantum
size effect in the Co films up to 5 ML thickness and iii) the reaction
kinetics are different for thin films than for bulk systems iv) Weber
et. al. [Weber 90] found that the Curie temperature of ultrathin Fe
films increases due {o small oxygen exposures. All these points
might also have an effect on the chemical reactivity and on the spin
dependent electronic structure during the reaction of the films.

We report both spin integrated and spin resclved specira of the
oxidation f{for different Co film thicknesses. If not mentioned
otherwise, all of the following specira are taken in normal emission
with 45 eV photon energy. In Fig. 8.19 we show the spscira of the
oxidation reaction of a 1 ML Co film on Cu (100).
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~Fig. 6.18: Spin integrated photoemission spectra of 1 ML Co/Cu{100) taken at 45 eV
' photon energy at normal emission after different oxygen exposures at room temperaiure
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in the specirum of the clean sample one can identify emission
coming from Co 3d siates near the Fermi energy, the shoulder at
about 2.5 eV binding energy originates from emission both from Co
and from the Copper subsirate. The dominant peak at 3.5 eV binding
energy is due to emission from the Copper As state at the T
symmeiry point. At higher binding energies there is only a slightly
increasing background-emission visible. During the oxidation
process, the spectra change quite in a similar way as for the thick
films discussed above. The intensity of the Co peak near the Fermi
energy decreases with the oxygen exposure, while new structiures
appear at higher binding energies. The shoulder at 2.5 eV binding
energy becomes stronger, while the Cu peak at 3.5 eV remains at the
same position with the same shape. Al about 8 eV a new struciure
develops and at 10 eV binding energy there grows again a satelliie.

At high exposures one can also see the development of a new
structure (shoulder) at about 1.2 eV binding energy. But it is not easy
to identify the oxidized sample from the specirum as being CoQO or
Co304. The structures at 6 and 10 eV binding energy one can find in
both oxides and the feaiures ai lower binding energies do not fit very
well to the spectra of the two oxides, even if one subtracts the Cu
peak at 3.5 eV. There are no spin resolved specira of this sample,
because the long range in plane ferromagnetic order staris only above
2 ML thickness, as discussed in chapter 5.

For a Co thickness of 2.5 ML we show the spin integrated
specira in Fig 6.20.
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Fig. 8.20: Spin integrated
photoemission spectra of
2.5 ML Co/Cu(i00) taken
at 45 eV photon energy at
_ normal emission after
4 12 3 8 © 4 2 Eg different oxygen exposures

Binding Energy (eV) at room temperature
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The spin resolved spectra of the oxidation process of 2.5 ML we
present in Fig. 8.21.

Fig. 6.21: Spin resolved
photoemission specira of
%5%‘14 2.5 ML Co/Cu(100) taken
at 45 eV phoion energy at
normal  emission after
7 different oxygen exposures
at room temperature. The

Co/Cu(100)

Intensity (arb. units)

hv = 45 aV, filled triangles (&)
room temp. correspond 1o emission
1 from majority and the open
3 0 circles (o) to . minority

| ! 1 I A

glectron spin-direction,

10 8 6 4 2 .
respectively.

Binding Energy (eV)

The specira for the clean sample and for oxygen exposures of 7

and 14 L are shown. The development of the spin integrated spectira
during the oxidation process is comparable to that of the 1 ML film.
So we can also not identify the oxidized phase clearly. The spin
resolved specira show a loss of spin polarization with increasing Op
exposure, indicating again that the surface of the oxidized sample is

s g g e b pmoan s

ok £ . o s
ol 1erfomagneluc any maore.

The spectra of 4 ML thickness with oxygen exposure up to 7 L
are shown spin integrated in Fig. 6.22 and spin resolved in Fig 6.23. -

] T I E 1 1 L T

4ML Co/Cu (100)

hv = 45eV, room temp.

|

Fig. 6.22: Spin integrated
photoemission spectra of 4
ML Co/Cu(100} taken at 45
eV photon energy at normal

- Intensity (arb.units)

Binding Energy (eV)

' o emission after different
—t ' : b . ' . oxygen exposures at room
12100 8 8 4 2 EF temperature. :
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1 Fig. 8.23: Spin resolved
3 5 photoemission spectra of 4
' ML Co/Cu(100) taken at 45
eV phoien energy at normal
2| . emission after different
oxygen exposures at room
temperature. The filled
} iriangles {4) correspond io
Y emission from majority and
: i ' | ‘ ' : the open circles (o) to
12 10 8 6 4 2 E minority electron spin-

‘Binding Energy (eV) direction, respectively.

Co/Cu(100)

hv = 45 eV
room ‘temp.

-Ihténéity (arb.units)

Here the spectrum of the oxidized sample has more clearly the
structure of the CoO spectrum. The structure of the oxygen derived
feature between 5 and 7 eV binding energy and especially the feature
at 1.7 eV binding energy fit guite well to the CoO spscirum. The spin
resolved specira alsc show an analogous behavior to those of the
thick layer. At low exposures (2 L), the Co emission near the Fermi
energy is suppressed in both spin channels, bui the majority fealure
is changing more iis shape than the minority featurs. Above 5 L
exposure both spin channels show the same struciure, there is only a
small background polarization lefi.

The spectra of the oxidation of 5 ML Co, shown in Fig. 6.24,
show again more likely the develooment of CoO than of Coz04, but it
is still not as clear as for the thick film.

i L [ 1 ¥ ¥

SML Co/Cu(100) |

hv = 45 eV, room temp. !

Fig. 6.24: Spin integrated
photoemission spectra of §
ML Co/Cu(100) taken at
45 eV photon energy at
normal emission after
_different oxygen exposures
at room temperature.

. Intensity {arb.tinits)
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O Co Co Co/Cu Cu Cu

diN/dE

9290

775/776
503

Electron Energy {(gV)

Fig 6.25: Derivative Auger spectrum (dN/JE) of 40 L O2 exposure at room
temperature ¢n 5 ML Ce/Cu(100). _

: The Auger spectrum of 5 ML Co with an exposure of 40 L oxygen
at room temperature is presented in Fig. 8.25. The typical oxygen, Co
and Cu peaks with their electron energies are indicated. With this
exposure, the oxygen peak at 503 eV dominates over all the other

features.

As for the low temperature oxide we can characterize also the
oxidized sample at room temperature with the help of resonance
effects. An identification of the peaks can be done by varying the
photon energy for normal emission again in the range of the 3p

thick Cc ﬂfm thls is shewn a!ready in fsg 6.?3. %ﬂ fsg. 8.28 we shcw
a set of spectra of a 6 ML Co film after 30 L oxygen exposure at room

temperature. T
SOL Og lGML Co 100)

room femp.

normal emission

/“’\ hv (eV)

A

Intensll'y'(a'r'b.'unlts) :

Fig. 6.26: Spin integrated

photoemission specira of 6

ML Co/Cu(i0D) after 30 L

‘oxygen exposure at rocom

temperature  taken . at
~-normal emission -with
. different photon energies
45 near the Co 3p threshoid
ehergy of = 81 eV.

Binding Energy {eV)
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At this range of oxygen exposure the oxidation reaction has
come to a saturation. The specirum shows the overall structure of
CoO (see fig. 6.14) only at 1.9 eV binding energy there is not a peak as
in the CoQ spectrum but a shoulder. In fig. 6.26 the photon energy is
changed from spectrum to spectrum by 3 eV. This is too coarse for
observing clearly resonance effects and also the spectra are not
normalized, but a qualitative understanding can be derived anyway.
The spectra of 55 and 80 &V photon energy are quite different from
the others. At 60 eV photon energy the peak at 5 eV binding energy is
dominating above all other structures in the spectrum, while it is
hardly visible in the spectra of lower or higher photon energies. As
explained already above, one expecis resonance effects of the Cobali
states near the threshold energy, while the emission from oxygen
states should not change much in this photon-energy region. The
energy of the Co 3p states there alsc appears an Auger peak in the
spectrum that makes the interpretation harder. Nevertheless, from
this set of specira, one can say that the emission near 5 eV binding
energy has a different origin than the emission in the other pari of
the spectrum. As this region has already been identified as oxygen 2p
emission, the peaks at 3.8 and 1.9 eV binding energy are probably due
to Co emission, while the origin of the emission at 6.7 eV binding
energy still is not clear, because in all the spectra, independent of
the photon energy, there is a shoulder seen at this energy. About the
10 eV satelliie we cannot deduce much from this picture; because of
the arbitrary way of normalizing the spectra we cannot determine
whether its intensilty changes upon variation of ihe photon energy.

6.3 Core Level Speciroscepy

oA A AL A

We report here the effect of oxygen reaction with fce Cobalt on
the Co 3p core levels. The interpretation of core level photoemission
is quiie different from thai of valence band staies. While valence
band states are extended through the whole crystal, the core levels
have an atomic character. For core levels, such as the 3p states of
the 3d transition metals, a description with a reciprocal latlice and
a bandstructure like in the case of the valence band does not make
‘much sense, as the binding energies are independent of the k value of
the electrons. This means also that their binding energies do not
- shift, varying the photon energy or the emission angle. So, the binding
‘energies "of core levels are very well defined (they only consist of

-_"_'-different.-':pea_ks'(muii’iplet splitting) due o the different quantum

"_-ﬂgmbe_rs_,_{cf. ‘the corresponding electrons in each level), they
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can only change due to chemical bonding, which is well known as
‘chemical shift', or indirectly through hybridization effects in the
valence band (e.g. at the surface). Fig. 8.27 shows the spin integrated
spectrum of the Cu 3p state of the clean Cu subsirate taken at 138
eV photon energy after subtraction of a constant background of
inelastically scattered electrons. The Cu 3p state consisis of 3pass
emission at 75.1 eV and 3pi/2 emission at 77.3 eV binding energy.

Cu 3p
hv = 138eV
H

i
80 78 76 74 72

Intensity (arb.units)

Fig. 6.27: Spin integrated photoemission specira of the Cu 3p core levels taken at 138
eV photon energy. A consiant inslastically background is subiracted. Binding energies: Cu
3p3/2 = 75.1 eV and Cu 3py/2 = 77.3 eV.

After evaporation of 14 ML Coball, the Cu emission has
vanished and one can see the Co 3p siates at 58.9 eV binding energy,
shown in fig. 6.28 at 133 and 138 oV pholon energy.

LR

Co 3p + Auger

138 Fig. 6.28: Spin integrated
photoemission spectra of Co
3p core leveis ai 58.9 eV
binding energy and Co MNN
Auger emission at 53 eV
’ electron energy taken with
y 133 133 eV and 138 eV photon
energy. A  constant
L A inelastically background Is
90 85 80 75 70 &5 60 55 subiracted.

Binding Energy (eV)
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'I'_ntlensiw (arb.units)
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in this figure one can also see a 5 eV broad structure between
75 and 80 eV bhinding ensrgy that shifis to higher binding energies by
the same amount as the photon energy changes; so at 133 eV photon
energy, its maximum is at about 78 eV "binding energy" and at 138 eV
photon energy at about 83 eV "binding energy”. This struciure
corresponds to the Co MNN Auger emission with & constant electron
kinetic energy of about 53 eV. Because the spectra are always shown
relative {o the Fermi energy, the Auger peak shifts in the spectrum

varying the pnoion energy.

The following spectra are taken at a photon energy of 138 eV,
where the Auger feature is far away from the Co 3p structure in the
spectrum, and in the figures, a constant background of inelasticaily
scattered electrons is subiracted. In fig. 6.29 we show spin
integrated spectra of the Co 3p core level and its changes induced by
reaction with oxygen at room temperaiure.

1 1 t i i f [ E

Co 3p

hv = 138 eV, room temp.

Intensity (arb.units)

Fig. 6.29: Spin integrated
nhotoamission spectra of Co
3p core levels faken at 138
eV photon energy for
different oxygen exposures
at room temperature. A
I T e constant inelastically
: m— background is subtracted in
74 7270 68 66 64 62 60 58 56 54 each spectrum.

Binding Energy {eV)
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The sample preparation and gas exposure conditions are the
same as for the valence band measurements, the thickness of the Co
film is 14 ML. For the clean sample the spectrum has one peak at 58.9
eV binding energy, which corresponds both to 3py/2 and 3ps/e state
emission. This set of specira gives further support for the
distinction we have made between the two reaction stages. Also the
3p spectra display as a function of oxygen exposure two distinct
behaviors. Up to 8 L few changes can be observed in the 3p lineshape,
as it is expected for the Co weakly interacting with the surface
adsorbed oxygen. Above 7 L a 1.5 eV chemically shifted component
emerges, corresponding to the formation of surface CoO. The vaiue of
the chemical shift is in agreement with published data for CoO [Kim
75], where the Co 3p state in CoO is found to be at 60.4 eV binding
energy. But also the entire shape of the spectrum changes in the
range of 60 to 70 eV binding energy and new features appear due to
oxygen exposure, but they are too broad to be distinguished. This
structures can be interpreted according to ref [Kim 75] as emission
from multielectron excitations (electron shakeups) and multiplet
splitiings. So, the development of the core level spectra is again a
very good identification of the room temperature oxidized sample
with CoO, by a chemical shift of the Co 3p state of 1.5 eV to higher
binding energy. Fig. 6.30 shows again the specira of the clean and the
oxidized Co surface in the energy range from 55 to 80 eV binding
energy, where one can also see the Co Auger peak ai about 82 eV
binding energy. For the oxidized sample, the Auger peak at this energy
is much broader, indicating that the electronic siructure of Co has
changed during the oxidation.

Fig. 6.30: Spin
integrated photoemission
specira of Co 3p core
leveis and Co MNN Auger
emission taken at 138 eV
photon  energy. The
spectra for the clean
sample and after 35 L
oxygen exposure at room
temperature are shown. A

Intensity (arb,unfts)

i b L ! | 1 \ constant inelastical[y
%0 "85 80 75 70 65 60 55 background is subtracted
' " Binding Energy (V) in each specirum,
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Now we want to discuss the influence of the oxidation on the Co
3p core level in spin resolved specira. The spin resolved
measurements of core levels is problematic because of the low couni
rate due to the small photoionization cross section, see table 6.1.
Therefore one needs a high photon flux for photon energies above 160
eV. This is only available at an Undulator-beamline of a synchrotron.
Until now for the clean surfaces, there are only spin and energy
resolved measuremenis of the 3p core levels of Fe, Co and Ni [Kachel
89], [Carbone 88] and of the Fe 3s core level [Carbone S0]. The
influence of adsorbates on the spin dependent electronic structure of
the core levels has been investigated until now only for the Fe 3p
level "with oxvgen chemisorption [Sinkovic 80].

[ ] ¥ H i ¥ § ¥
Co3p
hv = 138 eV, room temp.

Intensity (arb.units)

Fig. 6.31: Spin resolved
photoemission specira of ihe
Co 3p core levels faken at
138 eV phoion energy. The
spectra for different oxygen
exposures at foom
{emperature are shown. A
constant inelastically
background is subtracted in
each spectrum. The filled
s _ triangles (A) correspond o
68 66 64 62 60 58 56 54 majority and the open

o007 7 'Binding Energy (eV) triangles (V) to minority
spin electrons, respectively.
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in fig. 6.31 we report the spin resolved spectra of the Co 3p
state of the clean sample and after 4 and 12 L oxygen exposure at
room temperature. The spectrum of the clean sample shows an
overall dominating majority emission due to the polarization of the
background. Only at the Co 3p peak the minority emission dominates.
The Co 3p peak is split by (0.3 £ 0.15) eV. Afier 4 L oxygen exposure
the minority peak decreases, but remains at the same energy
position. The majority structure becomes broader, new structures
appear at about 60 eV binding energy, the mincrity peak gets less in
intensity but its shape remains the same. This slightly different
behavior in both spin directions of the Co 3p level might be an
indication that the oxide, which is formed already in the first
reaction stage, is magnetically ordered, while this ordering gets lost
with higher-oxygen exposures.

In the region of 61 - 68 eV binding energy the spectra in both
spin channels are still quite similar {o those of the clean sample,
because with 4 L oxygen exposure one is stil mainly in the first
reaction stage.

The spectra for 12 L oxygen exposure show already the feature
for the second reaction stage. They have nearly the same structure in
both spin channels, only the majority spectrum is still higher in
intensity due to background polarization of not reasted Co layers
underneath. This is similar to what we have observed in the spin
resolved valence band spectra. The additional emission between 80
and 88 eV binding energy is not polarized, it appears simultaneously
in ‘both spin channels. This shows again that the surface oxide has no
more long range ferromagnetic order.
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6.4 Summary of Chapter 6

in this chapter we discussed the reaction of oxygen with
ultrathin fcc Co (100) fiims at room temperature. and at lower
temperature {150 Kj.

At room temperature with oxygen exposures up to about 6 L,
oxygen forms a c(2x2) superstructure on top of the Co surface. The
corresponding oxygen 2p state at about 6 eV binding energy in the
photoemission spectrum is exchange splitted by (0.2 £ 0.1) eV,
indicating the possibility of an induced magnetic moment in this
overlayer parallel to the bulk Co film. Frem this we also conclude
that the topmost Co layers cannot be magnetically "dead” due o the
oxygen adsorption in the first reaction stage. With higher oxygen
exposures the formation of a surface oxide starts, accompanied by a
rapid decrease of the surface ordering and the spin polarization in
the photoemission spectra. The photoemission specira change
drastically their shape; while the Co 3d emission near the Fermi
energy vanishes. New structures at higher binding energies appear
due to oxide Co 3d states, oxygen 2p states and a Co satellite at 10
eV binding energy. For oxygen exposures higher than 20 L we
identified the creation of CoO at the surface, which does not order
ferromagnetically any more. For the various reaction stages we found
an overall behavior similar to the oxidation of a Ni(100) surface.

The Co 3p core levels show a chemical shift of 1.5 eV due to
reaction with oxygen for high exposures

Below 4 ML Co film thickness, the resuiting structure for the
oxidized sample could not be identified with CoO or another oxide
unambiguously, but for Co films above 4 ML thickness we identified
CoQO as the reaction product.

At low temperature (150 K) exposure we observed a similar
behavior of the oxygen reaction in the photoemission spectra, only
the second reacticn stage is observed already at lower exposures
(because of the higher sticking coefficient at this temperature) and
the spin polarization in the photoemission specira vanishes faster.
The reaction product for high exposures was identified to be mainly

Co304.
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7. Summary and Outlook

The aim of this work was io invesiigate the spin dependent
electronic structure of ultrathin fecc Co films and the changes
induced by reaction with oxygen. The expsriments were carried out
using spin- and angle resclved photoemission spectroscopy; the
samples were characterized additionally by LEED and Auger
spectroscopy. The layer dependent electronic structure of the Co
overlayers has also been calculated with spin resclved band
structure calculations using the FLAPW (full potential linearized
augmented plane waves) method.

- Co grows epitaxially in the layer by layer mode on the Cu (100)
substrate adapting the fcc struciure of Cu at least up to 15 atomic
layers. The hybridization of the Cu substrate with the Co overlayer
was found to be weak, the position and shape of the Cu-peaks in the
photoemission spectra did not significantly change with the
deposition of Co overlayers. We found long range ferromagnetic
ordering in the plane of the surface at room temperature only for Co
film thicknesses above 2 ML.

A band structure determination of the Cu(100) substrate with
angle resolved photeemission couid verify the dispersion of the Cu

As band in the I’ - X direction of the Brillouin zone.

Co films of more than 5 ML thickness displayed bulk electronic
properties. We determined the bandstructure in the I' - X direction
and compared it to calculations of the foce Cobalt bandstructure with
Co in the Cu latlice constani. The binding energies of the majority
and minority As band at the T - high symmetry point and

sacuently their exchanae eﬁhﬁmﬁ of H BE5 + 0, ‘i?ﬂ aV are found

Fatalnl
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to be in good agreemeni with ihe calc'!faﬂOﬁ Also i’he dispersion of
the bands could be measured well. An additional majority peak a
about ‘0.6 eV binding energy does not fit to the bulk bandstructure.
We identified this peak to correspond to a surface state or surface
resonance. -

e We found an_enhanced value of the exchange splitting at the
center (I" - point) of the Brillouin zone in Co Iayers with a thickness
“below: 5 monolayers. The enhancement is 25 £ 5 % in the monolayer
‘regime. ‘We interpret this enhancement as a ‘quantum size effect,
where. the bulk-wavefunctions are modlfled by the reduced
'_dtmensacnal ty cf the svstem '
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We compared our experimenial resulis on the enhanced
exchange splitiing with spin polarized band structure calculations
for various Co films on Cu(100). We found (i) an enhancement of the
magnetic moment strictly limited to the first Co layer; (i) a
proportionality between the enhancement of magnetic moment and
exchange splitting. Taking this proportionality into account we give
experimental evidence of an enhancement of the ground siate local
moment in the monclayer of about 255 %.

In the reaction of oxygen with Co films we could ideniify
different reaction stages. At low exposures, oxygen adsorbes
dissociatively in an ordered c(2x2) sitructure. The chemical
interaction between the adsorbate and the substrate manifesis
itseif through a reduction of the 3d surface state emission near Ef.
The oxygen 2p bands exhibit an induced exchange splitting of (0.2 £
0.1) eV at the cenier of the surface Brillouin zone. From this we
conciude the possibility of an induced magnetic moment in the
oxygen overlayer and the topmost Co layers cannot be magnetically
"dead” due toc the oxygen adsorbation in this reaction stags.

With higher oxygen exposure, corresponding to the formation of
a CoQ surface phase, the photoemission spectra show evidence for
strong correlation effects in the elsctronic structure. A satellite
appears about 10 eV below Eg in the specira. The formation of the
CoO surface oxide phase is accompanied by a decrease of ine
photoelectron spin polarization revealing the quenching of the
surface ferromagnetic order. At low temperatures (150 K) and high
exposures of 0o the formation of another surface oxide phase was
observed which again has a different electronic structure. This low
temperature phase was identified to be mainly Co3QO4.

The study of the oxidation reaction for different Co film
thicknesses showed the same overall behavier for all Co films. For
fiim of at least 4 ML Co thickness we could identify the building of a

o o
L
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CoO oxide phase at room temperature. For thinner films we could
identify the reaction product for high oxygen exposures clearly.

In the future it would be interesting to study gquanitum size
effects also at different conditions like in sandwich- or mullilayer
systems, or for instance on the (i11) plane of Co. In the latter we
expect a slightly smaller eifect than on the (100) plane because of
“the “larger atomic density in this plane. The influence of different
adsorbates like hydrogen, sulfur or carbon monoxide on the spin
dependent electronic structure of the Co surface is also of great

interest because for Co there is still a lack of information compared
to Fe or Ni.
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