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#Sollte nicht schon bloBe Berthrung mancher
Kérper mit Eisen [sie] ebenso anziehbar fiir

den Magneten machen. . .
Wird Eisen mit verschiedenen Substanzen in

Beriihrung wohl verschieden vom Magnet ge-
zogen?”

Johann Wilkelm Ritter (1800)"

1. Introduction

The properties of ulirathin* magnetic films are an object of current experimental
and theoretical research as they permit to study the evolution of the co-operative
effect ferromagneiism in the transition range from two- to three-dimensionality.

The realization of ultrathin metal films has become possible by progress in
preparation techniques, involving molecular beam epitazy (MBE) and improved
ulirahigh vacuwum (UHV) conditions, and in characterization methods like Auger
eleciron spectroscopy (AES), low-energy eleciron diffraction (LEED), or scanning
tunneling microscopy (STM), which allows to monitor the quality of a sample even
on an atomic scale.

The questions for the existence of monolayer ferromagnetism, the size of magne-
tic moments in ultrathin layers in relation to bulk values, enhancement or absence
of magnetism at bulk surfaces and the strength and direction of coupling between
ferromagnetic or antiferromagnetic layers in sandwiches or multilayer systems have
been addressed in this field. Among the prominent results that have been achie-
ved hitherto are the experimental proof of ferromagnetism in monolayers of Fe on
Au(100)? and Co on Au(100).

Currently there is considerable ambition to find a bulk paramagnet which be-
comes ferromagnetic as an ultrathin film on an appropriate substrate. For reasons
pointed out below an ulirathin layer of palladium on lop of the (100) face of iron
is expected to show strong tendencies to become ferromagnetic.

While for the study of a ferromagnetic layer on top of a dia- or paramagnetic
substrate averaging as well as local methods of measurement! are appled, the

* In general films that are not more than =4 atomic layers thick are referred to as “ultrathin”.

t Measurement methods of thin-film magnetism are: {1) Highly sensitive magnetometry me-
thods, which measure an averaged magnetic moment, like the vibrating sample magnetometer,
the torsion oscillation magnelomeier, the Faraday balance, and the superconduction quanium
interference device (SQUID), (2) the surface magneto-oplical Kerr effect (SMOKE) and the
Brillouin light scatiering gaining magnetic information from a region extending only some
100 A from the surface into the bulk due to the penetration depth of light in metals, (3) the
M3ssbhauer speciroscopy, site and element specific as the probe, certain isotopes out of a limi-




system Pd/Fe(100) requires a method that is surface and elemeni specific. This
specification is fulfilled by the spin-resolved pholoelectron spectroscopy or spin-
resolved pholoemission which is in so far unique as it provides information on both
magnetism and electronic structure and is surface sensitive when performed at
sufficiently low energies.

Whilst the Pd atom has the outer electron configuration 4d'955°, in the solid
the electrons rearrange and charge is transferred to form* 4d5722550:6205,0.658
and convert the diamagnetic free atoms to a metal with an extraordinaryiy
large paramagnetic susceptibility®. The paramagnetic susceptibility is exchange-
enhanced® and the density of states at the Fermi edge n{Er), as it results {rom
slab calculations™®, multiplied by the exchange integral®*® yields® n{Er)-J = 0.9
and thus misses the Stoner criterion for ferromagnetism by only 10%.

Additionally, for the Pd surface leyer a strongly enhanced susceptibility (with
respect to the bulk) has been calculated'?, but surface ferromagnetism was found
to be absent in theory®.

On the other hand it is known that contact between Pd and 3d iransition metal
impurites in dilute Pd alloys produces gian! momenis of e. g. =~ 12up for PdFe
and =~ 1lug for PdCo.!3!* The giant moment consists of the impurity moment
itself plus a polarization cloud which extends for about 10 A inducing a moment
of approximately 0.05xp on some 200 Pd atoms.'®

FePd alloys in a more balanced compositional regime are ferromagnetic with an
averaged magnetic moment per atom decreasing from = 2ug at 30% Pd to = 1up
at 80% Pd'C.

For obvious reasons polarization effects similar to giant moment magnetism are
expected at two-dimensional 3d metal-Pd interfaces. Hillebrands ef al.l", using
Brillouin spectroscopy and a SQUID magnetometer, observe a magnetic polariza-
tion of the Pd spacer layers in sputtered Fe/Pd superlattices (thickness of each
layer between 33 and 188 A).

In a theoretical study of 3d transition metal overlayers on Pd(100) Bhigel®!!
finds that one monolayer of Fe, Co, and Ni is ferromagnetic on Pd(106). The ma-
gnetic moment in the Fe monolayer is enhanced by 1ug. Additionally, a magnetic
moment of 0.32up is induced on the atoms of the topmost Pd layer and still
0.17pp on the succeeding Pd layer.®!! The occupation of the 4d subshell in Pd
metal limits the induced magnetic momeni to 0.36up and the difference between
this value and that found in the giant moment case is due to the difference in the

ted number of elements, can be placed at any desired location during the production of the
sample, () methods sensitive to the magnetism only in the topmost atomic layers like spin-
polarized low-energy eleciron diffraction (SPLEED) and electron capture spectroscopy, and (5)
the surface sensitive energy spectroscopy methods spin-polarized inverse photoemission and

spin-resolved (ultraviolet) photociectron spectroscopy.




number of next neighbors.®2 A saturation of the Pd magnetic moment Is found for
a PdFe alloy at 16% Fe.'®

Contrasting resulis have been reported by Hosoilo ef al.'%?°, who studied the
magnetism of Fe-Pd interfaces by 57Fe Mdssbauer spectroscopy thus probing the
hyperfine field at the Fe sites. They conclude the first Fe Jayer in contact with Pd te
be paramagnetic at room temperature. Polarized neutron diffraction measurements
performed by the same group? seem to support this conclusion. Nevertheless,
crystallograph:cal information is missing'®, and similar results (reduction of the
magnetization in the first Fe layer at the interface by 30%) for Fe-V multilayers??
can also be interpreted taking into account a non-rectangular composition profile?
due to alloying.

Recent theoretical calculations?+26+?7 predict that a lattice expansion by 5 to
6% will render Pd ferromagnetic because of the sensitive dependence of the s-d
- hybridization on the lattice constant. An enhanced susceptibility had been ex-
perimentally found already for Pd stretched in Au/Pd/Au sandwiches®® due to
band-narrowing and thereby increased density of states at Ex. With electron cap-
ture spectroscopy Rer? finds ferromagnetism in up to 10 monolayers of lattice
expanded Pd on Ag(100), nevertheless, magneto-optic Kerr eflect measurements®
do not show ferromagnetism in this system.

The theoretical predictions?®?%:27 together with a report by Hillebrands et al.®!
on the observation of induced moments at the interfaces also of epitaxially grown
Fe(110)/Pd(111) superlattices have motivated Celinski el al.*? to grow Pd on Fe on
Ag(100) in order to expand the Pd lattice constant by 5.1%. Reflection high-energy
electron diffraction (RHEED) together with the exponential decay of the Fe Auger
signal lets them conclude that the lateral lattice spacing in the Pd is the same as
that of the substrate.’? In ferromagnetic resonance (FMR) and Brillouin scattering
they find that four Pd layers sandwiched between Fe are ferromagnetic while five
layers are not. Celinski el al. try to distinguish between the magnetic properties of
the Fe/Pd interface in Ag/5Fe/8Pd/20Au (numbers denote monolayers) and those
of the Fe substrate by comparison with a Pd-free reference sample and conclude
that an extra magnetic moment of 0.9xpg/atom is created. The report of Celinski
et al. has been the starting point for the present work.

The work is organized as follows: In chap. 2.1 the preparation of the Fe sub-
strate and the Pd overlayers will be described. Then, in view of the possibility of
interdiffusion between Fe and Pd and the fact that FePd alloys behave ferromagne-
tically in a wide compositional regime a careful study of the growth mode of Pd on
Fe(100) must follow in chap. 2.2 and chap. 2.3. After a compilation of theoretical
and technical aspects of photoelectron spectroscopy in chap. 3 the results of spin-
and angle-resolved photoemission are presented and discussed in comparison with
a band structure calculation in chap. 4. Chap. 5 gives a suminary of this work.




2. Sample preparation and characterization

2.1. Sample preparalion

The picture frame shaped Fe(100)3%Si single crystal has been prepared in sifu
by Net-sputiering at 2keV and heating. In order to achieve minimum surface
roughness the crystal was flashed to 370°C for 2 min. Although after this treat-
ment no surface segregation of Si was detectable by Auger electron spectroscopy,
5 to 10 ML of Fe have been evaporated onto the crystal prior to Fe photoemission
as well as prior to Pd overlayer preparation. Fe and Pd were evaporated by elec-
tron beam heating from 99.999% resp. 99.994% purily wires ai a rale of typically
0.17 ML/min with the evaporating facilities surrounded by water-cooled jackets
to prevent contamination by thermal desorption. The sample was held at room
temperature during evaporation to prevent interdiffusion. The evaporation rates
were measured with the use of a quartz crystal microbalance. The basic pressure of
the chamber was 1.8 1012 mbar and raised during evaporation to 610719 mbar.
Data acquisition time for spin-resolved spectra was typically 1h. In general, each
sample has been used only for one spin-resolved spectrum and was sputtered af-
terwards. An exception is the determination of the Pd coverage at which the spin
polarization vanishes. In this case the overlayer thickness has been increased suc-
cessively. Nevertheless, it was found that both procedures yield the same spectra
with respect to shape and polarization.




2.9. Application of Auger eleciron speciroscopy

2.8.1. The Auger process

The emission of an Auger electron with characteristic kinetic energy F by an atom
can in the simplest case be understood as a two-step process involving three atomic
levels. This is reflected by the common notation XYZ for Auger electrons. In the
first step a hole is created in the core level X by incident electrons, photons, or
jons. In the second step an electron of a higher level Y fills this hole. The energy
gained by that is emitted in two competing processes. Either characteristic X-rays
are emitted or the energy is transferred to another electron of level Z which leaves
the solid as an Auger electron of kinetic energy E.

Important is the fact that this energy transfer occurs by Coulomb interaction
and thus is truly radiationless, so that it is not governed by the selection rules
* for dipole radiation. F has generally been regarded to be independent from the
conditions of the tonization in the first step, an assumption that must be doubted
after lalest experimental results®®.

2.82.2. The lechnique of Auger eleciron speclroscopy

The use of Auger electron speciroscopy (AES) in surface analysis is based on its
surface and element sensitivity. In the range from 10eV to 1 keV the inelastic mean
free path (IMFP) of electrons is in most elements between 3 and 20 A.34:%

it took 40 years from the first observation of Auger electrons by Pierre Auger®®
1925 until the application of AES in surface analysis. Harris®™ performed the
differentiation of Auger spectra by potential modulation of the analyzer and phase-
sensitive amplification, and Peria realized that for this the electron gun and the
analyzer optics of a conventional LEED system* can be used.3®

An Auger specirometer on the basis of a LEED system works as a refarding
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. Today the
LEED-RFA consists of four grids, which are arranged concentrically in front of
the LEED screen, which serves as a collector. The inner grids are both connected
to the decelerating potential in order to diminish the lense effect of the mashes of
the single grid. The outer grids are grounded in order to keep the area in front
of the sample fieldless and to screen the collector from the modulation on the
grids. Because all 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 collector in the lock-in amplifier yields the energy distribution curve
(A) and a successive differentiation yields its derivative (B). In spectrum B the

* LEED (low-energy electron diffraction) will be treated in chap. 2.3.




peak-to-peak heights are proportional to the iniensities, i. e. the areas underneath
the peaks, in spectrum A. This holds exactly if the peaks in spectrum A are of
Gaussian shape. A quantitative comparison of peak-to-peak heights in spectra from
different spectrometers requires besides identical peak shapes the same resolution
of the spectrometers and the same modulation as well as identical primary electron

energy.

2.2.3. Epilazy

Though often used throughout the literature on thin films, for the use of the
term “epitaxy” no standard convention exists®®. The greek emtrafis means im-
position, direclion, arrangemeni, order, command, and there is accordance that
epitaxy should mean the growth of a material on top of another while adopting
the structure of the latter.

We will denote with “epitaxy” in a strict sense the presence of three conditions:
(1) layer by layer growth, (2} perfect order within the layers with the in-plane
lattice constant of the substrate, and (3} a sharp interface between the substrate
and the adsorbate.

In reality deviations from this ideal case occur: island growth, loss of order at
higher coverage, and interdiffusion between substrate and adsorbate atoms. The
real growth mode can coincide with the ideal case in either one of the listed aspects
and deviate from it in another, giving rise to a large number of possible growth
modes. Additionally, in many cases a change in the experimental conditions like
the order, purity, and temperature of the substrate and the deposition rate of
the adsorbate atoms can alter the growth mode of a certain substrate-adsorbate

system radically.

2.2.4. Growth modes

In the following we will consider different models for adsorbate growth and in how
far they can be distinguished with AES.

If the binding of the adsorbate atoms f{o the substrate is stronger than that
among each other, the layer by layer or Frank-Van der Merwe®® growth mode
occurs, where the substrate is being covered totally by the first atomic layer of the
adsorbate, and each following atomic layer is not begun until the underlying one
is completed (Fig. 1a). Examples are Fe/Au(100)* and Co/Cu(100)*'.

During Volmer- Weber growth*? the adsorbate atoms form clusters on the sub-
strate surface, which become, with increasing number of atoms added, three-
dimensional islands. As a result, in each stage of the growth process (with respect
to ulirathin films) large areas of the substrate remain uncovered (Fig. 1b). The
Volmer- Weber growth mode occurs if the binding among the adsorbate atoms is




Fig. 1: Compilation of (a} the layer by layer or Frank-Van der Merwe growth mode, (b) the island
or Volmer- Weber growth mode, and (c) the layer plus islands or Stranski-Krastanov growth mode.

stronger than that with the substrate. Volmer-Weber growth has been found e. g.
for Au/NaCl*® and Pt/Au(100)%.

Also during the Siranski-Krasianev growth?® three-dimensional crystallites are
formed. However, this island growth is preceeded by a complete coverage of the
substrate by one (more seldom two) atomic adsorbate layer (Fig. 1c). Whilst
during Frank-Van der Merwe growth the binding energy between the adsorbate
atoms decreases from the first layer until the bulk value at higher layers, it increases
during Stranski-Krastanov growth from the second layer on.*® A reason for this
and thus for the “switching” to a different growth mode can for instance be that
the lattice constant of the substrate cannot be adopted in the adsorbate bulk
crystal. Examples for Siranski- Krasianov behavior are Pd/W(110) (annealed)*"»*®

and Pb/Cu(100)*.

2.2.5. Simulalion of growth modes for Auger analysis

Surface analysis with AES averages in contrast to electron microscopy over a ma-
croscopic surface area. Yet, distinction between e. g. island and layer by layer
growth is possible.

First, in the Auger spectrum the peaks characteristic of the substrate and the
adsorbate material are identified. Then their heights are plotted versus the de-
posited mass, that is versus time if the adsorbate is successively evaporated with
constant evaporation rate onto the clean substrate. In general, the adsorbate si-




gnal will, starting from zero, increase monotonously with the number of deposited
atoms whilst the substrate signal will be diminished by the attenuation in the
overlayers.

A quantitative model of this behavior of the two signals is based on the following

assumptions®:

(1) The number of Auger electrons that leave the crystal depends exponentially
on the thickness of the traversed film:

I=1I,e"%? (1)

To get the attenuation o of the Auger signal in one monolayer we insert its dy
in Eq. 1. For reason of simplicity d; denotes the thickness of a monolayer of the
subsirate. Thus we consider the attennation in the substrate and the adsorbate to
be equal.

(2) The parameter A in Eq. 1 is the inelastic mean free path (IMFP) of the
electrons. Its dependence on the material and the kinetic energy of the elecirons
is described by the universal formula given by Seak and Dench 3*:3:

A[nm] = 0.41 (a[nm])*/2\/E[eV] (2)
The matter constant a denotes the size of the atoms in the traversed region.* Also
here we take the Pd value (0.245nm). Consequently, instead of regarding four
different A’s (the IMFP of Auger electrons deriving from substrate or adsorbate
attenuated in the substrate or adsorbate) we only have to deal with two values: the
IMFP of electrons originating in the substrate A; and the adsorbate A, scattered
in an averaged attenuating material.

(8) As a consequence of (2} the only difference between A; and A, is the charac-
teristic kinetic energy of the Auger electrons E as it appears in Eq. 2. By inserting
dy in Eq. 1 we get the attenuation of the Auger signal deriving from the adsor-
bate ag = exp(—dy/),) as well as from the substrate a; = exp(~do/A;) in one
monolayer of the overlying material.

The different growth modes require different parametrizations of the adsorbate
coverage. Let b be the deposition in MLY. Then in case of Frank-Van der Merue
growth the number k of completed layers is equal to the integer part of &; the
covered fraction z (z < 1) of the & + 15t layer is the non-integer part of b:

h = [b]
z==5b-[b

* @ is defined in Ref. 34 independently of the crystal structure as a®=10%% 4 [eN 4 with the
density p[kg/m?], the atomic weight A, and the Avogadro number N 4.

1 We denote with "ML” the mass equivalent of one monolayer of deposited material, in-
dependently of the growth mode, as it can be measured for instance with a quartz crystal

microbalance.




Fig. 2: Schematical view of Frank-Van der Merwe
growth. h adsorbate layers are completed {h=2). A frac-
tion z of the surface is already covered by the A5
layer.

By summing up the contributions of all overlayers (Fig. 2) we get the adsorbate

~ signal

o h—1
Inppm=Igzy op+Io,(1—2)3Y of.
. =0 P 1=0 B
1 1l
Performing the sum operations yields
1- Qh h
Ia,FM = Ioq (I — a: + maa) .

For the semi-infinite substrate crystal the contributions of all layers are summed

up as well. The penetration of the electrons through the adsorbate layers is taken

into accout by a factor a®*! resp. o:

00 oo,
I,par =Ios 2 (Z a;) ot 1o, (1-2) (Z a’,) ol
1=0

1=0
111 v

After summation we get

, 1
I, pag = Iog a? (1 —3:).

A plot of I, pps and I pps versus deposition produces curves of polygonal shape,

whose kinks indicate the completion of each atomic layer.* (Fig. 3)
For the Volmer-Weber growth we assume that on a fixed area of the substrate

islands of rectangular shape and mean height A grow. The parametrization is thus

x = const.

h=b/z.

* An experimental observation of these kinks can be found in Ref. 51.
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_ Fig. 3: Schematic beha-
vior of the Auger signals of the
substrate (S) and adsorbate (A)
as a function of the deposited
mass in ML for layer by layer
{Frank-Van der Merwe) growth
(thick line), island (Volmer-
Weber) growth (medium line),
| | and layer plus island (Siranski-
0 1 2 3 LML Krestanov) growth (thin line).

The contribution of the islands is
h-1
Lyw=Iwuz Y o
=0
1- af{
1— g

=1Iyg 2z

The non-shadowed and the shadowed parts of the subsirate produce

m - w -
Iyw=1Iosz (z a;) ag + Ipg (1 —z) z ol
1=0 =il
i

1_03

(1+zeh —2).

=IDs

Plotting I, yw and I, yw versus deposition shows that the increase of I, yw
and especially the decrease of I, vy is not as large as with Frank-Van der Merwe
growth. This is not surprising in view of the uncovered substrate areas given by
z — 1. The limit z — 1 approaches layer by layer growth.

As Siranski-Krastanov growth can be regarded as a combination of layer and
island growth, for the first layer the relationships of the Frank-Van der Merwe
growth hold true. From the completion of the first layer on, the parametrization
is analogous to the Volmer-Weber growth

z = const.

10




Fig. 4: Schematical view of Sirenski-Krastanoy
growth. After completion of one adsorbate layer islands
T 1-r grow continuously, covering a fixed fraction & of the sur-

face,

and the intensity of the adsorbate signal (Fig. 4) becomes

h |
Iosg=1Togz ) ay+Io,(1—2)
=0
1 I
1~—a';l,f+1
= Iy, (z—i—_—-—&;-*-i-l—%c .

For the substrate we get

oo oo
sk =1Ipz (Z ozf,) af'H—!-Io, (1-2z) (Z a;) oy
s

11 v
o
= Io_,l _"as (zah +1—2).

A distinct kink in both curves marks the transition from layer by layer to island
growth*® (Fig. 3).

The resulis presented so far were adapted from the work of Ossicini el al.%® who
discuss the use of AES for the determination of growth modes. These models have
in common that they are based on the assumption that the substrate remains
unchanged by the adsorbate growth, i. e. diffusion at the interface is ruled out.
However, if the binding of the adsorbate to the substirate is strong enough to aim
at a high coordination between each other, the adsorbate will diffuse into the sub-
strate and form a three-dimensional alloy. With the help of three additional models
shall be tesled if such an interdiffusion could occur with the system Pd/Fe(100)
and if and o whal extent il can be recognized with AES.
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a) b) c)

Fig. 5: Growth modes that do not leave the substrate unchanged. (a) Layer by layer growing
adsorbate that remains always covered by one layer of atoms from the substrate. (b} Alloying
of the first deposited ML is simulated in the Iollowing way: Every second atom that hits the
substrate surface exchanges its place with that of the underlying substrate atem. After one ML
of the adsorbate is deposited and thus two layers of alloy are formed the adsorbate grows without
further interdiffusion and layer by layer. (c) Three-dimensional alloying. The first deposited ML
grows like in (b). Then the alloying continues with every second adsorbate atom exchanging its
place with that of & substrate atom.

A first example shall be a growth mode where the growing adsorbate remains
permanently covered by one atomic layer formed by atoms from the substrate. The
model for this growth (which has been observed for Rh/Ag) becomes apparent from
Fig. 5a).

The parameters are again

h = {b]
z=1b—[}.

For the adsorbate we get the behavior of the Frank-Van der Merwe growth, but
attenuated by a constant factor o, (Fig. 6):

k. h-1 |
In=Togx{Y o} |aa+Tos (1 —2)[ ) o)) e

1=0 L =0
1 11
1— ah
= Ioa Qg *l'_aa" + 302) .
— Lg

12




Fig. 6: One subsirate layer on top of a layer by layer
growing adsorbate. One adsorbate layer (h=1) is com-
pleted. A Iraction z of the surface is already covered by
h+1 adsorbate layers plus the substrate Iayer.

b}

Fig. 7: Alloying of the first deposited ML. (a} is
the same as in Fig. 5b). (b) shows a rearrangement
of (a) for reason of simplicity.

T2 1-2

The same holds true for the substrate signal, which also gets an additive term for
the contribution of the overlayer:

f o0 |
3_I03 (Za )O’f+2+103 (1“"'3}) (E O.’;) a'§+1+]0.3
b S~

1=0 N =0 .
I v \
-3 (o)
1 - O!_,

Lu®? observes phenomena of alloying when depositing Pd on Cu(100). An alloy-
ing of the firsi deposiled ML can be simulated by every second atom (which hits
the substrate surface} exchanging its place with the underlying substrate atom
(Fig. 5b). For reason of simplicity all atoms from the second deposited ML on

shall grow purely and layer by layer.
Fig. 7b) shows a situation corresponding to a), but simplified, for < 1 ML. In

13




this case the adsorbate signal is

T T
Iq -——I()a, -2—-!-10@ "i’aa
1 11

T
= IOG’E(I -+ aa)

and the substrate signal becomes

T (X z{ i) 2 z = i
Is=I03§ Zas a,+103§ Zaa (1’8+I03-2'+Ios(1—$)za’3
o . P

1=0 L 1=0 . 1=0 .
I v v Vi
T 1 T z
= fos (5* 1= o (5“”5“3“‘”)):

For the following layer by layer growth, that is $ > 1 ML, the parametrization is:

h=[8—-1
z=b-[b].

Here we get for the adsorbate signal a product of the signal for b = 1ML and
the attenuation by the overlayers as well as two additive terms providing the
contributions of the overlayers themselves:

I ho A1
Iaz%((1+aa)(zag+1+.(1—a:)ag)-l-a:Zcx;—!—(l—a:)Za}l)
i=0 1=0
1— ahtl 1—ah
Toa, +(1-—m)1_aa .

I
= —295-1— ((1 tag) (zaftl (1 -2)eh)+ 2

Correspondingly, the substrate signal for b > 1 ML yields

2

__IOa ot o h+1 h
I, = 5 (1_a8+1_as+l_ (zay¥ ' + (1 —z) ay).

Eventually, a true three-dimensional alloying can be simulated as shown in Fig.
5c).
Fig. 8 is a simplification of Fig. 5c}, and with the parametrization

h=1b
z=b-[h

14




b)

/2 I—

Fig. 8: Three-dimensional alloying. (a) is the same

as in Fig. 5¢). (b) shows a rearrangement of (a) for
reason of simplicity.

the adsorbate signal can be calculated as

1 h-1
I, =1y, = (Za)aa—}-foa Za2‘+Iga 23(2053'"*'1)&,1

:—0

N =0 .
1 1 111
1_gh=l _
e T"’ z az:—i-l
. =0 B
v
IOa 1 +aa.

fe % (o (1-ad*) 4 (1-2) (1 - oY)

and the substrate signal as

o, h
I.s :103 T (Z a;) a§h+2 +I(}'3 ;' z L +IOs 5 (Z {12:)
. A1=0 10

1=0
v VI VII
® .\ 1—gz (A1 .
+ I, (1~2) [ Y o] o? +I03 Za I, 5 o | a,
N =0 . 1=—0 -
VIII X

3

_7 . az(h-l-l) N 1 + o, 1— ag(h-i-l) N (1 _ z) a,gh 14a, 1-— O.'gh
0s 1—aoy 2 1-al 1— o, 2 1-a2 )
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Fig. 9: The dependence of A on electron energy. (From Ref. 34)

2.2.6. Ezperimental performance and resulis

The universal Seah-Dench equation (Eq. 2) yields for E = 336eV and a of bulk
Pd Ap; = 9.0A and for 650eV and the same a Ay, = 12.7 A. Nevertheless, Fig. 9
shows that the scattering amounts to several angstroms.

An overview Auger spectrum of the clean Fe is displayed in Fig. 10, taken after
sputtering, annealing and covering with a thick Fe film.

Clearly visible is the LMM triplet, characteristic of 3d transition metals. It
consists of the transitions L3VV (703eV), L3M3 3V (651eV), and L3M33M33
(598 V). The sum of all three peak-to-peak heights is taken as the substrate
signal.

Fig. 11 is a spectrum after deposition of some 5 ML Pd. Characteristic of Pd
are the transitions at 279 eV, 243 eV, and 330 eV, of which the non-resolved duplet
My 5Ny sNgs (326 and 330eV) is used as the adsorbate signal.

Two methods have been applied to gain diagrams of Auger intensity versus
deposition. Measuring method A is normal incidence and emission of electrons, and
it requires to turn the sample after each data point (which is one Auger spectrum)
from the analyzer to the evaporator. Method B is continuous evaporation and
measurement under angles of 45°. B bears the advantage that the sample does not
have to be moved and thus any deviation with reference to the site on the sample
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Fig. 10: Overview Auger spectram of the clean Fe after sputtering, annealing and covering with a

thick Fe film. The LMM triplet is characteristic of 3d transition metals.
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Fig. 12: Auger inten-
sity versus deposited mass for
Pd/Fe(100). Fe (squares} and
Pd (circles) from zero to 8.8
(4.7ML) thickness according
to method A. Pd (triangles)
from zero to 5.14 (2.7ML)
according to method B. (A
and B are explained in the
text.)

Deposition (Angstr.)

surface that is probed is ruled out. Yet, the results have o be corrected due to the
different geometry.

A quartz crystal microbalance has been used to determine the deposition rate
at the site of the sample, this value is the basis for the scale in the diagrams.

First, 2 measurement according to method A has been performed at a deposition
rate of 0.42 A/min (0.22 ML/min) for the thickness range from zero up to 8.84
(4.7 ML) (squares and circles in Fig. 12).

In order to see changes in the slope of the Pd signal, it has been measu-
red with method B at a deposition rate of (0.34 cos45°) A/min = 0.24 A/min
(0.13 ML/min) up to 5.1 A (2.7ML) (triangles in Fig. 12).*

In the following the calculated behavior of the Auger signals for the six growth
models presented so far will be compared to Fig. 12. As the z-axis is based on the
quartz reading, the fit of the theoretical to the experimental curve consists only

* In order to compare both measuring methods in the same diagram, two steps were necessary:
{1) After finishing measurement B an Auger spectrum of the Pd covered sample was taken in
normal emission geometry. The data from measurement A were ploited in the form *“quotient
Ipa/Ip. versus deposition™ and by comparing both the total deposition in case B was found
to be 2.68 ML, The oscillating quartz yiclded in case B a deposition of 2.76 ML, which means
agreement within 3%. (2) Because of the emission angle of 45° the tnelastic mean free peth
A has to be replaced by the escape depth A cos45°. This was compensated by multiplying the
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(as Iy, is already determined by the intersection point at the y-axis) in the choice
of Ig,, which is fitted to the deposition & = 1 ML. Still, also other possibilities
for Iy, are taken into account. Furthermore, the model-inherent iree parameters
will be varied within a physically convenieni range. These are the IMFP A and in
case of island growth the covered area divided by the total surface area, denoted
r. Special emphasis is layed on the quesiion whether the ezperimental dale agree
with only one or more than one model.

We first try in Fig. 13 a fit according to three-dimensional alloying for Ay = 6 A,
gA, 124 and for A, =54, 104, 15A.

Fig. 13: A fit to the data of
Fig. 12 on the basis of the for-
mation of a three-dimensional
alloy. The adsorbate signal for
A=12% is in agreement with
the experimental data where-
as the deviation of the sub-
strate signal for A, =5}, 10 A,
and 15 A from the measured
data shows that in reality the
Fe is better screened by the
Pd than in a 1 : 1-alloy.

Intenslity (arb.units)

1 i 1 I I 1 3 1 A

1 2 3 4 8 1] 7 8 9
Deposition (Angstr.)

adsorbate signal in B by the corrective factor

d
1—e™>
k= —— (3)

d
] — e Xconds®

depending on the deposition d. Furthermore no correction had to be made as A and B have
been performed at the same modulation amplitude (4.6Vpp) and primary electron energy
(2.5keV). {The numerator in Eq. 3 is the envelope of the polygonal shaped adsorbate curve
‘in the Frank-Van der Merwe growth. A formula similar to Eq. 3 can be deduced for the

substrate.]
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The adsorbate signal at an IMFP of 12 A fits very well to the experimental data,
whereas the wide range of A; shows that for the substrate no coincidence between
model and experiment can be stated. Consequently, in the experiment the Fe 1s

better screened by the Pd than in a 1 : 1-alloy.
Still, an alloy could exist just at the Fe surface and be covered completely by Pd

layers. Fig. 14 shows for this model at A; = 10A an agreement for the substrate
signal, which means high screening and thus good coverage.

Fig. 14: Comparison of cur-
ves for a two-dimensional al-
loy at the Fe/Pd interface co-
vered by Pd layers with the
data of Fig. 12. The theoreti-
cal signal of the substrate at
A=10A shows the same be-
havior as the measured si-
grnal being an indication of
a well covered substrate. The
theoretical adsorbate signals
deviate from the experimen-
tal signals because they show
nearly no change in their

1 2 3 4 5 M 7 8 ? slope between zero and 2 ML.
Deposition (Angstr.}

intensity (arb.units)

In contrast, the adsorbate signals differ: the theoretical signal shows nearly no
change in its slope between zero and 2 ML. But regarding the experimental curve
(triangles) there is a difference in the slope between the first and the second ML.
The theoretical curve does not predict any pronounced kink at 1 ML even for an
IMFP as low as 3A.

As apparent from Fig. 15, an Fe layer permanently situated at the surface leads
to a slower attenuation of the Fe signal.

The Siranski-Krastanov growth mode shows in general from the second ML
on a more slowly increasing adsorbate and decreasing substrate signal. In Fig. 16
Ao =6A and X\, = 10A as well as z = 0.25, 0.5 and 0.75 have been chosen, but
only in the limit # — 1, which corresponds to Frank-Van der Merwe growth, the
theoretical curves appear to approach the experimental data.
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Fig. 15: A monolayer of
substrate atoms which is per-
manently at the surface of
the growing adsorbate contri-
butes to the substrate signal
L 1 L 4 L i 1 L ! and prevents it from decay-
1 2 3 4 5 6 7 ing. This is not in agreement

Deposition {Angstr.) with the data of Fig. 12.

Intensity (arb.units)

-]
n

The plain island growth according to Velmer and Weber can because of the
freedom in choice of Iy, lead to unambiguous results only in a comparison of the
substrate signals. These are shown in Fig. 17 for three different IMFP, namely
154, 10A and 54, and for z = 0.5, 0.7 und 0.9. Fig. 17 displays for A, = 10 A the
same increasing coincidence for z — 1 as with Stranski-Krasianov growth. That
this degree of coincidence will not be reached for smaller = and different IMFP,
is shown by the curves for A = 15A with a wrong asymptotic behavior and for
A =5 A with discrepancies at lower deposition.

Eventually, Fig. 18 shows the Frank-Van der Merwe growth for A, = 6 A and
As = 10 A. This model does not only describe the behavior of the experimental
data correctly in principle, but also reproduces the changes in the slope of the
adsorbate signal (triangles) at 1 and 2 ML. Generally, in the case of layer by layer
growth each adsorbed atom contributes the same to the adsorbate signal, only the
factor of proportionality changes from one layer to the next. In addition, the layer
by layer growth is the one that produces maximum attenuation of the substrate
signal. In order to determine the uncertainty of A, and A4, in Fig. 19 A, =5 A and
7A and Ay = 9A and 114 have been used yielding A, = 6+1 Aand ), =10+1A.

In summary, for the system Pd/Fe(100) at room temperature Frank-Van der
Merwe growth could be established. No indication for interdiffusion was found. An
interdiffusion involving about %ML Pd would have been recognized by the Auger
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Fig. 16: The Strensk:-
Krastanon growth compared
to Fig. 12. Shown are the ca-
ses of islands covering 25%,
50%, and 75% of the sam-
ple surface alter complete
monolayer of the adsorbate
is deposited. Obviously the
agreement beiween experi-
L 1 ! ! L 1 1 1 : ment and this growth mode
1 2 3 4 5 6 7 & 8§ increases with the area co-

Deposition (Angstr.) vered by the islands.

Intensity (arb.units)

analysis. The inelastic mean free path of electrons in Pd was found to be 61 A
at 330eV and 10+1 A at 650eV.
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Fig. 17: The substrate signal of Fig.
12 compared to Volmer- Weber growth.
In this fit two parameters must be va-
ried independently: besides the mean
free path ) also the area covered by is-
lands (50%, 70%, and 90% of the sur-
face). None of the plotted curves agrees
with the measured data.
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Fig. 18: The Frank-Van
der Merwe or layer by layer
growth mode describes the

experimental data of Fig. 12
for for A;=6 A and A,=10A.

Fig. 19: The inelastic mean
free path of electrons in Pd is
determined. 61X at 330eV
and 10+1 X at 650¢V.




2.3. Application of low-energy electron diffraction

The method of low-energy electron diffraction on crystal surfaces is a strong, ali-
hough not element specific, tool for studying the atomic structure and degree of
order within a surface region of limited depth.

It was in 1921 that Davisson and Kunsman discovered anisotropies in the an-
gular distribution of electrons backscattered from a metal surface®. Not till 1924
when de Broglie postulated the wave nature of matter could their results be inter-

preted on the basis of de Broglie’s equation

h
A= —.
mu
This was achieved three years later by Devisson and Germer **. The LEED ap-
paratus got its final shape in 1962 when Lander consiructed a device with sphe-

rical grids and a fluorescent screen which enables the view of complete diffraction

patterns®s.

In this work the four-grid reverse view LEED system from Omicron was used. Its
compact electron gun generates monoenergetic electrons of energies up to 1kV.
The outer grids of the analyzer are grounded, the inner grids are connected to a
negative potential of about the same magnitude as the accelerating voltage in the
electron gun. This potential decelerates the inelastically scattered electrons and
thus prevents them from reaching the fluorescent screen.

The formation of the LEED diffraction pattern can easily be understood starting
out from a one-dimensional periodic lattice with laitice constant a. Let ¢ be the
incident angle of the electrons with respect to the surface normal. Constructive
interference then occurs in the direction % if the condition

A
siny —sing = %,

where n denotes the order of diffraction, is satisfied. Normal incidence and the use
of de Brooglie’s equation lead to

iy n [TT
SnY = T\ BV

where E is the eleciron energy.

This equation shows that in the case of bce-Fe with a lattice constant of a =
2.87 A the first order diffraction spots (1,0} appear for the first time at 3 = 90°
and E = 18.2eV. For E = 50eV the first order spots can be seen at an angle
of ¢ = 37°.* This situation is shown in Table Ia)} for a sputtered, annealed and

* Such a low energy is desirable since it means a high surface sensitivity.
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Fe precovered Fe crystal and E = 50.2eV. The sharpness of the spots shows the
existence and quality of long range order in the topmost surface layers and their
4-fold symmetry reflects the cubic lattice structure. Concerning the interpretation
we are limited to this statement on the shape of the unit cell. Further information,
i. e. on the siructure of the unit cell, can be extracted from LEED patterns if
one considers the behavior of the intensity of distinct spots with primary electron
energy. This is not so much an experimental effort, but an interpretation of the
so-called LEED 1/V-curves requires comparison with simulated spectra deriving
from model calculations.

Nevertheless the conventional LEED analysis is valuable for determining the
arrangement of adserbaie aloms on a crystal surface. Concerning the three types
of two-dimensional rectangular Bravais lattices (square, primilive reclangular, and
ceniered rectangular) the nomenclature distinguishes between p for primitive and ¢
for centered and denotes the size of the two-dimensional unit cell as the ratios of the
lengihs of the basis vectors of the adsorbate and substrate latiice (a contribution
of the substrate also appears, especially at higher energies, in the LEED pattern)
asin p I x I or ¢ 2 x 2. A possible rotation of the adsorbate lattice with respect
to the substraie is expressed by the rotation angle.

Table I b) shows the p f x I LEED pattern of the Fe crystal after the deposilion
of 1ML Pd. There is no difference between the spots in Table Ib) and Ia) neither
in sharpness nor in position. In Table I¢) at 2 ML coverage the pattern is still there
although the spots loose intensity while incoherently scattered background gains
intensityt. At a coverage of 3 ML as shown in Table Ig) the pattern is completely
lost. In order to study the transition range a new sample was prepared and LEED
photographs were taken at 2.3, 2.5, and 2.7 ML which show sharp spots that fade
continuously+ in the range from 2.3 to 3ML. As long as the distance of opposing
LEED spots can be measured this value shows that no displacement of the spots
occurs within 1%. Thus no change in the lattice constant with respect ot the
substrate can be attributed {o the adsorbate.

Bulk Pd has an fcc-lattice with apy = 3.89 A. This fits after rotation by 45° and
stretching by (ar.V/2 — apa)/aps = 4.3% with its (100) surface on top of the (100)
face of an Fe bec lattice with ap, = 2.87 A as sketched in Iig. 20.

For the reasons mentioned above fcc and bec lattices, which exhibit differences
only in the stacking of the planes, cannot be distinguished by LEED.

The disappearance of the LEED pattern between 2.7 and 3 ML is due to dimi-
nished order of the atomic scatterers. As we have seen in chap. 2.2, the layer by
layer growth mode persists at least up to 5 ML. Both results are far from being

TThe LEED photographs Ia), b), c), and g} were taken at the same exposure time of 15s; 10s
for d) and e); 17s {or {}; stop-opening always of { 8; screen-voltage 4kV

1Tha.t'. the lower lelt spot is hidden in most pictures is due to the electron gun holder.
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a) Fe

d) 2.3 ML e) 2.5 ML f) 2.7ML

g) 3ML

TABLE [: LEED PATTERNS OF VARIOUS PD COVERAGES
TAKEN AT 50.2EV PRIMARY ELECTRON ENERGY
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1 ® ! e o o Fig. 20: Growth of Pd on bee Fe(100). Fe atoms (o)
of the topmost (s) layer of the bec Fe(100) surface and

Pd atoms (®} forming the first adsorbate layer (s+1). In

plan view fcc and bcc are cannot be distinguished.

in contradiction as on the one hand LEED, operated at lowest kinetic energies,
probes predominantly the structure of the {opmost surface layer and AES, on the
other hand, tells us in this case that one layer is accomplished before the next one
is begun and does not tell us if and to what extent long-range order within the
layers is fulfilled. The reason for the disappearance of long-range order within the
topmost layer can be for instance that the arrangement of Pd atoms “switches” to
e. g. the Pd bulk lattice constant within areas whose extent is less than the LEED
coherence width of 50 to 100 A and which are not ordered with respect to each
other. An investigation of the in-plane atomic arrangement in this stage of growth
must be left to future STM studies.
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3. Photoelectron spectroscopy — general aspects

3.1. Phenomenology

In angle-resolved photoelectron spectroscopy the surface of a sample is irradiated
by monochromatized light of enery hv and the consequently emitted electrons are
analyzed with respect to direction (f, ¢, cf. Fig. 21) and kinetic energy Fi;,.

hy 4

Fig. 22: Schematically drawn photoelectron
Fig. 21: Photoemission geometry spectrum

Fig. 22 shows a typical photoelectron spectrum and the energy relationships
that are basical for its understanding. The more than all employed relationship is
Einstein’s equation

Ekin,max = hw — ® (4)

published®® in 1905 saying that the maximum kinetic energy of an electron emitted
in the photoelectric effect is equal to a quantized photon energy minus the energy
(work function) necessary to release the electron from the solid. On the right hand
side of Fig. 22 the electrons of highest kinetic energy, which correspond to the most
loosely bound electrons, are found — namely those deriving from the Fermi edge.
In order to extend Eq. 4 also to the other electrons in the spectrum the binding

energy 1s defined by
Epg = hw — Ey;, — 9. (5)

Electrons deriving from the valence band can be found at binding energies of several
eV while those from core levels contribute between several ten eV and several ten
thousand eV. Besides other features in the spectrum like Auger peaks and satellites
the background of inelastically scattered electrons appears increasing with £p up
to the edge of electrons of zero kinetic energy.
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3.2. Theory of pholoemission

In pholoemission models, especially if one wishes to go beyond the explanation of
the energy position Ep of spectral features towards considering infensiiies, photo-
emission of an electron has to be treated in the framework of quantum mechanics
as a transition from an occupied eigenstate (the initial state |1; >} to the final
state |y > of a quantum mechanical system®. The transition rate between two
eigenfunctions of the Hamiltonian H' is given by Fermi’s golden rule

Pri = 2T <l > 88y  Bi — ) (6)

where the § distribution guarantees conservation of energy and I’ denotes the
Hamiltonian for the interaction between an electron and a vector potential of the
eleciromagnetic radiation field A neglecting higher order contributions (dipole

approximation}:

e
H =— A.
2me P

Here A is assumed to be constant and fixed in space, so that®”

Pyi o [<uylplvi> Al 8(B; — E; — hw). (M
Applying the commutation relationship® of H = p?/2m + V(r) with p and r
<v¢|lp, Hl|;> = (E; ~ Ef} <47 plvhi > = —ih <4 VV |¢; >
<yyllr, H}|¢; > = (E; — Ef) <ty|r|;>= g <yslpii>

and with the equation Aw = E; — E; one gets two different forms of the matrix
element in Eq. T:

<l lgi>= imw <gy[r[di>= = <bs| VV ;>

Here the last expression specifies a requirement for photoemission models by sho-
wing that photoemission cannot take place in a potential V(r) = const.

The simplest case in which photoemission occurs is a free-electron system bound
by a potential barrier located at the site of the two-dimensional interface between
the semi-infinite solid and vacuum. With e, as the unit vector normal to the
surface one gets

VV = %g-ez

*What is included in the system will be defined later.
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and Eq. 7 simplifies to

2

av
Py <1,b_f|-a—z|1/),'> Azl 8(E; - E; — hw).

If we atiribute single-crystal properties to the solid, then V becomes a periodic
potential and the states ; and v; satisfy the Bloch condition

P(r + q) = N9 (r) (8)

as a consequence of the translational symmetry parallel to the surface (g denotes
a lattice vector in that surface). For the wave vector k of the electron Eq. 8 results
in the conservation® of its component parallel o the surface kj on the passage
through the two-dimensional surface barrier, but plus or minus a reciprocal surface

lattice vector G:
k= k|| +k;
kyj=kpy£G (9)

Thus k;; is known in the reduced Brillouin zone if the wave vecior outside of the
solid k®*' which we identify with ky can be determined. As the electron having

left the solid is a free electron its wave vector satisfies

2m
[ko*t| = +7 Lin
and we get its parallel component from
ext 2m :
k™ = 7 Ey;y sin (10)

kit = ‘}% Ey;, cosé. (11)

More complicated is the question for k;;. From the theoretical point of view
the answer depends on what we mean with the “system” described by Eq. 6.
Historically the first mode! of photoemission that was able to predict infensiizes
correctly was the three-siep model 59:%1:52:63 pyblished to my knowledge in its most
elaborate form by Berglund and Spicer 8 in 1964. The firsi step is the creation
of a photoelectron within the solid, the second siep describes the transpori of the
electron to the surface of the solid and allows scattering effects. In the third siep
the eleciron eventually leaves the solid.

The first step is treated quantum mechanically by evaluating the matrix ele-
ment from Eq. 6. Thus the final state |y > lies within the solid and is a bulk
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property. Thus the influece of the surface on the excitation of the photoelectron,
e. g excitation from or into a surface state®”'%®, is ruled out in the model.

The transition is depicted in the band structure by a direc/ transition from an
occupied initial state below to an unoccupied final state above the Fermi edge with
the energy difference between both determined by the photon energy as

Ep (k™) — E; (k™) = fu. (12)

Note that characterizing the transition as “direct” or “optical” implies that ky as
well as k are conserved during the first step. The second step had to be calculated
independently from step one by introducing a mean free path A of the electron in
the solid. A consequence also not considered in the model is the influence of ) on
_ the conservation of k; on the way of the electron to the surface. If A, which we
will identify with the IMFP from chap. 2.2, is much greater than the interplanar
spacing the coherence of excitations from different layers leads to a conservation
of k. If, on the other hand, ) is of the same order of magnitude or less than the
interplanar distance also transitions that do not conserve k; exactly are allowed,
and a broadening® * of kg sets in.

In a one-step model ™ the whole excitation starting from the initial state within
the solid until the final state, which is located in the detector, is a single quantum
mechanical transition. The question which arises is: What is the nature of the final
state that has to be inserted in the matrix element of Eq. 67

The electron is — apart from inelastic scattering which determines the IMF'P
— also affected by elastic scattering which changes its angular distribution. Back-
scatiering leads for instance to large gaps in the final state band structure, e. g.
found in normal emission from Cu (100).77 Makan ™ introduced these scattering
effects info photoemission when he identified |7 > with a lime reversed LEED
stale, which means a plane wave starting from the detector, but time reversed
as we deal with emission. Liebsch established a one-step model of photoemission
on the basis of time reversed LEED states®®, and showed that it is especially
suitable for the treatment of overlayers™7 and layer compounds™. The IMFP
which causes the reduced probing depth in photoemission is included by means of
an opiicel potential which renders k; complex.’®

However, the by far simplest approach to the final state is suggesting a free
electron final state inside of the crystal and describing the ionic potential of the

*By inserting values typical of metals {a mean frec path A=4A and an interplanar spacing of
23) into Heisenberg’s uncertainty principle Thiry (Ref. 66) finds for Ak; 20% of the size of

the Brillouin zone.

t If bulk final states are not accessible at a certain photon energy, the surface sensitivity of the

experiment will be enhanced.
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solid by an average Vo providing

E: = h2 k2 (kcxt)z
f =5 \Ea Tk

Bf+Vo=5— (kfn + (k) )
and thus
. 2 2mV
- B "

V, can either be regarded as an adjustable parameter in a band mapping experi-
ment (which consists to a considerable extent of comparison of experimental with
calculated data) or it can be taken as a value provided by theory, approximately

as the zero of the muffin tin potential in an augmented plane wave band structure

caleulation.®

3.3. Symmelries and selection rules

Band mapping experiments whether they aim at gaining a two-dimensional band
structure of surfaces and overlayers from the variation of k|| or a three-dimensional
bulk band structure by varying k; derive great benefit from a symmetry argu-
ment. Furthermore selection rules are advantagous for any photoemission expe-
riment where a source of polarized light (synchrotron radiation) is available and
the symmetry properties of the crystalline sample as well as those of the light are
known. For a proper description of the experimental conditions a few definitions
are needed:

(1) Reflection about a mirror plane will transfer the crystal lattice into itself.
Mirror planes of a semi-infinite crystal or a crystal film must obviously be perpen-
dicular to the surface plane. In the case of cubic lattices with (100) surface there
are four mirror planes, namely (016), (001), (011} and (011).

(2) Let the plane defined by the propagation vector of the irradiating light and
the detection direction be called deteclion plane.

(3) Linear polarization of light, characterized by a polarization direction (the
direction of the vector potential A perpendicular to the propagation vector) that
is fixed in space, can either be s-polarization or p-polarizalion. s-polarized light
means that A lies in the crystal surface, this can be for instance achieved by
normal incidence; p-polarized light requires a polarization vector A perpendicular
to the surface, which can only be achieved by off-normal incidence. That is why
at most predominanily p-polarized light is (by grazing incidence) attainable (Fig.
23).

In mirror plane emission no final state of odd parity with respect to reflection
about the mirror plane is possible.”® The reason is that as a coniinuous function
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Fig. 23: s-polarized light (A}; predominantly
p-polarized light (B).

“an odd final state 17 has to have a point of zero mm the mirror plane. With this
knowledge of the final-state symmetry and the polarization of the light one can
determine the initial-state symmetry from Tab. 1 taken from Ref. 76.

Crystal  Coordinate Axes Irreducible Initial State Symmetry
Face X y z Representations Allx Ajly Allz
(001) [100] {o10] [001] Ay A Aj A} Ag Ag Ag Ay
(110) [001] [110] [110) X, X3 X3 34 X, 24 2
(111) [110] [112) [111] Ay Az A Aj Aj Ay

Tab. 1: Dipole-allowed initial state symmetries for normal emission from cubic faces. With the
z-axis in the direction of the surface normal the cases Allz and Ally correspond to s-polarized
light, A]|z corresponds to p-polarization. (Table from Rel. 76. Similar tables for the more general

case of off-normal emission can be found in Rel. 77.)

3.4. The technigue of angle-resolved pholoeleciron speclroscopy

In his pioneering photoelectron spectroscopy experiments, or eleciron speciroscopy
for chemical analysis (ESCA) as he called it, Siegbahn™ staried with magnetic
fields as the dispersive element of his spectrometer. Turner’™ used a retarding field
analyzer for his ultraviolet photoelectron spectroscopy (UPS) work. Nowadays in
most of all cases electrostatic analyzers are used. They consist of two capacitor
plates held at different potentials. An electron that passes through the electric field
will be deflected, and if its path is fixed by means of apertures one can choose the
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energy of the transmitted electrons — the pass energy — by varying the voltage
of the capacitor plates. Cylindical or spherical shape of the plates increases the
resolution as a consequence of their focussing properties. A review of electrostatic
analyzers can be found in Ref. 80. Important is the fact, that the dependence of
the pass energy on the applied voltage is linear and a whole spectrum can be taken
easily by applying a ramp voltage to the analyzer.

In this work a 90°-spherical analyzer with an energy resolution of about 250 meV at
an angular acceptance of £3° has been used. The analyzer, which 1s schematically
shown in Fig. 24, is similar to the one described by Gudai ef al ® and Kisker el

al 82,
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The difference consists mainly in the way in which in normal emission normal-
incidenting (thus s-polarized) light, i. e. coincidence of the collection direction of
the detector and the propagation direction of the light, is realized. In the appa-
ratus of Ref. 81 and Ref. 82 this was achieved by a plane mirror near the axis of
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the electron optics. In the apparatus used in this work normal incidenting (thus
s-polarized) light at normal collection direction is realized by a pair of capacitor
plates which deflect the electrons from the light axis. Off-normal collection direc-
tions can be reached by tilting the sample. If the sample is turned around an axis
parallel to the polarization vector, s-polarization will be preserved, otherwise s-

and p-polarization will mix up.

3.5. Principles and lechnigue of spin-resolved pholoeleciron spectroscopy

Up to this time we have considered the measurement of three initial state properties
of the electron, as there are that of the binding energy by determining the kinetic
energy, that of kj by choosing the angle of detection and measuring the kinetic
energy and that of k; also by evaluating angle and kinetic energy and assuming
a final state. Now we will concentrate on the spin of the eleciron.

The observable in a spin-resolved photoemission experiment is the electron spin
polarization P which is defined® as the expectation value of the Pauli spin operator

o

P = <o> = Trace(op)

The spin polarization with respect to a certain direction, the quantization axis
which is provided by the experimental set-up as will be pointed out below, beco-
mes

Nt = Nl

P= 3 4

where NT and N are the numbers of electrons with magnetic moments paraliel
to the given quantization axis and antiparallel respectively.

P is measured in most cases by means of Motl scaitering. Moti 87 discovered in
1929 that the spin dependent terms in the Coulomb scattering from heavy atoms
arise {rom relativistic L-S coupling and cause a left-right intensity asymmetry A.
In the apparatus used in this work the photoelectrons are accelerated after having
left the energy analyzer to about 106keV and scattered from a thin Au foil target
(Fig. 24). Two Si surface barrier detectors* placed symmetrically at scattering
angles of :120° measure the intensities Ny and Ny respectively. The asymmetry
A is defined as

_N—-N
N 1+ Ng |

* A third Si detector is placed behind the Au foil and measures conventional angle-resolved

photoemission spectra, from now on referred to as spin-iniegrated specira.
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A is related to the polarization P in the axis perpendicular io thai defined by
both detectors. In our case the former is the vertical, so that in normal emission
geometry the in-plane magnetization is probed. 4 depends on P like®®

Ag+PS§S
14+ A PS

where S denotes the Sherman funclion which measures the “efficiency” of the spin
analyzer and has a maximum® for 100 keV electrons at a scattering angle of 120°.
Because of multiple scattering S decreases with the thickness of the scattering foil.
In this case of a Au foil of about 300 A thickness holds § & 0.2. A, is the epparatus
asymmetry which is canceled out to a large extent by reversing the magnetization
of the sample® and taking for P the average of the measured asymmetries of both
magnetization directions A devided by the Sherman function:

A(P) =

pP="74/5

With the known (spin-integrated) spectrum JIo(Eg) and the known polarization
curve P(Ep) one gets the spin-resolved spectra I1(Ep) and I Y Eg) from

1'(EBp) = 3 Io(Ep) (1 + P(Ep))
1Y(Ep) = 1 Io(Ep) (1 - P(Ep))

As for ferromagnets the number of photoelectrons with their magnetic moments*
aligned parallel to the magnetization direction predominates I'(Epg) is called ma-
jority spin spectrum and I+(Eg) minority spin spectrum. The essence of the
preceeding chapter can be found summarized in Tab. 2.

Initial State Corresponding Mediating
Property Observable Parameter Equation
binding energy  kinetic energy J

kj kinetic energy, detection angle 9, 10

ki kinetic energy, detection angle 11, 13
spin polarization 14

Tab. 2: The mitial state properties probed in a photoemission experiment, parameters actually

measured, and the equations combining both.

* Note that for electrons spin and magnetic moment are antiparallel.
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Spin-resolved photoemission requires that the way of the photoelectron from
the sample to the (electrostatic) energy analyzer is free of magnetic fields which
would lead to a precessional motion of the electron spin around the field direction
and cause a loss of spin information. But the light spot focused on the sample as
well as the solid angle of the detector determine a macroscopic probing area of
typically 0.5 mm in diameter on the sample surface. This exceeds by far the size
of the Weiss domains of an unmagnetized sample. This means that in order to
prevent a mixing in the spin information of the photoemitted electron beam the
sample has to be remanently magnetized prior to photoemission in order to render
it one single domain. Two sample geometries are known®® that can be remanently
magnetized in-plane and exhibit only a negligible magnetic stray field, as there are
a thin film (on top of a dia- or paramagnetic substrate) and a picture frame shaped
bulk crystal. For the picture frame crysial — cut with regard to the magnetic easy
axis and magnetized by a coil wrapped around one leg as displayed in Fig. 25 —
there are predominantly four domains and the lines of force stay within the solid.

hv

Fig. 25: Picture frame crystal with magneti-
zation coil. The shaded area marks the surface
region probed in an angle-resolved photoemis-
sion experiment.

Regarding possible effects within the solid the question for a “spin-dependent
scattering” of the photoelectron when crossing a magnetic layer on its way to the
sample surface has been raised® and is still under discussion®®. In this work a
“spin filter effect” is not expected as the kinetic energies are > 15eV and apart
from that the overlayer is the less magnetic material.
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4. Photoelectron spectroscopy — experimental results
4.1. Spin-iniegraied pholoeleciron speciroscopy

4.1.1. Selection of the pholon energy

For the spin- and angle-resolved spectra a photon energy of Av == 21eV has been
chosen for the following reasons:

(1) At 21eV the photoionization cross section for the Pd 4d subshell is close
to its maximum, which is found at about 30eV®. The tabulated cross sections®
reveal a Pd 4d value at 21.2¢eV that is 5.4 times larger* than that for the Fe 3d
subshell. This fact is very important as it allows spectroscopy in the monolayer
and submonolayer regime.

(2) The widespread use of Hel radiation for UPS studies in times before storage
rings became a common light source has produced a huge amount of spin-integrated
reference spectra at 21.2 eV, this is also the case with Pd%:9%%.

4.1.2. Pd coverage dependence

Onto the sputtered, annealed, and Fe-precovered Fe sample Pd atoms have been
evaporated amounting to 0.24+0.05 up to 4+0.5 ML and the evolution of the valence
band has been monitored in spin-integrated photoemission spectra at 21 eV photon
energy. During the evaporation as well as during all photoemission measurements
the sample was held at room temperature.

Although spin-resolved data will later reveal that the formation of the Pd elec-
tronic structure starting out from randomly spreaded atoms of the early submono-
layer regime via the monolayer and bilayer towards the bulk exhibits considerable
differences with respect to majority and minority spin contributions, already from
the spin-integrated spectra of Fig. 26 several features can be extracted:

(1) The Pd-derived structure in the spectra starts to grow at about 2.6eV
binding energy as seen from the 0.2 ML spectrum, wherecas the center of gravity
of the peak dominant in the monolayer spectrum is located at about 2eV. The
0.4 ML spectrum shows an intermediate stage of this shift by locating the Pd
structure at 2.4 eV. That the shifi is not due to a simple superposition of Pd and
the Fe structure at about 2.6 eV binding energy can be seen from subiractions (not
shown} of the clean Fe spectrum from the 0.2 and 0.4 ML Pd spectra and will also
become clear from spin-resolved specira later.

(2) Pd and Fe contributions to the valence band spectra are strongly overlapping
and cannot, especially from the 1.6 ML spectrum on, be separated easily. The

* Although the tabulated absolute vales hold for the atom, the ratio between the Pd and the
Fe values is not expected to differ much in the bulk case.
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Fig. 26: Spin-integrated valence band spectra at hv=21eV, s-polarization, and normal emission
from clean Fe(100) and Pd coverages of 0.2+0.05, 0.4+0.1, 1+0.1, 1.3+0.1, 2.1772, 3+0.5, and

44+0.5ML.

difference in the photoionization cross section between Fe and Pd at hv = 21eV
proves to be helpful in this situation as our concern are mainly the properties of
the Pd overlayer.

(3) Bulk Pd is found at 4::0.5 ML coverage and verified by successive Pd depo-
sition without any noticible change in the spectrum. It shows a shoulder at about
2eV corresponding to the relatively sharp monolayer feature at the same binding
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energy, and exhibits its predominant intensity close to the Fermi edge. A com-
parison with published Hel spectra from Pd single crystals in normal emission
geometry and with 20° ® and 15° % incident photons shows that the emission
from Pd(100) does not occur essentially near Ep. Pd(110) spectra®>®® have a
shape more similar to the spectrum taken from 4 ML Pd/Fe(100). This is not sur-
prising considering the disappearance of the LEED pattern in the coverage regime
of 3 ML, which indicates a rearrangement of the surface layer as pointed out above.
On the other hand, the Pd(111) spectra® with their double-peaked structure do
not have much in common with the 4 ML spectrum. This is another hint for the
assumption that the rearrangement of Pd atoms, which undoubtedly occurs as a
result of the considerable lattice mismatch, stays within the layers, as it is indi-
cated by the Auger analysis, and does not produce a polycristalline volume which
in general exhibits a fraction of roughly %— of (111) surfaces.

4.1.3. Photon energy dependence

A three-dimensional band structure in the direction normal to the sample surface
can be measured in normal emission by varying the photon energy, 1. e. taking
spectra at different photon energies and determining the binding energies of a
certain feature. This works, in the one-electron picture of band structure, because
of the fact that in most cases the initial state band and the final state band disperse
differently. Thus a given photon energy determines a transition at a certain k|
where Eq. 12 is satisfied. Variation of hv changes k| and enables to map the initial
or the final state band if either one is known approximately.

On the contrary, a two-dimensional system like a monolayer or an interface does
not possess a k| dependent band structure and thus will not show a dispersion
with the photon energy, unless it is not two-dimensional.

14£0.1 ML of Pd/Fe(100) has been prepared and fested in this sense. Inevitable
1s the knowledge of the Fe behavior which is shown in Fig. 27.

The hv dependence of Fe(100) valence band spectra has been studied earlier
by Turner et al. ® They find the peak appearing in Fig. 27 close to Ep for 12eV
and 13eV photon energy to derive from the Ag band which crosses the Fermi
edge near the H point and thus causes the disappearance of the peak for photon
energies above 14eV. The peak that appears at about 0.5eV binding energy for
hv =13 eV to 18 eV is attributed to surface emission from a region of the Brillouin
zone with a high density of states, namely I"z‘% and T '112 7. The origin of the peak
at 1.4eV is not yet established.

Fig. 28 shows the photon energy dependence after deposition of 0.5+£0.1 ML
Pd. The vertical line marks the position of the Pd derived structure as it has, for
better accuracy, been gained from spectra in which the Fe contribution had been
subtracted (not shown). The structure below 2eV binding energy in the specira
taken at hv < 17eV is obviously due {o emission from the underlying Fe.
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Fig. 27: Dependence of normal emission spec-

3. 2 1. EF
Binding Energy (eV)

tra from Fe(100) on the photon energy in the Fig. 28: Same as Fig. 27, but for 0.5+0.1 ML

range hr=12eV to 26eV; s-polarization.

Pd/Fe(100).

Fig. 29 a) shows the same measurement performed with a coverage of 1+0.1 ML
Pd. A vertical straight line marks the position where the maximum of the Pd
emission is directly observed in the spectrum. The binding energy of the Pd derived
feature, as obtained by subtracting the Fe (shown in Fig. 29b), is denoted by a
dotted line. The difference in position between both lines is in part a result of the
increased background of inelastically scattered electrons in the Pd covered spectra.
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Fig. 29: a) Same as Fig. 27, but for 1£0.1 ML
Pd/Fe(100). b) Smoothed subtraction of the Fig. 30: Same as Fig. 27, but for 2£0.2ML
Fe spectra in Fig. 27 from those shown in a). Pd/Fe(100) and hv=12eV to 26eV.

These remarks also hold true for the 2 ML spectrum which is displayed in I'ig. 30.
In summary, a dispersion with k is not found in the photon energy range 19
to 26 eV. Thus the system behaves like a true two-dimensional phase.
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4.1.4. Angle dependence

A band mapping in the two-dimensional Brillouin zone has been done for the
Pd monolayer. The two high-symmetry directions in the surface Brillouin zone of
the bec lattice are the I'-X direction along the [010] and [001] axes of the three-
dimensional lattice and the T-M direction along the [011] and [011] axes (Fig.

31).

Fig. 31: Three-dimensional Brillouin zone of the bec lat-
tice and two-dimensional projection of the surface Brillouin
zone. The high-symmetry directions in the sarface Brillonin
zone are the I-M and the ['-X directions.

The lattice constant in reciprocal space is %", therefore the I'-M distance ar ¥
amounts to ap g = 2z 1 _ 5%. For ap. this is 1.548 A—1. The angle fy; by

e /2

which the sample has to\l/J; turned off normal (Fig. 21) in order to arrive at M
1s determined by Eq. 10 in which af g has to be inserted for ky. Ey;, in Eq. 10
is defined by Eq. 5, where 2eV, the binding energy of the peak in question, is
inserted for Eg. Thus Eq. 10 yields 8 = 52°. The sample has been mounted with
[011] || A and turned around this axis in order to preserve s-polarization at any
angle §. § was increased by steps of 10° from 0 to 50°, and the spectra obtained
are shown in Fig. 32a). A

While in the range § = 0° to 20° almost no change is visible, at 30° a broad
feature can be found splitting off at the low binding energy side from the known
Pd feature. At § = 40° this feature has almost reached E where a determination
of the energy position is difficult and it has crossed the Fermi level at the M point.
Fig. 32b) shows the behavior of both features as far as they can be followed in
the spectra. The deviation in energy of the lower binding energy feature from the
value 2eV is due to the slope of the background as mentioned already in chap.
4.3.3, whereas band dispersion should remain unaffected by the background. Mo-
reover, both features cannot be attributed to single transitions nor to distinct spin
channels, but they are expected to be of odd symmetry because of s-polarization.
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Fig. 32: (a) Angle-dependent spin:integrated
spectra from 140.1 ML Pd/Fe(100). The wave
vector k” has been varied along the [-M di-
rection. The tilting axis of the sample is such
that s-polarization is preserved at any angle
8. (b) Compilaton of the energy positions de-
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Fig. 33: Angle-dependent spin-integrated
spectra from 1702 ML Pd. Pd/Fe(100). k)| va-
ried along the I'-X direction. At small angles
0 s-polarized light, at larger angles a small
admixture of p-polarization.
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Fig. 33 shows a compilation of specira where ky has been varied along the I-X
direction. In this case the coverage is lfgf ML Pd. According to the ratio 1:1/2
between ap g and af_g, holds 83 ~ 36°. Beyond § = 18° a broad feature splits
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off from the 2 eV feature to higher binding energy. Nevertheless, binding energies
cannot be obtained. This measurement was performed with the sample mounted
with its [010] direction parallel to the polarization vector, and it was tilied around
its [001] axis so that at small angles § we have s-polarized light whilst at larger
angles a small admixture of p polarization has to be taken into account.

4.2. Spin-resolved pholoeleciron speciroscopy*
4.2.1. The Fe subsirale

A prerequisite for understanding the spin-resolved Pd/Fe(100) spectra. is the dis-
cussion of the contributions from the substrate. Therefore in the following the
results of earlier investigations of spin-resolved photoemission from Fe(100) are
summarized.

A spin-resolved spectrum of the clean Fe is displayed in Fig. 34.

T T T ] 1 1 ]
Fe(100)
hw=21eV o
l.. .
A A
PRy S} Iy
I ‘L‘A““m“‘ 'y aule “A.““ a
E
48 A *
£
-5 v
g VWVVV - P
£ o S SR S .
- A
v
Va
Normal v
Emission %3900 Fig. 34: Majority spin (A) and mi-
| | . . . ;4| nmority spin (7) valence band spectra
at hr=21eV and normal emission
E . . .
5 4 . :i £ 2 e1 F with S-polarized light from clean
Binding Energy (eV} Fe(100).

The majority spectrum differs very much from the minority spectrum with
respect to iniensity, this means a high and positive spin polarization which is not
limited to the valence band, but becomes even more pronounced for the secondary

* Spin-resolved photoelectron spectroscopy experiments have been reviewed by Kisker {Ref.
91) and Kisker and Carbone (Ref. 92).

47




electrons®®. Three features are visible in the spectrum: either one peak near Ep in
the minority channel — named A — and in the majority channel — named B —
with the latter more pronounced and a broad but small majority peak C at about
2.5 eV binding energy.

As the experiment has been performed at normal emission on a bee (100)-
surface the direction we probe in varying hv is the A direction leading from I' to
H. With s-polarized light we expect emission from odd states, here the As band,
as apparent from Tab. 1. Spin-resolved Fe band struciure calculations®? show
that the Ag band crosses the Fermi energy close to the H point while the Aé band
crosses Ep in the left half of the I'-H direction. From this band structure one can
gather that direct transitions at hv = 21 eV take place close to the H point®2. The
fact that at H the Ajé band is already above Ef and that for ils occupied part a
A final state is unaccessible by direct transitions at hv = 21 €V gives the reason
for the rather featureless minority spectrum.

Kisker et al. 82 have published spin-resolved Fe(100) spectra at hv = 20, 21, 25,
31, 33, 35, 41, 50 and 70 eV and have observed that a majority spin peak around
Ep = 2.6V is present at any photon energy. The question for this peak could only
be answered after Feder et al. *°° had performed bulk band structure calculations
(Fig. 35) and one-step photoemission calculations (Fig. 36) for photon energies
from 20 to 70eV.

They find that a minority spin feature A which corresponds to A in Fig. 34
stays at Erp at any photon energy (cf. left half of Fig. 36). As apparent from the
calculated band structure®:%:1% (Fig. 35) the Aé band is very flat below the Fermi
energy. Besides other arguments the spin- and layer-resolved density of states'®
{not shown) provides evidence that A derives from this bulk Aé initial state!0.
According to Feder ef al. the final state is a bulk band in the case of hv = 20eV
and a strongly attenuated LEED state for hv > 31leV.

Also mm the calculated majority spin spectra there is a peak (B) close to Ep
that does not shift with the photon energy (Fig. 36). With the help of the layer
density of states it is identified as a majority-spin surface resonance 1%°. Another
contribution to B may come from a direct transition from the AT band near the

H point (H25) into a AT final state band. This transition is marked in Fig. 35 by
a solid vertical arrow.

Eventually C at 2.5 eV derives from the same initial state band A; as B. How-
ever, the final state belongs to a different free-electron parabola deriving from
a different reciprocal-lattice vector component g,'%. Dashed arrows denote this
transition in Fig. 35, which occurs between 20 and 30eV photon energy together
with the transitions that result in B.
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Fig. 36: Fe{100) photoemission spectra for s-
polarized light and normal cmission. Right
hand: experimental majority spin (4) and mi-
-2 : nority spin {¥7) spectra from Ref. 82. Lelt
hand: calculated majority spin (—) and mino-
rity spin (---) spectra for normal emission. A,
r k, H B and C are explained in the text. (The peak
denoted B in the spectra for kv>31eV can be
Fig. 35: Calculated Fe(100) bulk band struc- explained according to the 8°-off-normal emis-
ture for majority spin (—) and minority spin sion spectra for kyllA (—-—) and k| LA (---}
(). Above Ep only A; symmetry bands are by a finite acceptance angle of the spectrome-
shown. (From Ref. 100) ter). (From Ref. 100)

4.2.2. Pd coverage dependence

Fig. 37 shows a compilation of spin-resolved 21 eV spectra from Fe(100) covered

with 0, 0.2+0.05, 0.4+0.1, 1£0.1, 1.340.1, 1.6£0.1, 2.1792 and 4:+0.5 ML Pd.
The spin polarization at 3 eV binding energy, which can be taken as an average

polarization of the valence band, decreases monotonously from (437 £ 2)% for the
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Fig. 37: Majority spin (A) and minority spin (V) valence band specira at hv=21eV and normal
emission with s-polarized light from clean Fe(100} and Pd coverages of 0.240.05, 0.430.1, 140.1,

1.340.1, 1.640.1, 2.1*02, and 420.5 ML.

clean Fe via +33% at 0.2 ML, +25% at 0.4 ML, +23% at 1 and 1.3 ML, +21% at
1.6 ML to become only +11% at 2.1 ML and +8% at = 3 ML (not shown) and to

vanish at =~ 4 ML.

At 1eV below Ep the spin polarization behaves in a different way. First it

decreases from +28% for Fe to +26% for 0.2 ML and +21% for 0.4 ML. For one
monolayer it exceeds with +30% the Fe value, remains high at 1.3 ML (+27%)
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and 1.6 ML (4-25%) and decreases to +10% at 2.1 ML and to zero for 4 ML.
Residual polarization that appears to exist in the 4 ML spectrum is due to sta-
tistical scattering.

As the Fe minorily spin spectrum is, in contrast to the majority channel, quite
featureless, the first appearance of a Pd derived structure can be watched in the
minority spin channel of the 0.2 ML spectrum. There a growing structure with
its maximum at 2.6eV binding energy can, in agreement with spin-integrated
data, be attributed to emission from Pd. Furthermore, 0.4 to 0.6 eV away from
Ep in the same minority spectrum the emission seems to be increased with
respect to clean Fe. Both observations are confirmed by the 0.4 ML spectrum
where in the minority channel the higher binding energy structure has shifted
to about 2.3 eV while the lower binding energy feature stays at =~ 0.5¢V. In the
majority channel of the 0.4 ML spectrum a broad structure extending from 1.5
to almost 3.5eV comes mostly from Pd emission whereas in the 0.2 ML spectrum
it cannot be distinguished from Fe Al emission. The majority-spin peak close to
Er seems to have decreased at 0.4 ML coverage which is not surprising provided
it 1s predominantly due to Fe surface resonance emission.
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light from 130.1 ML Pd/Fe(100).

Concerning the monolayer spectrum (also shown in Fig. 38) strong differences
can be observed between minority- and majority-spin emission. The minority
channel is dominated by a comparatively sharp peak with its maximum at 2.1eV.
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The majority spectrum is more difficult to account for. It can be separated into
at least three overlapping structures each manifesting itself by a shoulder. The
positions of the shoulders are 2.3eV, 1.75eV and 0.8eV.

Above 1 ML coverage changes in the spectra occur only in the range below
2¢V binding energy. At 1.3 ML the majority spin emission increases at around
1eV thus smearing out the formerly separated shoulders of the monolayer spec-
trum. At 1.6 ML also the minority emission has noticeably increased around 1 V.
Eventually, during formation of the bulk more and more emission is transferred

to lower binding energy.

4.3. Discussion

The energy shift of the minority spin feature from 2.6eV at 0.2ML to 2.1eV
at 1 ML is not surprising as Pd-Pd coordination is increased during Pd deposi-
tion. In this case the appearance and disappearance of two (or more) distinct
structures would be a more appropriate description of the “shift”.

The 4+0.5 ML spectrum shows no net spin-polarization. Keeping in mind
that photoemission performed at this photon energy probes predominantly the
first but also the second surface layer, this means that the fourth and likely
also the third Pd layer in the system 4 ML Pd/Fe(100) is not polarized any
more by the Fe. The fact that the spin polarization is considerably reduced
after the completion of the second Pd layer (cf. the 2.1 ML spectrum) indicates
that the second Pd layer in the 2ML system is much less polarized by the
Fe than the Pd layer at the interface. This is in qualitative agreement with
the calculation for 1 ML Fe on Pd(100) by Bligel®*** who finds that magnetic
moments of 0.32up and 0.17up are induced by the Fe overlayer on the first
resp. second Pd layer while the moments of the underlying layers are negligible.
Of course this comparison between a Pd layer at the surface and a Pd layer
within the semi-infinite system Fe/Pd(100) with the same separation from the
Fe/Pd interface does not allow quantitative conclusions. The same holds for a
comparison with the already mentioned system of Celinsk: et al. ** where all Pd
atoms in the Fe/4Pd/Fe sandwich are reported to be ferromagnetic while those
in Fe/5Pd/Fe are not*:.

The large spin polarization of the monolayer spectrum proves the existence
of an induced moment in Pd. Yet, a pair of peaks, spin-split by the exchange
interaction, such as known from the valence band emission from the ferromagnets
Co? and Fe * cannot unambiguously be extracted from Fig. 38.

*  For the Fe splitting see peaks A and C in the 70 eV spectrum of Fig. 36 and also Ref.
101. The resulis obtained from Ni {Ref. 103, Ref. 104, Ref. 105) are more complicated. For
instance, an exchange splitting of only 0.18 eV has been measured, and it has been shown {Ref.
108) that this can be explained by correlations among the d electrons upon creation of the
photoemission hole. However, the effect of correlation is expected to be smaller here than in
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To support an interpretation in terms of a band structure model, Bligel*®”
has performed a full-potential linearized augmented plane wave (FLAPW) calcu-
lation for a nine-layer Pd/7Fe/Pd slab simulating 1 ML Pd/Fe(100). The mag-
netic moment of the Fe at the Fe/Pd interface was found to be enhanced to
2.69up with respect to the central layer value of 2.01xp. The Pd atoms gain a
moment of 0.29ug.*°"

A paramagnetically calculated Pd/7Fe(100)/Pd slab exhibits a surface den-
sity of states at Ep that is much too small to give rise to a stable ferromagnetic
Pd phase.’®” Also a Pd monolayer on Ag(100), for which the lattice expansion
(5.1%) is even larger than for Pd/Fe(100) (4.3%), has in a calculation been found

to be paramagnetic by Bligel*®.

LDOS (States/eV)

8 6 4 2 0
Energy (eV)

Fig. 39: Result of an FLAPW calculation for a Pd/7Fe/Pd slab by Bligel (Ref. 107): Layer-re-
solved majority-spin (1) and minority spin (|} density of states of the Pd overlayer on Fe(100)
(solid line) and of the topmost Fe layer underneath the Pd {dotted line).

the case of Ni as, in general, correlations decrease with incressing principal quantum number,
though, within the 4d series Pd must be regarded as the main candidate for this effect and the
monolayer geometry should also promote it.
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Fig. 39 shows the density of states (DOS) resulting from a ferromagnetic
calculation at the site of the Pd overlayer (solid line). It looks completely different
from that of Pd bulk®®. In particular, the minority spin DOS of Fig. 39 is not
simply a reproduction of the majority spin DOS shifted rigidly according to a
Stoner mode] with constant exchange splitting. Instead, it exhibits essentially a
double-peaked shape contrary to the triple-peaked majority DOS. The fact that
majority and minority states are strongly different in the Pd overlayer is due
to strong hybridization with the Fe substrate. This has earlier been noticed by
Huang et al.**® for 2 Pd/3Fe(100)/Pd slab, the DOS**® of which looks similar to
that of Fig. 39.

Already a comparison of calculated densities of states®™ of bulk Fe to bulk Pd
shows that in the energy range between 0.5 and 3.5eV below Ep for the majority
spin direction Fe and Pd states are “overlapping” whilst for the minority spin
direction and the same energy range only the Pd DOS is large because the Fe
DOS is shifted across Er by about 2eV due to exchange. With regard to the
Pd overlayer on Fe this indicates that 3d-4d hybridization is much stronger for
majority spin electrons than for the minority electrons. The quantitative effect
of this can be seen in Fig. 39 where the dotted line marks the DOS of the first
underlying Fe layer. In the minority spin DOS there are only few Fe states the
Pd can couple to. Therefore the majority spin Pd states are expected to be more
strongly affected by hybridization with the Fe than the minority states.

The density of states is the result of an integration across the Brillouin zone. A
comparison of angle-resolved photoemission spectra with a calculation, however,
requires k-resolved band structure data. Of special interest is in this case the T
point as the spin-resolved spectra were taken in normal emission geometry and
thus at the center of the two-dimensional Brillouin zone of the Pd overlayer.

In Fig. 40 and Fig. 41 a spin-resolved band structure in the I'-X direction
from Bligel*®” is plotted. Fig. 40 shows the minority spin direction and Fig. 41
the majority.

Distinction is also made between states of even and odd symmetry upon
reflection about a mirror plane perpendicular to the surface.

In our experimental geometry (s-polarized light, normal emission) we expect
emission from states at the center of the two-dimensional Brillouin zone that are
antisymmetric with respect to rotation about the surface normal, i. e., Ts. In
the analysis of the calculated data we concentrate on those states whose wave
functions lead to a high probability in Pd muffin-tin spheres for electronic states
of I's symmetry. This restriction to the Pd states is convenient as the theoretical
predictions are compared to experimental data taken at a photon energy where
the ionization cross section in 5.4 times larger for Pd than for Fe.

In this way occupied states with more than 10% Pd 4d character are found
at 2.68, 1.83, 1.41, 0.95, and 0.45eV binding energy for majority and at 1.57eV
for minority spin. These states are marked by dots in Fig. 40 and Fig. 41. A
complete matching of the energies between theory and experiment is obtained
when shifting the calculated majority and minority spin bands rigidly by 0.5eV
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Fig. 40: Minority spin band structure for 1 ML Pd/Fe(100) in the I-M and the I'-X directions
after k- and layer-resolved data from Blugel {Ref. 107). “Even” and “odd™ with respect to
reflection upon a8 mirrer plane perpendicular to the slab surface. States with most of their
weight in the Pd layer are drawn with solid lines, other states dashed.

to higher binding energies. This was done in Fig. 42 and is typical of the compa-
rison of experimental band structures with those obtained by ab initic methods
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Fig. 41: Same as Fig. 40, but for the majority spin direction.

based on density functional theory. The pie charts of Fig. 42 contain, for the
states in question, information on to which probability they are located at Pd
sites. Obviously, only the f‘é state identified with the peak at 2.1eV is located
by 87% at the Pd layer and therefore is of almost pure Pd 4d character. But
in contrast to this deepest f‘é, the corresponding I-‘;, exchange-split by +1.1eV,

56




1 1 i I T

1 MLPd/Fe(100)

Normal Emission
s-Polarization
52%

hv=21eV -
257% @ 40%
‘G%Q @ 26%

P
G ﬂ@

e

by h

"g “A+ v+1 e Fig. 42: Comparison between ex-
3 Mﬂ“‘“ A + periment and calculation: A and v are
8 ' & l Ve e . experimental data of 1 ML Pd/Fe(100)
-E' W e Wy taken from Fig. 38. Vertical bars repre-
£ 87% v sent the energy positions of I'; states
E w obtained from the ab initio calculation
@ »d - after a shift of 0.5eV towards higher
A binding energy. The pie charts indicate
QOfFe et the calculated amount of Pd character
| L 1 L ! L L in percent. (States with less than 10%

5 4 3 2 1 Eg Pd character are not shown.)

Binding Energy {eV)

shows due to the strong 4d-3d hybridization 84% Fe 3d character, which implies
that for reasons of photoionization cross section this state is expected to be
suppressed at 21 eV photon energy. On the other hand, the hybridization causes
a distribution of the Pd character in the majority spin direction among the
other '] states at lower binding energies. These states obviously correspond to
the shoulders at 0.8, 1.75, and 2.3eV observed in the majority spin channel of
the experimental spectrum.

After the termination of the experimental part of this work a report has been
published in which Weber et al.'** present results of spin-resolved photoemission
from ultrathin Pd on Fe(110). For the system 1 ML Pd(111)/Fe(110) they sur-
prisingly find a pair of Pd derived peaks with a splitting inverted with respect
to that of Fe. Still, the question whether and how hybridization, as the authors
suggested, can be identified as the origin of this structure could not be answered
conclusively because the appropriate band structure calculation is unavailable. A
different magnetic structure, i. e., antiferromagnetic coupling between overlayer
and substrate, still appeared possible.

We have compared our experimental results to a calculation with regard to
the correct geometry and location in k space and in consideration of selection
rules. Thereby it has been shown that our experimental findings can be accounted
for on the basis of the calculation.
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5. Summary

The aim of this work has been to investigate the spin-polarized electronic struc-
ture of ultrathin layers of Pd on Fe(100). The motivation were the various hints
for magnetism in the Pd overlayer based on an enhanced susceptibility at the
Pd surface'?, the expansion of the Pd lattice? ~*'*?, and the contact of Pd with
Fe*»':31,32_ The possibility of interdiffusion between Fe and Pd in non-epitaxially
grown systems''? and the fact that FePd alloys behave ferromagnetically in a
wide compositional regime® were the reasons for a careful sample preparation
under best possible growth conditions and a thorough investigation of the growth
mode by LEED and Auger electron spectroscopy. Pd was found to grow epitax-
ially on top of Fe(100) up to 2 ML thereby adopting the by 4.3% larger in-plane
lattice constant of Fe. In-plane long-range order is lost during the growth of the
third Pd layer. Layer by layer growth persists up to at least 5 ML. No indication
for interdiffusion was found. An interdiffusion involving about %ML Pd would
have been recognized by the Auger analysis.

Spin- and angle-resolved photoemission from Pd overlayers on Fe(100) has
been performed at 21 eV photon energy where Pd emission is favoured due to
the larger ionization cross section with respect to Fe. The average valence band
spin polarization amounts to (+23+2)% for 1 ML Pd/Fe(100) and decreases
with increasing Pd coverage to vanish at 4+0.5 ML coverage. With regard to
the probing depth it is concluded that a monolayer of Pd is polarized by the
Fe, the second Pd layer in the system 2ML Pd/Fe(100) is already much less
polarized than the first, and the fourth and likely also the third layer in the
system 4+0.5 ML Pd/Fe(100) are not any more polarized by the Fe.

The spin-resolved photoemission spectrum of 1+0.1 ML Pd/Fe(100) requires
an accurate comparison to a band structure calculation. This comparison be-
tween the spectrum and an FLAPW calculation for a Pd/7Fe/Pd slab®” has been
conducted on the basis of identical geometry, angle resp. k-vector resolution, and
a symmetry argument with regard to selection rules. The calculation proved to be
consistent with angle-dependent spin-integrated spectra and describes the pre-
dominant features of the spin-resolved spectrum of 1 ML Pd/Fe(100), which are
a broad majority spin structure with shoulders at about 2.3, 1.75, and 0.8 eV and
a comparatively sharp minority spin peak at 2.1 €V binding energy. The FLAPW
calculation shows that the Pd 4d-Fe 3d hybridization creates an electronic struc-
ture at the Pd-Fe interface that is two-fold: The minority spin electronic structure
of the Pd is only little affected by hybridization with the Fe. In contrast, in the
majority electronic structure the hybrdization leads to a spreading of the Pd 44
character among several states of identical symmetry. This is exactly reflected in
the spin-resolved spectrum, where all of the predicted states appear, for reasons
of cross section, according to their quantity of Pd 4d character.
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