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SPECTROSCOPY/SURFACE ENERGY BAND DISPERSION/PERPENDICULAR

MAGNETIC ANISOTROPY

This thesis reports the electronic origin of magnetic anisotropy transition in
thin nickel films epitaxially grown on Cu(001). The magnetic anisotropy strongly
depends on the film thickness and rotates from the “usual” in-plane magnetization to
out-of-plane at about 7 ML and from out-of-plane to in-plane at about 40 ML. Since
this behavior is of technological as well as of scientific relevance this study impacts
on the advanced development of magnetic recording devices and fundamental
understanding on low-dimensional magnetic materials. The origin of the magnetic
anisotropy has been analyzed in the framework of the spin-orbit interaction leading to
the correlation between the lattice and electronic structures. As observed in films
grown on heterogeneous substrates, the lattice distortion takes place in the surface and
interface, and the electronic structures deforms from the usual spherical shape. In
terms of molecular orbit theory, the electron orbit occupancy depends on the direction
of lattice distortions, and influences on the magnetic anisotropy favoring the spins
into the perpendicular to the dominated orbital plane. Even though the macroscopic

lattice and magnetic structures upon the film thickness have been investigated well,



v

the microscopic origin based on electronic structures was not clarified. In this study,
angle-resolved photoemission spectroscopy (ARPES) and first-principles energy-band
calculation were performed to analyze how the energy band structure and its
symmetry contribute to the magnetic anisotropy transition as the film grows. The
main idea behind spectroscopic experiment is to take advantage of the photoemission
matrix elements in order to disentangle the various d-orbitals contributing to the
photoemission spectra from nickel. The matrix elements are exploited by changing the
incident angle of the linearly polarized light and thereby lead to the relative intensities
and spectral profiles for the different states. As the Ni film grows, Ni 3d bands are

formed near the Fermi level in the range of the Cu 4s bands. In the surface band
dispersions measured along the T-A-X plane, one band with d , orbital character
evolves with a small shift to low binding energy up to 20 ML, while the other band
with dxz_yz orbital character gradually forms with a shift to high binding energy above

6.6 ML. Both an increase of the dxz_y2 and a decrease of the dZZ band fillings in the

Ni thickness range between 6.6 and 20 ML contribute to reinforce the perpendicular

magnetic anisotropy, which are partly backed up by a first-principles energy band

calculation.
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CHAPTER1

INTRODUCTION

1.1 Overview of the study

Nowadays, because the low-dimensional magnetic materials are of technological as
well as scientific relevance their enormous potential applications in nanotechnology are
promising. A wide spectrum of applications covers magnetic random access memory
(MRAM), high-density storage media, hard disc read heads, logic devices or miniaturized
field sensors (Zhu, Zheng, and Prinz, 2000). Moreover, ultrathin magnetic films also
provide our fundamental understanding of magnetic phenomena and their properties
suitable for practical applications. The magnetic anisotropy is one of the most important
properties of magnetic materials related to all of applications mentioned above.

Magnetic anisotropy energy (MAE) is defined as an energy required to rotating
the magnetization from one direction to another with a certain external field. In
general, the magnetic anisotropy in films considerably differs from that in bulk due to
the reduced symmetry at surfaces, interfaces, and the distorted structures of the
pseudomorphic ultrathin films. In particular, it is possible to tailor the magnetic
anisotropy by varying the thicknesses of the films such as Co/Pt (Carcia, 1988),
Co/Pd (Engel et al., 1991), and Ni/Cu (Huang et al., 1994; Hjortstam and Trygg,
1996; Henk, Niklasson, and Johansson, 1999). The most phenomena in these aspects
are usually referred to as perpendicular magnetic anisotropy (PMA) which a key

factor in a high density recording (Figure 1.1).



Basically, the MAE is evaluated by measuring the magnetizations along a hard
and an easy axis, as shown in Figure 1.2. Typically, the magnitude of the MAE is of
the order of only 10 to 10® eV/atom. There are two main reasons that describe an
increase of MAE in ultrathin films and multilayers by orders of magnitude higher than
that of bulk atoms. One is the broken symmetry at the surfaces or interfaces, and the
other is the lattice distortion due to strains between the magnetic layers and the
substrate layers. The MAE arises from the dipole-dipole and spin-orbit interactions.

The dipole-dipole interaction leads to a contribution to the anisotropy which
depending on the sample shape, so-called the shape anisotropy. The spin-orbit
coupling effects to the magnetization is so-called the magnetocrystalline anisotropy
(MCA). The spin-orbit coupling influences on the magneto-elastic anisotropy, if the
sample is stressed. In the following, three anisotropies will be discussed in more

detail.

Read/Write Head Read/Write Head

Recording Layer

Soft Magnetic Underlayer

Longitudinal Recording Perpendicular Recording

Figure 1.1 A schematic illustration of longitudinal and perpendicular recordings.

Western Digital Technologies (www, 2006).



[111]
500 L

S 300 | ’
s [100]
100
Ni
0
0 100 200 300

H (G)

Figure 1.2 Magnetization curves of bulk Ni along the easy [111] and hard [100]
axes (Kittel, 1976). The MAE is directly related to the area enclosed

between the two curves.

Shape anisotropy The shape anisotropy originates from long-range dipolar
interactions and it strongly depends on the specimen shape. For a thin film, the shape
effect to the dipole interactions can be described by the demagnetizing field (Hy),

which is created by the magnetic field, is given by

H =8 -M__pu, (1.1)

d dip

where D is the shape-dependent demagnetizing tensor and only the tensor element in
the perpendicular direction is available in the thin film. Therefore, the shape

anisotropy energy per unit volume is given by (Johnson et al., 1996)



E, Z%,UOM: cos’ @, (1.2)

where M; is the saturation magnetization and € is the angle of magnetization with
respect to the film normal. According to this expression, the in-plane orientation for
magnetization favors in the shape anisotropy, because the shape anisotropy does not
depend on the film thickness into the expression of Eq. (1.2). Therefore, the shape
anisotropy contributes only to bulk MAE (Ky) and is proportional to the number of
atoms.

Magnetocrystalline anisotropy: MCA The phenomenological description of the
magnetic anisotropy has been proposed by Néel (1954). In his model, the spin-orbit
interaction introduces an angular-dependent magnetic interaction. The Néel’s model is
based on the localized moment approximation and therefore is not suitable for

itinerant magnets. The spin-orbit Hamiltonian can be expressed as (Bruno, 1989)
H =¢L-S, (1.3)

where & is the spin-orbit constant (Appendix B). The modification of the band

structure induced by the spin-orbit coupling is used to explain the MCA. The spin-
orbit interactions lift the degeneracy of the band structures. The crystalline anisotropy
energy can be expanded in a power series of the direction cosines of the orientation of

the magnetization with respect to the crystal axes o4, & and ¢,. In the case of bulk
cubic crystal, the MCA does not give from the second order term (a'f +0{y2 +0{f)

because it is constant.



For surface, the translational symmetry in the direction of the film normal is
broken, resulting in an uniaxial anisotropy (Qiu and Bader, 1999). In general, surface

anisotropy can be written as

E

vea = K, 00329+Ks,p sin” @ cos’ @, (1.4)
where @1is the angle of the magnetization away from the surface normal and ¢ is the
azimuthal angle (Gradmann, Korecki, and Waller, 1986; Rado, 1982). According to
the expression, the surface normal is an easy axis when K < 0, thus the film plane is
an easy plane of the surface anisotropy.

Recently, the effect of the symmetry reduction at a surface on MCA can be
obtained from ab-initio band structure calculations (Pick and Dreyssé, 1992;
Daalderop, Kelly, and Schuurmans, 1994). The calculations demonstrated the split of
state when the direction of the magnetization is perpendicular or parallel to the film
plane. Therefore, MCA energy can be obtained by the total energy difference along
the direction of magnetization perpendicular and parallel to the surface film. For
example, the theoretical and experimental results revealed thickness dependent
magnetic anisotropy energies in Ni/Cu(001) as shown in Figure 1.3 (Hong et al.,
2004).

Magneto-elastic anisotropy The magneto-elastic anisotropy is produced from a

strain-induced modification of MCA. In ultrathin films, strain is mainly induced by
the lattice mismatch between the film and substrate, which is 7 =(a; —a,)/a, when ag
and a; are the lattice constants of the film and the substrate, respectively. Therefore,
the strain state is film-thickness dependent.

The modification of MCA induced with the strain can be analyzed by the first

order term in the Taylor’s expansion as



Ey; =B (afe

1 7xx

2 2
+aze, +aze, )+ B, (e, + e, tae,).  (1.5)

Here e;; denotes the strains, B; and B, are the magneto-elastic coupling constants.
Thus, the magneto-elastic anisotropy energy is easy to calculate when the strains are
known.

Since atoms at the surface and interface have a different atomic environment
from the bulk atoms, additional magneto-elastic coupling coefficients should be

written as B,; = B, +B,/d (Song, Ballentine, and O’Handley, 1994; Sander, 1999).

From this discussion, the (effective) magnetic anisotropy energy in 2D systems can be
decomposed into a volume contribution (Ky) and a contribution from the surface (Ks)

and interface (Ky). The relation between these contributions can be written as
K=K;=K,+(K;+K,)/d. (1.6)

This relation describes the average value of the magnetic anisotropy energy of the
surface and interface atoms and inner atoms of a magnetic layer of film thickness d. A
schematic diagram of all contributions of effective magnetic anisotropy energy is
shown in Figure 1.4. Commonly, the expression in Eq. (1.1) is usually used in
experimental studies, Ky and Kg or K are determined by a plot of the product K.

versus d. This is shown in Figure 1.5 for Ni/Cu(001). For thicker Ni/Cu(001) films,

K, =30 pueV/atom at a reduced temperature of =7 /T, =0.56 is larger than that for

bulk Ni (Figure 1.2). Moreover, this argumentation has been proven in the theoretical
calculation for a thin film of 12 ML of Ni (Uiberacker et al., 1999). They found that a
large negative contribution from surface layer (Figure 1.6) was related to the negative
slope in Figure 1.5. It is clear that a positive K. describes the easy axis to be

perpendicular to the layer plane.
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Figure 1.4 A schematic drawing of contributions of anisotropy energy on a
pseudomorphic grown thin film. Ks, Kj, and Ky are the surface, the

interface, and the central of volume contribution, respectively.
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Figure 1.5  The experimental data for Ni/Cu(001) shown K as a function of 1/d for
two reduced temperatures . The marked area is represented the
perpendicular magnetization where the Kg exceeds the shape anisotropy

(Baberschke, 1996).
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The prominent case of Ni/Cu(001) has attracted special interest due to its
character indicating both normal spin reorientation transition (SRT) and reverse SRT.
Thus, they are considered as a basic starting point for magnetism studies in nanoscale.
The first reorientation turns in-plane to the perpendicular direction of magnetization
axis between 7 ML (Schulz and Baberschke, 1994; Farle et al., 1997a, 1997b) and 10-
11 ML (Vollmer et al., 1999; van Dijken et al., 2000). It was found that PMA appears
stable in a wide thickness range. The magnetization switches back to in-plane for
films thickness up to 35-70 ML (Schulz, Schwarzwald, and Baberschke, 1994;
O’Brien, Droubay, and Tonner, 1996). This unusual behavior has been extensively
studied both experimentally and theoretically, and these critical thicknesses for
Ni/Cu(001) films were found to be analyzed as the distortion of the Ni films owing to
the lattice mismatch between Ni and Cu of 2.5%, where the strain relaxation at
interface between Ni and Cu is caused by misfit dislocations (Baberschke, 1999).
According to the previously reported experiments (Shen, Giergiel, and Kirschner,
1995; Miiller et al., 1996; Farle et al., 1997a, 1997b; Platow et al., 1999), the ultrathin
Ni films are formed pseudomorphically on Cu(001) up to the thickness around 15 ML
and the strains are expanded in-plane and compressed along the surface normal as it’s
called a face-centered-tetragonal (fct) crystal structure. MAE of fct Ni as a function of
the axial c/a ratio has been calculated by Hjortstam et al. (1997). The theoretical
results show the large and positive volume contributions in Ky term of thin fct Ni

films (Figure 1.7).
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1.2 Purpose of the study

The objectives of this thesis are to investigate the electronic structure and the
magnetic anisotropy in Ni films on Cu(001) substrate as a function of Ni films
thickness. The main technique used in this thesis is the angle-resolved photoemission
spectroscopy (ARPES) using the synchrotron radiation. ARPES measurements are
able to reveal the thickness- and polarization-dependent energy band dispersions in
surface and bulk Brillouin zones (BZs). The surface and interface electronic structures
are identified by means of a surface sensitivity measurement as well as constant bulk
energy band dispersions in ARPES. In order to understand the basic properties of
magnetic anisotropy of this system, the experiment data have to be compared with
theoretically calculated models. From a lattice structure viewpoint, low-energy-
electron diffraction (LEED) and reflection-high-energy-electron diffraction (RHEED)
patterns provide an indication to model dependent upon lattice structure by solving
the phase-factor problem in a numerical calculation. However, the local atomic
structures including a dislocation and a strain cannot be identified in this study. In
terms of magnetism, the SMOKE measurement tells us the easy magnetization axis of
Ni films in comparison between the longitudinal and polar hysteresis loops. However,
the absolute MAE cannot be evaluated in SMOKE system. So that some reports of
magnetic properties including the spin and orbital magnetic moments in Ni films on
Cu(001) by means of superconducting quantum interference device (SQUID) (Ney et
al.,, 2002) and x-ray magnetic circular dichroism (XMCD) (Wilhelm et al., 2000;
Amemiya et al., 2005) are used to give us an insight on the magnetic properties

corresponding to this experimental studies.



CHAPTER I

THEORETICAL BACKGROUND

This chapter describes background knowledge such as the basic principle of
photoemission spectroscopy including ARPES. Moreover, the interrelation between

magnetism and electronic structure are also reviewed.

2.1 Photoemission spectroscopy

2.1.1 Basic principle

Photoemission spectroscopy (PES) is a technique based on the photoelectric
effect, first discovered in 1887 by Hertz (1887). Later, in 1905, Albert Einstein was
given as the explanation of light-induced electron emission. He introduced the two
important concepts in this theory. First, light is made of quantization (photon) where
each photon gives the energy by the product of Plank’s constant and the frequency of
the light (hv). Second, an electron can absorb a photon and emit with the full final
energy where such electron emission is carried with useful information about the
electronic structure of solids. Since a short mean free path of the emitted electrons
(typically about 10 A) from surface in PES measurement, PES provides a surface
sensitivity technique. Therefore, photoemission is a direct method to determine the
information of the electronic structure of materials. On the basis of the band theory,
the solid sample has the Fermi energy (EF) at the top of the occupied states in metals

as shown in Figure 2.1, which separates from the vacuum level (Ey,.) by @ .
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The electrons are emitted from matter as a consequence of the absorption of a photon
of energy (hv), and may be referred to as photoelectrons. According to the
conservation of energy, the detected kinetic energy (Exin) of the photoelectron implies

that
E, =hv—0-|E,, (2.1)

where O is the work function and Ejy is the binding energy of the electrons.

Ewin  Spectrum
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Core Level

» N(E)

Figure 2.1 A schematic relation between the electron energy distribution of
photoemitted electrons and the density of state of a metallic solid

(Hiifner, 1995).
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2.1.2 The three step model

There are two models to formulate the photoemission process; the one- and three-
step models as shown in Figure 2.2. The three step model has been developed by
Berglund and Spicer (1964), which presents a first approach to phenomenological
description to PES. This approach is based on three processes; the electron is excited
from ground state, the excited electron transports to the surface, and finally the
electron escapes through the surface into the vacuum. All of these steps are treated
independent of each other. For a system that the electrons interact with an oscillating

electromagnetic field, the original Hamiltonian is given by

H_ =

mt

© (Ap+p-A)=—(A-p), 2.2)
2mc mc

where A is the electromagnetic vector potential and p is the momentum operator.
According to the Fermi’s golden rule, the transition rate between initial states

|l//l.> with energy E; and final states ‘l//f> with energy E, can be written as

W, =27”‘<y/f‘A-p|y/i>‘z5(Ef —E,-hv). (2.3)

For a solid with a periodic potential lattice, the significant quantum numbers of the

initial (occupied) and final (empty) states are the Bloch vector k;, and k,,
respectively. Therefore, Eq. (2.3) can be write out the explicitly k-dependence as

Wi—>f=277[<Wf’kf‘A'p|%’ki>‘25(Ef_Ei_hv)‘ (2.4)

From Eq. (2.4), the total photoabsorption can be written as

Ly ), K'//f,kf\A-plyf,,k)ré(Ef—Ei—hv). (2.5)
ke ki,
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In the one step model, the electron from the initial state is excited into a free
electron like in vacuum and decays inside the crystal. In particular, the final
photoelectron state has to be calculated as a solution of the semi-infinite crystal as
called time reversed LEED state (Mahan, 1970; Feibelman and Eastman, 1974;
Pendry, 1976). Due to the Bloch form of the one-electron wave functions, the

momentum conservation of the matrix element in Eq. (2.4) is given by
[, | A-pli)| =M, [ 5(k, -k, -G), 2.6)

where G is a surface reciprocal lattice vector. However, the three-step model is most
commonly used in the description of photoemission data it is easily accessible if they

do not interfere in each step.

three-step model one—step model
E :,l::'tii'-'“_l lt:rulT-.'l :;“"‘Tli“m" E | excitation wave matching
tation to p . rn'ug the intoa at the surfoce
ofla surface suriace dﬂmpﬁd
::::;' final state

El ] ‘r A
® @

hw

Figure 2.2 A schematic diagram of the three-step and the one-step models used to

describe ARPES processes (Hiifner, 1995).
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2.1.3 Angle-resolved photoemission

In the past, there were no experimental methods for band mapping, or direct
determination of the band structure until the development of ARPES. ARPES gives a
very powerful technique used to probe the occupied electron of both bulk and surface
states. It is the most direct method for the study of the electronic band structure of
surfaces and extensively used to study simple one-dimensional (1D) and two-
dimensional (2D) systems. Furthermore, the more complex three-dimensional (3D)
systems have been quite successful in establishing the electronic structure of
materials. Based on the basic principle of PES, one can determine the momentum of

the emitted electron from the measured Eyi, by equation as follows;

2m (2.7)
p= |13| =.2mE, .

Since the direction of p is determined from the polar and azimuthal angles 8 and ¢

with respect to the surface as shown in Figure 2.3, which can be decomposed into the

components of p parallel to the surface ( p,) and perpendicular to the surface (p,).

For crystals with ordered surfaces, there is a periodicity along the surface plane. Thus,

the momentum of emitted electrons parallel to the surface is conserved, and the

parallel component of the electron crystal momentum is given by

|p| =1k, =\2mE,, -sin®.
(2.8)
k, =0.512E,, -sind (A™),

where k is the wave vector of the outgoing photoelectron.
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Therefore, the energy band structures parallel to the crystal surface is given by
measuring the photoemission spectrum with different angles of outgoing electron. On
the other hand, the translation symmetry is broken in the surface normal. Hence the

out-of-plane momentum ( p, ) component is not conserved. So, the component of
wave vector normal to the crystal surface (&, ) is not known experimentally. In order

to determine k,, one often assumes that the final states can be approximated by a

1

free-electron-like dispersion and describes the energy of excited photoelectron as

2y, 2
+V, = a , 2.9)
2m

where V) is the so-called inner potential of the crystal referenced to the vacuum level.
To obtain the k|, energy band dispersions can be fitted by V, as a fitting parameter.

In this model, the k, can be written as

k, :%\[Zm(Ekin cos’ ¢9+V0)
(2.10)

=(0.51)(Ey cos*0+V,) (A7),

For the determination of V, three methods are available: (1) V, is adjusted to

optimize the occupied states between experimental and theoretical band structures, (2)

by using the value of the theoretical muffin-tin zero or (3) by observing the

symmetries in the experimental E(k,) curves. If the sample is irradiated by the

synchrotron radiation, a tunable photon source is available. Then, the wave vector

perpendicular to surface can be obtained from:

k, =(0.51)E, +V, (A"). (2.11)
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If the excitation energy is increased, the electron mean free path (Figure 2.4) also
changes depending on the kinetic energy of elements. Since this approach failed to
explain in solids with strongly anisotropic crystal structure (Strocov et al., 1997, 1998),

it remains unsatisfactory for accuracy band mapping. Here, band mapping is used to

determine the band dispersion E (k) in a crystalline solid, the three-dimensional wave
vector k = (k P ku) is known. In the ARPES experiment, the wave vector parallel (ku)

and perpendicular (k,) to the surface can be obtained by measuring intensity of

photoelectrons emitted as a function of angle and photon energy, respectively. Then,
the dispersions of the band can be obtained by a plot in the binding energy as a

function of the wave vector that calculated from Eq. (2.8) and Eq. (2.10).

exciting photons energy E,. |

energy hv p
£y exit angle @,¢

Figure 2.3 A schematic drawing of the geometry of an angular resolved
photoemission experiment. iV is the photon energy, ¢ and ¢ are the
polar and azimuthal angles of the emitted electrons, and Ey, is the

kinetic energy of the detected photoelectron (Schattke and Van Hove,

2003).
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Figure 2.4  The attenuation length plotted as a function of the electron kinetic
energy. The dots correspond to the attenuation lengths measured in

many different materials (Briggs and Seah, 1996).

2.1.4 Dipole selection rules

Since the bands in the solid have distinct symmetry properties, dipole selection
rules are very important in analyzing data from photoemission experiment, in
particular if polarized light is used. Dipole selection rules can be used to consider the
possible transitions between electronic states of distinct symmetries in a direct
transition. Non-relativistic dipole selection rules for direct interband transitions in a
fce structure were summarized by Hermanson (1977). The dipole selection rules can

be identified in the special cases form of photoemission in a mirror plane and the
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normal emission. If we consider a transition located at the high symmetry lines of fcc
BZ (see Figure 2.5). In normal photoemission along A line (normal to (100) faces), ¥
(normal to (110) faces), or A (normal to (111) faces), the final state has to be totally
symmetric, i.e. Aj, Xi, or Aj. Under these conditions, the dipole-allowed transitions
for normal emission from low-index faces of cubic metals are listed in Table 2.1. As

an example from (100) faces, the A, and A, initial states are only excited in normal

emission. In the case of p-polarized light (Figure 2.6), which the polar angles of

incidence are large, a A, states is excited. On the other hand, excitation of Ay states

requires the s-polarized (Figure 2.6). From Table 2.1, it can be concluded that, in
comparison with the ARPES data, one has to consider what final states can contribute
to the photoemission process. However, the dipole selection rules listed in Table 2.1
are broken for off-normal emission. In order to determine the surface state symmetry
of an angular distribution, photoemission measurement should be performed using
mirror plane emission in polarized light (Dietz, Becker, and Gerhardt, 1975; 1976;
Plummer and Eberhardt, 1979). In a mirror plane, the final states have to be even with
respect to that mirror planes. The dipole operator A -p is even (odd) if A is parallel
(perpendicular) to the mirror plane. Thus only even (odd) initial states can be

observed.
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Figure 2.5  Bulk Brillouin zone for the fcc lattice indicated with several high-

symmetry lines (Hiifner, 1995).

Table 2.1 Dipole selection rule using linear polarized light coming to single crystal

surface (Hermanson, 1977).

Crystal plane  Final state

(001)

A
(110)

X
(111)

Ay

A||[100]
As
A|l[oo01]
X
A[T110]

A3

Normal emission (nonrelativistic)

Al[o10]
As
A|[110]
L4
A||[TT2]

A3

Allowed initial state

All[001]
Ay
All[110]
)
Allf111]

Ay
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s polarization p polarization

z

mirror plane

Figure 2.6  Definition of directions used in a photoemission experiment with s and
p polarized light. The incident light and detected electrons are in a

mirror plane (Hiifner, 1995).

2.1.5 Spectral representation

Within the sudden approximation, the transition matrix element can be
considered in the simplest approximation as one-electron view. In the one-electron
approximation, the initial-state wave function for system consisting N electrons can be

written as
'//i(N)=C¢ikl//ik,R (N_l), (2.12)

where ¥, . (N —1) is the wave function of the remaining electrons, ¢, is the one-

electron orbital and C is the antisymmetrizing wave function operator.

Similarly, the final state is then written as
v, (N)=Co, . (N-1). 213)

Thus, we can write the transition matrix element from Eq. (2.3) in the form

(W | Hi W) = (05 | Hin|6) (W (N =1)| o (N 1)), (2.14)
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Here, assume that the final state with N —1 electrons has the energy ES(N —1),

which s is the number of states. So, the photoelectron current detected in PES

experiment can then expressed as

S|e[s(Ey+E (N-1)-E (N)-ho),  (2.15)

s

b

CS

< z ‘<¢ﬂc ‘Him
fik

where |cs|2 = Kl//ﬂ'ﬂ (N —I)W[M (N—1)>‘2 is the probability of the electron that leave

from the N electron ground state in the excited state s of the N —1 electron system

and E,(N) is the ground state energy of the system consisting N electrons.

For solids, Eq. (2.15) can be rewritten in the form

%)\2# (k.E). (2.16)

IKS ZK@% ‘Hint
fiisk

where A®(k,E) is the single-particle spectral function and can be connected to the

single-particle Green’s function by
A<(k,E)=llm[G(k,E)]f(E,T), (2.17)
V4

where f(E,T) is the Fermi-Dirac function. For free particles with the one-electron
band energy &, , the Green’s function can defined as (Mahan, 1981)

1

GO(k,E)ngl?, (218)
and the spectral function is given by
A’ (k.E)=6(E-¢&)) f(E.T), (2.19)

The spectral function is a d-function at the energies of the single particle states.
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In an interacting electron system, the electron energy can be represented in terms of

a complex self-energy 2 (k,E)=Re| 2 (K, E) |[+iIm| Y (K, E) |, one finds
p gy Z(k,E)=Re[ Z(k,E)]+ilm[ Z(k,E)]

1

G(k.E)= ,
(k.E) E-g -X(Kk,E)

(2.20)

and

A® (k,E):i tm{> (k. E)} ~f(E,T). (2.21)

7 [E-el-Re{£(k, B)}] +[Im{£ (k. E)}]

Here, the self energy effects are directly reflected in the electron removal spectrum.

2.1.6 Photocurrent measured by ARPES

In the ARPES experiment the specified energy £ and momentum K of free

photoelectrons are measured. Therefore, only absorption into final states with E=E|

is detected. The momentum component parallel to the surface is conserved, with

arbitrary surface reciprocal lattice vector G, :K =k, +G, . Therefore, the

il

photoelectron current at a fixed E and k, are expressed as

I(K,E)cxkZl;.ka\A.p|ki>r§(Ef—E,,—hv) o
x5 (K, —k

fII_GH)é‘(E_Ef)'

According to the matrix element of the one-electron model in Eq. (2.6), we can

rewrite Eq. (2.22) into

1(K.E)oc Y |M,[6(E, ~E~hv)5(k, -k, ~G)
ol (2.23)

5(E_Ef)§(KH -k _Gn)'
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This expression describes the conservation of energy and the momentum components
parallel to the surface during the photoexcitation deep in the solid (first two &
functions) and at the solid-vacuum interface (last two J-functions). It is allowed to
obtain the initial state band dispersions from energy and momentum of the

photoelectrons measured in the ARPES experiment.

2.2 Electronic structure of correlated systems

2.2.1 Band structures of bulk Cu and Cu(100) surface

The energy band structure of bulk Cu calculated by Segall (1962) and Burdick
(1963) is shown in Figure 2.7. Segall further calculated the band structure of bulk Cu
based on the Green’s function method (Kohn and Rostoker, 1954) with two distinct
potentials. One of the potentials was constructed by Manning and Chodorow (1939)
whereas another one is obtained from the Hartree-Fock functions of 3d electron for
the free Cu® ion. The second potential is renormalized in the Wigner Seitz sphere in
order to use the core and d electron Hartree-Fock functions of Cu. Then Burdick
(1963) also calculated the band structure of bulk Cu by the APW method (Slater,
1937; Saffren and Slater, 1953) with the potential created by Manning and Chodorow
(1939). The results of this calculation are corresponded to those of Segall for the same
potential to within 0.15 eV. In Figure 2.7, the symmetry points are followed to the
notation of Bouckaert, Smoluchowski, and Wigner (1936). The d flat bands are
located approximately 2 to 6 eV below Eg. Therefore, these states are characterized
relatively to high density of states according to the flatness of the d bands. The
positions of Er and of & are also indicated in this calculated band. The sp bands

exhibited the contribution as nearly-free-electron bands, while for the more localized
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d bands below Ep these have tight binding character. However, the sp bands are
strongly interacted with the d bands. The transitions from the sp bands to the d bands
occurred in the gap of L; — L,, which the L, eigenvalue is shown by the dashed lines
in Figure 2.7.

In particular, the results of bulk band structure of Cu have been used to describe
the electronic surface states on the Cu surface. On the Cu(100) surface, the projected
bulk band structures observed with both experimental (represented by open squares)
and calculated inverse photoemission (IPE) structure (denoted by solid circles) are
shown in Figure 2.8. In the IPE experiments (Grass et al., 1993), the four empty
surface states SR, S;, S», S3 and two unoccupied bulk states B, B, have been detected
along I'XUL plane. Since SR is related to the X4 — X; gap denoted as the crystal-
induced surface resonance and S; denoted the first image-potential state in the same
gap. On the other hand, S, and S; represent crystal-induced surface states that are
derived from the Ly — L, gap. S, becomes an occupied surface state near X and has
been detected in high-resolution PES (Kevan, 1983).

Calculated IPE spectra and the corresponding experimental data (Aw=9.7 eV)
for different angles of electron incidence for Cu(100) surface along the I'’XUL bulk
mirror plane are shown in Figure 2.9. The calculated spectra are obtained by
convoluting the raw spectra with a Gaussian of 0.275 eV full width at half-maximum
(FWHM). Note that the fraction of secondary emitted photons from the experimental
spectra is neglected in the calculations of IPE spectra. Thus, the results from theory
and experiment are in good agreement. In particular, the calculated IPE spectra are
well reproduced in the polarization dependence of the intensity for the various peaks.

These calculated IPE spectra for Cu(100) found that only the surface state S, at X is
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considered as non-zero current for photons polarized in the surface plane. The
comparison between the calculated surface states along the symmetry points of T to
X with experimental data for Cu(100) is also summarized in Table 2.2. The energetic
positions and effective masses are within the error bars of the experiment. The other
study of IPE of Cu(100) at various photon energies found the surface state at the zone
boundary X with energy about 0.5 eV (Lange et al., 1990), which is not included in
Table 2.2. In addition, the experimental IPE spectra show dispersionsless features in
the range of 0-1.5 eV above the Ep. These features could be described as the
transitions into weak maxima of the three-dimensional density of states (DOS) in this

energy range.

boao) Boal Dweol v2v2wd]  [bod (3% 3

Il

Figure 2.7  Band structure of Cu along some symmetry points as calculated by
Segall (1962) and Burdick (1963). The dashed curves represented the

free electron eigenvalues.
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Cu (100)
M XWK r rXUL X
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1.5 1.0 0.5 0.0 0.5 1.0
Ky ( A-1 )

Projected bulk band structure for Cu(100) onto the surface BZ along

the T-X and I'-M directions. Solid circles and open squares with error
bars are indicated the calculated and measured band dispersions,

respectively (Grass et al., 1993).
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Experimental (left) and theoretical (right) inverse photoemission
spectra (hw=9.7 eV ) for Cu(100) along the I'’XUL bulk mirror plane.
® is represents the angle of electron incidence and o denotes the

photon detection angle (Grass et al., 1993).
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Table 2.2 Comparison of experiment and calculated binding energies and effective

masses of surfaces states on Cu(100) (Grass et al., 1993).

Symmetry Type E-Ep (eV) m’Ime. E-Er (eV) m’Ime. (exp.)
point (theor.) (theor.) (exp.)
4.13£0.20°
T S, 4.10 0.990 4.00 + 0.20° 1.2+0.20°

4.06 £0.20° 0.90 £ 0.10°

r S/ 4.48 1.010 445 +0.20°
1.15¢
T Sy 1.50 0.427 1.20 £ 0.30°
1.48 +0.06°
X S, -0.065 0.076  -0.058 £0.025" 0.067+0.01"
X S, 3.52 0.630 3.60£0.025  0.70 £0.028
3.45%0.02"

*Schneider et al. (1990).

®Dose et al. (1984).

“Steinmann (1989).

dWoodruff, Hulbert, and Johnson (1985).
*Wegehaupt, Rieger, and Steinmann (1988).
'Kevan (1983).

fDonath et al. (1986).
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2.2.2 Band structures of bulk Ni and Ni(100) surface

The calculated bulk band structure for Ni along high symmetry directions has
been obtained by the empirically fitting using a combined interpolation scheme as
shown in Figure 2.10, which is proposed by Weling and Callaway (1982). These
empirical adjusted band structures are determined by results of ARPES (Eastman,
Himpsel, and Knapp, 1978; Dietz, Gerhardt, and Maetz, 1978; Himpsel, Knapp, and
Eastman, 1979; Eberhardt and Plummer, 1980). The point across the Er has been
determined using an accurate Fermi surface data. This approach does not include the
effect of the spin orbit interaction. The interpolation results of this method comparing
with the experimental data of Eberhardt and Plummer (1980) are given in Table 2.3.
The parameters of the paramagnetic band structure are determined from the averages
data of spin up and spin down levels. The effects of exchange splitting have been
included in the calculations in order to obtain the ferromagnetic band structure. From
this fitting procedure, the computed Er and the magnetic moment for Ni are given by:

E, =0.0548 eV and m = 0.56 1.
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Figure 2.10 The empirical bulk band structure of Ni along certain symmetry lines
in the Brillouin zone. The solid (dash) lines represented majority
(minority) states of spin. The squares indicated the experimental values

(Weling and Callaway, 1982).
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Table 2.3 The energy levels in the units of electron volts at symmetry points of Ni

(Eberhardt and Plummer, 1980).

Experiment” Theory* Fit*

Symmetry average”  spin-up average average spin-up spin-down

I -8.8+0.2 -8.93 -8.8000  -8.8000
o5 -1.140.2 -2.04 -1.3000  -0.9000
I -0.440.1 -0.92 -0.4500  -0.3500
X, -3.3+0.2 -4.31 -3.24 32789 -3.1942
X3 -2.840.2 -3.81 -3.0000  -2.6000
X, -0.85+0.1 -0.18 0.16°  -0.2079  -0.1079
X 0.02 0.05 -0.1500  0.2500
L, -3.6+0.2 -4.63 -3.50 3.6638  -3.3413
L -1.30.1 -2.07 -1.4035  -1.2045
L -1.040.2 -0.40 -1.0000  -1.0000
L3 -0.240.1  -0.17 -0.06°  -0.2016  0.0994
Wy’ 2.6+0.2 -3.59 2.6422  -2.5583
W3 -1.740.2 2.77 -1.8937  -1.5067
W, -0.65+0.1 -1.00 -0.6998  -0.6000
Wy -0.1540.1  0.02 -0.1500  0.2500
K -3.140.2 -3.66 -2.70 27549 -2.6549
K, -2.55+0.1 -3.45 -2.40 2.5787 22119
K3 -0.940.2 -1.81 -1.0916  -0.7088
K, -0.45%0.1 -0.77 050"  -0.5492  -0.4492
K, -0.25 -0.09 -0.2881  0.1119

*Eberhardt and Plummer (1980). The experimental Fermi energy was chosen as zero
of energy.

bAverage over the spin directions.

“Theory by Wang and Callaway (1974) using vBH potential.

“The values of the energy levels, which have not been used for fit, are only indicated
for the sake of clarity.

“The readjusted input values. As for the column based on experiment, the values are

given relative to the experimental Fermi energy.
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In order to study the surface band of Ni, Zhu and Hermanson (1984) have
calculated the electronic structure of five-plane films of ferromagnetic Ni(100) with
the use of an atomic orbital basis, as shown in Figure 2.11. According to the
experimental results from Plummer and Eberhardt (1979), who studied the surface
band dependence on the polarization of the incident light, the results of band
structures depend on their parity. This calculation based on the linear combination of
atomic orbitals method (LCAO) by Dempsey and Kleinman (1977) suggested that the

observed two surface bands using ARPES (Plummer and Eberhardt, 1979; Erskine,
1980) near M and T may be considered to the M,X,T’; band. The calculated band

structure shows that the most of electron are accumulated at the surface near Ef
(denoted by solid circles) with more than 60%. The surface states may be attributed
from these states. However, this calculation has not distinguished between surface
states and surface resonances. The majority d bands of Ni surface are almost
completely filled due to these electrons are essentially confined to the lattice site.
Therefore these electrons have a more localized character. In particular, this
calculation predicted an enhancement of the surface magnetic moment by 8%
compared with the bulk value denoted by a center plane of 0.55 gp. In addition, The
surface magnetic moment under the constraint for Ni(100) surface has also been
considered by Tersoff and Falicov (1982). They found that the surface magnetic
moment of Ni(100) increased to be 0.74 pp larger than the bulk moment of 32%.
These results are corresponded to the first-principles calculations even though the
calculation of exchange splitting is overestimated due to the neglected correlation
effects. On the other hand, Zhu and Hermanson (1984) suggested that the reduction of

magnetism for the contracted film was due to the creation of holes in majority d band.
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Figure 2.11

Calculated spin-resolved surface electronic states in a five-plane
Ni(100) film. The bands are separated into two independent sets
according to their spin character (majority or minority) and their parity
with respect to reflection in the plane of incident at the surface plane

(even or odd) (Zhu et al., 1984).
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2.3 Magnetism in thin films

2.3.1 Basic concepts in the magnetism

The origin of magnetism and the magnetic properties of materials are based on
the orbital and spin motions of electrons. Generally, there are five classifications of
magnetism: diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism, and
ferrimagnetism. The magnetic moments in the first two groups are only order under
an external magnetic field. However, the materials in the last three groups exhibit
long-range spontaneous magnetic order even with no applied external field below a
certain critical temperature (Curie temperature, 7¢c). The energy concerned in the
transition from the ferromagnetic to the paramagnetic state is of the order of
kgTc/atom (= 0.1 eV/atom). The mechanism that driven the formation of a long-range
magnetically ordered ground state in the material is so-called exchange interaction,
which is in the different energies for the parallel and antiparallel spin states as an
effect of the Pauli principle and the Coulomb interaction between electrons. This is
the atomic origin of ferromagnetism.

In the solid state magnetism, the elements playing a fundamental role in
ferromagnetism are the 3d transition metals and the 4f rare earths elements because
the shell is incompletely filled. Normally, there are two models applied to explain the
ferromagnetism of solids, so-called localized and itinerant (delocalized) models. The
magnetic moments of the localized model are occurred from unpaired electrons in
localized wave functions. This is mostly found in 3d metal oxides, 4f metals and their
compounds, which are well described by the Heisenberg and Ising systems. While for

the itinerant (delocalized) model, the unpaired electrons responsible for the magnetic
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moments are delocalized close to Er, which the classical prototype Fe, Co, and Ni. In
order to explain these electrons, the electronic band theories are required.

The original atomic energy levels in the itinerant model are broadened into the
narrow bands. The simplest and most frequently applied model has been proposed by

Hubbard (1963)

H= z 1iCinCio +UZ n.n, =H +H,. (2.24)

i,j,o
This model represents an approach for a single band consisting of an electron hopping
terms with spin ¢ between the lattice sites i and j and the Coulomb interactions
between electrons. Here, ¢, and ¢, represent the annihilation and creation operators

with spin o at the lattice site i. However, the Hubbard Hamiltonian has no exact
solution to all metals. Therefore, the Stoner-Wohlfarth model (Wohlfarth, 1953) has
been proposed to approximate the Hubbard model problem.

In the Stoner-Wohlfarth model, the magnetization is equal to the local

magnetization M, can be written as
Ep
M =u,["| D' (E)-D*(E)| dE, (2.25)

where g, is the Bohr magnetrons as atomic unit for the magnetic moment. The

definition of the magnetization originates from the difference in the DOS between
spin up and spin down electrons. Then, the exchange-correlation potential for spin up

and spin down electrons can be written as

viir)=v? (r)iélM. (2.26)
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Here I is the Stoner parameter and V) (r) is the exchange-correlation contribution for

the nonmagnetic case. Considering the energy eigenvalues, it displays a symmetric

energy splitting as

e™ (k) :g(k)$%lM. 2.27)

This result describes that a spin-splitting of the electronic bands structure is responsible
to the constant value of /M. If one considers the nonmagnetic band structure, the Stoner

criterion is widely used to identify a stable ferromagnetic state at 7= 0 K as

I-D(E,)>1. (2.28)

Here D(E,) denotes the value of DOS at the E in the nonmagnetic state and / is the

intra-atomic exchange interaction depending on a given element as shown in Figure
2.12. In this model, the paramagnetic energy band state splits into a pair of bands. So,
a sufficient condition for ferromagnetism requires a high DOS of the nonmagnetic
band structure at Er and its bandwidth should be small enough. Therefore, this Stoner
criterion is appropriate to describe the relation between electronic structure and

magnetism in itinerant systems phenomenologically.
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Figure 2.12 Stoner parameters for the element metals calculated from DOS and
spin-dependent mean-field interactions based on density functional

theory (Kiibler and Eyert, 1992).

2.3.2 Surface magnetism

Nowadays, surface magnetism is an active field of research due to its important
applications. In particular, the new magnetic properties mostly exhibit at surface. The
surfaces and interfaces often exhibit the fundamental magnetic properties different
from those in bulks due to the electronic structure or geometric arrangement. Since
surface and a monolayer films have lower atomic coordination, leading to reduced

overlap of d electron wave functions and a reduction in bandwidth, DOS at Eg
(D(E;)~1/W,) increases. This result leads to enhanced magnetic moments.
Moreover, the atomic coordination at the surface should also depend on the

crystallographic orientation of surface. A following section describes the

characteristic features of magnetic properties arising from surface.
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2.3.2.1 Dimensionality effects

A dimensionality crossover from 3D to 2D behavior is expected when the
thickness of a magnetic film decreases to the monolayer limit. Since T¢ in bulk has
been defined depending on their composition (Kittel, 1976). However, T¢ in thin film
is varied as a function of film thickness. From the results of T dependence on
thickness as measured from various epitaxial thin film systems, it was found that the

data for N1 were fitted to the bulk relation as

T (bulk) —Tc (”)
n T (n) ) (2.29)

Here, n is the number of monolayers (MLs) in the film and A denoted to the shift
exponent. In the case of Ni/Cu(001), 7¢ was determined from susceptibility
measurement as shown in Figure 2.13 (Bovensiepen et al., 1998).

Considering the 2D systems, the order parameter of spontaneous
magnetization at the phase transition from ferromagnetism to paramagnetism was

described by a power law of the form
T B
M(T)=M(0)(1——J : (2.30)

where [ is the critical exponent of different dimensionality depended on the model of

calculation. Determination of critical exponents describes how the magnetization M

vanishes near Tc. In order to evaluate S, the M (T) curve with 7¢ in the separated

experiment should be plotted. For Ni/Cu(100) ultrathin films, the measured values

close to 0.24 are characteristic of Ising like systems (Huang et al., 1994).
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2.3.2.2 Magnetic moments at surfaces

For 3d transition metals, the magnetic moment of itinerant magnetism is
determined by the electronic band structure. The electronic band structure splitting
due to the exchange interaction leads to a majority and minority bands at the Ef in
different DOS. The average magnetic moment is determined by the difference in the
number of occupied states between majority and minority bands. Since the broken
symmetry and the reduced coordination number at the surface at a metal surface result
in a small value of the d band width and localized surface states or surface resonance
states. These affect to the magnetic properties close to the surface region. Several
calculations based on density functional theory (Fu, Freeman, and Oguchi, 1985;
Falicov, Victora, and Tersoff, 1985; Freeman and Wu, 1991; Weinert and Bliigel,
1993) showed that 3d transition metal atoms may be enhanced the magnetic moment
at surface. The calculated results are summarized in Table 2.4. Moreover, the spin-
polarized low-energy electron diffraction (SPLEED) experiment provided qualitative
agreement with the theoretical predictions for Fe(110), Ni(100) and Ni(111) surfaces

(Feder et al., 1983; Mulhollan et al., 1988; Tamura et al., 1990; Wagner et al., 1997).
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Figure 2.13 Calibrated in-phase susceptibility versus temperature for several

thickness of Ni/Cu(001) (Bovensiepen et al., 1998).
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Table 2.4 Magnetic moments (in tg) of 3d transition metal atoms at the surface and
in the center layer, and the corresponding enhancement for the surface

atoms (Freeman and Wu, 1991).

System Surface Center Enhancement (%)
bee Fe(001) 2.96 2.27 30
bee Fe(110) 2.65 222 19
bee Fe(111) 2.70 2.30 17
hep Co(0001) 1.76 1.64 7
fce Ni(001) 0.68 0.56 23
fce Ni(110) 0.63 0.56 13
fce Ni(111) 0.63 0.58 9
fcc Fe(001) 2.85 1.99 43
bee Co(001) 1.95 1.76 11
bee Co(110) 1.82 1.76 3
fcc Co(001) 1.86 1.65 13

bee Cr(001) 2.49 0.59 322




CHAPTER 111

THE CALCULATION METHOD

A modern computational science based on a quantum-mechanical description of
the interactions between electrons and atomic nuclei is one of the most influenced
developments in materials science. Eventually, the fundamental basis for
understanding materials and phenomena relies on understanding electronic structure.
Naturally, the properties of matter are determined by the electronic ground state and
the electronic excited states. The stable structure of a specific system is given by the
structure with the minimal total energy at zero temperature. So, the ground state total-
energy calculations are greatly important for the structural determination of surfaces.
This chapter serves as a brief introduction to the calculation method and software

used to model the structure involved in this work.

3.1 Density functional theory

Nowadays, many computational methods are used in materials science for
electronic structure calculations. The determination of the total energies is a
prerequisite for a theoretical treatment of any property. Normally, two main
techniques based on the total energy calculation are available using wave function and
electron-density methods. One method has become more popular in recent years is
density functional theory (DFT), in which the total energy is expressed in terms of the

total electron density, rather than the wave function.
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3.1.1 The Hohenberg-Kohn theorems
DFT is based on the Hohenberg and Kohn theorem (1964) in which they proved
two fundamental mathematical theorem. The first theorem states that the ground-state

energy of a system of interacting electrons in an external potential is a functional of
the ground state density only E [ p(r)] . The second theorem leads to the fundamental
statement of DFT that the total energy E [p(r)] is variational with respect to the

density and the exact ground state energy and density can be determined by the

minimization of the energy functional E [ Yo, (r)] .

3.1.2 Kohn and Sham equation
Kohn and Sham (1965) who proposed the energy functional of Hohenberg and

Kohn theorem in a compact form:

ELp(e)) =1 Lo+ 1. (o (r)+ [[ 202 i + £, [p(e)], .

where the first term is the kinetic energy functional of the non-interacting electrons
system, the second term is the Coulomb interactions between the electrons and the
nuclei, the third is so-called Hartree energy and the last term is the exchange-correlation
energy that contains the many-electron effects. Kohn and Sham developed the electron

density as a sum over the probabilities of single-particle states, can be written as

: (3.2)

p(r)=3 v (r)

where N is the number of electrons.
Since Kohn and Sham reduce the many-electron problem to an essentially single-

particle problem with the effective potential Vs can be written as,
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Vetr (I‘) =V (r) R é‘EXC [p ] J. dr’, (3.3)

where this effective potential composes of the external potential V., (r), the

ext

exchange- correlation potential V,_(r) and the Hartree potential V.. (r)-

Therefore, the Schrodinger equation for single-particle state called the Kohn-
Sham equations is given by (Kohn and Sham, 1965)

e 0y 6) = (). 64

2m

In order to solve Eq. (3.4), initially, a trial electron density, p(r) to find the single-

particle wave function, and y/l.(r) is defined. Then, the Kohn-Sham equations are

calculated by using the single-particle wave function from the initial step. If the two-
electron densities in two steps are the same, and then the ground state electron density
is reached. If the two electron densities are different, then the process is repeated
again. This iterative method can lead to a solution of the Kohn-Sham equations being
self-consistent.

3.1.3 The local density approximation (LDA)

In general the exchange-correlation energy cannot be exactly derived. Thus, it is
necessary to create some approximations to solve the whole problem of many-body
interactions. The simplest and most frequently used approximation is the so-called
local density approximation (LDA). In this approximation, the exchange-correlation
energy has a form similar to that for a homogeneous electron gas (Ceperley and
Alder, 1980). But the density at any point in space is replaced by the local density of

the actual system.
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So, the exchange-correlation energy on the local density approximation can be

expressed as (Kohn and Sham, 1965)
EP [ p(r)]=[p(r)e.[p(r)]dr, (3.5)
where ¢ is the exchange-correlation energy density in which related to the

exchange-correlation potential V,_(r) by: V. =J0E_/dp=¢€_+pde, /dp. In the

special case of the uniform electron gas, the exchange-correlation energy can be
written in a term of Slater determinant of single-particle orbitals (Slater, 1974) as
(Parr and Yang, 1989)

£, [p(r)]:—g(ip(r))m. (3.6)

4\

Normally, the functional form for the correlation energy density, £, is unknown and

has been derived in numerical quantum Monte Carlo calculations which yield
essentially exact results (Ceperley and Alder, 1980). The LDA is more accurate for
perfect metal but less accurate for systems with varying electron density.

3.1.4 Generalized gradient approximation (GGA)

Although the LDA gives surprisingly good results in a wide range of bulk and
surface problems, the LDA results always show the overestimated total energy larger
than that in experiment. Therefore, the generalized gradient approximation (GGA) has
been proposed. In the GGA, a functional is based on the local electron densities and

their gradients at considered point (Perdew, Burke, and Ernzerhof, 1996), can be

expressed as

EXNp(r)]=[p(r)e.(p(r),

Vp(r))d’r. (3.7)



49

This approximation is significantly improved over the LDA results. DFT calculations
in the GGA lead to sufficient enough results in the chemical accuracy for many

chemical reactions.

3.2 Plane waves

Plane waves are the most common approach used to expand the single-particle
states of the Kohn and Sham equations into a set of basis functions. In a periodic
crystals structure, the Bloch’s theorem states that the electron wave function can be
written as the product of a cell-periodic part and a plane wave part (Ashcroft and

Mermin, 1976),
y, (r)=e¢""u,(r). (3.8)

The cell-periodic part of the wave function can be expanded in terms of a special set

of plane waves as

u (r)=> cce", (3.9)

G

where G is the reciprocal lattice vector of the crystal. By using the definition of the
reciprocal lattice vector, the reciprocal lattice vectors G are defined by G -s=27wm
for all 5. Here, s is a lattice vector of the crystal and m is an integer.

Combining Eqgs. (3.8) and (3.9), one gives the electronic wave function as a sum

of plane waves,
v (1) = cuce™ e (3.10)
G

The solution of this expression has a simple explanation as the solution of the

Schrodinger equation, it can be written as
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2
_n 2
E—2m|k+G| . (3.11)

In practice, the solutions with lower kinetic energies are more physically important
than solutions with very high kinetic energies. So, the solution is included only in the
infinite sum with kinetic energies less than some values, so-called cut off energy (Ecu)

(Martin, 2004). Then, Eq. (3.10) is reduced to

v (l‘) B Z Ci,kmei(km'r)- (3.12)

k+G|<G,,,

Although plane waves are usually used as a basis set to expand the electronic wave
functions in periodic systems, plane waves are not efficient to describe wave

functions of electrons in core-region.

3.3 Pseudopotentials

3.3.1 The concept of pseudopotentials

In principle, the electron potential in matter can be separated into two regions.
The first part is the core-region where the electrons are strongly localized in the
closed inner atomic shells that defined by the cut-off radius r.. The electron potential
in this region is strongly attractive. The second part is the interatomic region where
the electrons exist outside the core. In this region the electron potential varies very
slowly. As a result, a plane wave method is generally not suitable for describing the
properties of core electrons. This problem can be overcome by using, so-called

pseudopetential method (Phillips, 1958; Phillips and Kleinman, 1959; Heine, 1970).
Conceptually, the pseudopotential is replaced by the strong core potential V. (r) with

a weak pseudopotential that behaves on a set of pseudo-wave functions rather than the
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true valence wave functions (Figure 3.1). The pseudopotential is developed based on
an all-electron calculation for the isolated atom. Thus, a pseudo-wave function can be

written as (Phillips and Kleinman, 1959; Cohen and Chelikowsky, 1988)

Ves) =lw )= 2w ) (v | as)- (3.13)

This approximation is the most important approach to reducing the computational effort.

The results of pseudo-wave function ¥, (r) are very smooth for many elements.

3.3.2 Norm-conserving pseudopotentials

As the exchange-correlation energy is a function of the electron densities in total-
energy calculations. In order to obtain the exchange-correlation energy accurately, the
all-electron wave function is replaced by a soft nodeless pseudo-wave function inside
the core radius r., and the pseudo-wave functions and the all-electron wave functions
outside the core radius 7. should be identical. Norm-conserving pseudopotentials is
described as the scattering properties of an ion in a variety of atomic environments
inside the core radius r. (Hamann, Schliiter, and Chiang, 1979; Bachelet, Hamann,
and Schliiter, 1982). The most general form for a norm-conserving pseudopotential is

given by

) (3.14)

Vis (l‘) = %:|Y;m>‘/l (r)<Y/m

where |Ylm> are the spherical harmonics and V, is the pseudopotential for angular

momentum /. Actually, the pseudopotential wave function and eigenvalue are
different for different angular momenta /, the pseudopotentials in this form are often
called semi-local. The norm-conserving pseudopotentials are required to reproduce

full-potential wave functions accurately in the valence regions.



52

Figure 3.1 A schematic illustration concept of the pseudopotential (dash lines)
and all-electron potential (solid lines) and their corresponding wave
functions. The vertical line is indicated the core radius r. (Singh and

Nordstrom, 1994).
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3.3.3 Ultrasoft pseudopotentials (USPP)

For the first-row elements, transition metals and rare-earth elements, a large of
plane wave basis set of pseudopotentials is required in the core region and the pseudo-
wave functions should be as soft as possible, allowing a low kinetic energy cut-off to
be used. To resolve this problem, the ultrasoft pseudopotentials (USPPs) that
proposed by Vanderbilt (1990) have been developed. This method can extremely
reduce the plane wave cut-off needed in calculations, since it is required quite large
value of the core radius r.. In the Vanderbilt approach, the basis of norm-conservation
is released to obtain smoother pseudo-wave functions in the core region and the
charge density difference between the all-electron and pseudo-wave function is
calculated from a small number of localized augmentation charges. It becomes
possible to choose the core radius of pseudopotential around half of the nearest-
neighbor distance. The augmentation charges are required only in a small cut-off
radius which is used to recover the moments and the charge distribution of the all-
electron wave function accurately (Laasonen et al., 1993). One of disadvantage of this
method is the rather difficult construction of the pseudopotentials.

3.3.4 Projector augmented waves (PAW)

The PAW method (Blochl, 1994; Holzwarth et al., 1997; Kresse and Joubert,
1999) was developed based on the USPPs method, which works with the full all-
electron wave functions. The PAW method was firstly proposed by Blochl (1994).
The PAW method describes the wave function by a superposition of the pseudo-wave
functions and the all-electron wave function by using a linear transformation and
modified the total energy functional consistent with the transformation to the Kohn-

Sham functional. In the PAW, a linear transformation 7 is given by
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lw,)=17|w,) (3.15)

where |l//n> is the all-electron wave function and |l/7n> is the pseudo-wave function.

The important point is to construct the all-electron wave function from the pseudo-

wave function through a linear transformation as

v,)=

7.+ 2(16)-10)) (5 19.). (3.16)

Here, |(,/§l> is the all-electron partial waves obtained for a reference atom, ‘(5,> 1s the

pseudo-partial waves equivalent to the all-electron partial waves outside a core radius

r' and also match continuously onto ‘(5,> inside the core radius, and | ﬁi> is the

c

projector function for each pseudo-partial wave satisfied the relation < D,

l/7n>:5ij'

Therefore, a linear transformation can be obtained from Eq. (3.16) as
r=1+3(|¢)=|a)) (B (3.17)

Considering materials with strong magnetic moments, the PAW method provides

more reliable results than that of USPPs.

3.4 The Vienna Ab initio Simulation Package (VASP)

In the present work, all of calculations are performed with the Vienna Ab initio
Simulation Package (VASP), which developed by Georg Kresse and co-workers
(Kresse and Hafner, 1993; 1994; Kresse and Furthmiiller, 1996a, 1996b; Kresse and
Joubert, 1999). VASP is described by the interaction between ions and electrons by
using pseudopotentials or the projector-augmented wave method and a plane wave basis

set. So, the number of plane waves per atoms for transition metals and first row
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elements can be reduced. In VASP, forces and the full stress tensor can be calculated
and used to relax atoms. VASP is mainly used with an iterative matrix-diagonalization
scheme to minimize the total energy. Most of algorithms implemented are based on the
conjugate gradient (CG) scheme (Teter, Payne, and Allan, 1989; Bylander, Kleinman,
and Lee, 1990), the blocked Davidson scheme (Liu, 1978; Davidson, 1983), or a
residual minimization scheme—direct inversion in the iterative subspace (RMM-DIIS)
(Pulay, 1980; Wood and Zunger, 1985). The charge density mixing is used within an
efficient method of Broyden or Pulay scheme (Pulay, 1980; Johnson, 1988). The forces
acting on the ions can be evaluated with the Hellmann-Feynman theorem (Feynman,
1939). The k-point mesh was generated automatically on the basis of the Monkhorst

and Pack scheme (1978).

3.5 Surface calculations

3.5.1 Slab models for surfaces

Since the surface is formed by truncate a bulk crystal, surface atoms have fewer
neighbors than bulk atoms. Thus, the ideal model to create the surface would be a
slice of the bulk crystal structure in two dimensions and repeated periodically along
the surface normal to form a supercell (Figure 3.2). This model is called a slab model.
In a supercell, the empty space separating atoms in the slab along the surface normal
direction is called the vacuum layer. If the vacuum layer is thick enough so that the
electron density of the material spills out into the vacuum and can minimize any

interactions between atoms of the next slab.
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3.5.2 Computational details

In the present studies, the structure of Ni/Cu(001) films was modeled using the
VASP code. The Ceperley-Alder functional (1980) together with the Perdew and Wang
formulae (1992) of generalized gradient approximation are used to describe the electron
ion-interactions. For the correlation part of the exchange correlation functional, the
interpolation formula is performed according to the Vosko-Wilk-Nusair parameterization
(1980). The residuum minimization method direct inversion in the iterative subspace is
used to optimize the structure. The PAW basis of VASP code was used to describe the

wave functions and potentials with the plane wave energy cut-off of 270 eV.

A - ° v ™~ Repetition of slab

along the surface
normal

Vacuum layer

? ° o . Relaxed surface
layers
(-

° Fixed bulk layers

Figure 3.2 A schematic of basic idea of slab model.
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3.5.3 Ni/Cu(001) surfaces

The structures of Ni/Cu(001) films were modeled by periodically repeated slabs
with five layers of Cu in the (001) orientation and Ni films of 1 to 11 layers placed
pseudomorphically on both sides of this slab to maintain the inversion symmetry. The

in-plane lattice constant (a,) is fixed at 3.58 A according to the experimental data

(Platow et al., 1999). The Brillouin-zone integrations were performed using grids of

(9x9x1) k-points in the surface cell. The slab surface cells were separated by 3 a, of

vacuum layer. The examples of supercell used to create Cu(001) and Ni/Cu(001)

surfaces are shown in Figure 3.3.

(a) (b)

Figure 3.3 A schematic diagram of a supercell that used to model: (a) 5 ML

Cu(001) and (b) 2 ML Ni on each side of 5 ML Cu(001) slab.



CHAPTER 1V

EXPERIMENTAL TECHNIQUES AND INSTRUMENTS

This chapter consists of a description of the important techniques, the
experimental instruments and the sample preparation used in this thesis work. In

addition, parameters used in the ARPES are also described.

4.1 Experimental techniques

4.1.1 Auger electron spectroscopy (AES)

Auger electron spectroscopy is an analytical technique to identify the atomic
element in materials. It has been extensively used to check impurities in high-purity
metals and to determine the chemical composition of the adsorbed atom. The emitted
secondary electrons generated in the Auger process are analyzed and their kinetic
energies are measured. The Auger process is initiated by creation of a core hole in an
inner shell of the atom, excited by an electron beam (Figure 4.1). Then the hole in an
inner shell is filled by an electron in the outer shell. A released energy is transferred to
excite another electron. The ejected electron is called the Auger electron. Therefore,
the energy of the Auger electron depends on the energy levels realized in the atom. A
kinetic energy of the Auger electron from the various electron levels can also be

written in the form:

~E, -E, . 4.1)
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The capability of AES as a tool for determining film thickness is based on the
relaxation effect of the Auger electrons produced by interior atoms (Figure 4.2). For
the simple case of an overlayer of element, A, on a substrate of element, B, one can
write an intensity of the Auger electron, /5, emitted from an overlayer of thickness d

as (Cumpson and Seah, 1997)

d
I, =171—exp| —————coséd |, 4.2)
! A{ { /llslfp(EA) :|}

and an intensity for the substrate composed of element B can be written as

ﬂ,A

impf

I,=1; exp{—%cos 0}, (4.3)
B

where [ is the intensity from pure element, s a sensitivity factor, and /?,lifp the
inelastic mean free path (IMFP) of electrons, which is depend on a kinetic energy of
the Auger electron from the overlayer. E5 and Ep are the kinetic energy of electrons
from the overlayer and substrate, respectively.

Further, Powell (1985) suggested that the appropriate length scale should be
involved into the quantification equation as the attenuation length (AL) instead of
IMFP. AL is obtained from overlayer-film experiments based on a model in which the
effects of elastic electron scattering are ignored. It was found that, a factor of AL gives
more accurate results than that of IMFP. In the case of the energy of the peak from
element A closed to element B, we can assume that ALs of signal electrons, which are

a function of kinetic energy from overlayer and substrate, are identical (Fulghum et al.,

1992), i.e. A4 (E,) =A% (E,)=A4,., so that we can obtain thickness as
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I
d =4, cosOln {HM}. (4.4)
(IB /SB)

Here, sni of 1.0478 and sc, of 1.1435 were used in our experiment. One can see that

both the overlayer and substrate signals show a linear change with the measurement

of the thickness of an overlayer.

Auger
Electron?

Vacuum

Figure 4.1 A schematic diagram of the Auger process. A hole is firstly created in
the K shell when the atom is ionized by an incident electron. This hole

is filled by an electron in the L; shell.
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Figure 4.2  The mean free path of the electron in solid. The dots correspond to the

measurement results, and the dashed curve the calculation (Werner,

2004).

4.1.2 Low energy electron diffraction (LEED)

LEED is the main technique used to study the morphology and structure of

surface. In the LEED optics, the low-energy electron beam is incident on a surface

normal, and the diffracted electrons against the surface are detected on a fluorescent

screen by accelerating electrons through a mesh in a high electric field (Figure 4.3).

The electrons incident on perpendicular to surface are elastically scattered within a

depth of only a few atomic layers, which are comparable to the spacing between

atoms of the crystal surface. Therefore, the diffracted pattern in a LEED experiments

reflects the surface reciprocal lattice rods projected on the Ewald sphere (Oura et al.,

2003).
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Figure 4.3 A schematic diagram of LEED optics.

4.1.3 Reflection high energy electron diffraction (RHEED)

RHEED is an important in situ analysis technique used to monitor a film quality
during the film growth. RHEED patterns give information on the morphology of the
growing film surface (Figure 4.4). The oscillations in the intensity of the diffracted
beams in RHEED pattern are possible to monitor the atomic layer-by-layer growth of
epitaxial films (Ichimiya and Cohen, 2004). In the RHEED experiment, the high-
energy electron beam (5-20 keV) is incident on a surface in a grazing angle, and the
diffracted electrons on the surface are detected on a fluorescent screen (Figure 4.5).
Owing to the electron beam on the sample surface at grazing incidence, the electrons
penetrate a limited depth and probe the surface lattice order. The diffracted patterns
correspond to the projection of the surface reciprocal rods on a part of the Ewald
sphere. The grazing electron beam optics is not interfered with the other instruments in
the surface normal direction, so that RHEED patterns can be monitored during a
deposition process. Figure 4.6 illustrates the typical streaky RHEED patterns of an

ultrathin film of Ni grown on Cu(001).
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Figure 4.4 Schematic pictures showing the relationship between the intensity
oscillations of the RHEED pattern and the film morphology for layer-

by-layer growth (Ploog, 1988).

Screen

(a) Side view
Reciprocal rods

(b) Top view 9

Figure 4.5 A schematic picture of diffraction geometry of RHEED. Intensity
maxima on the screen correspond to projected intersections of the

Ewald’s sphere with the reciprocal rods (Wuttig and Liu, 2004).
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Figure 4.6 RHEED patterns after 5 ML Ni was grown on Cu(001) at room

temperature.

4.1.4 Molecular beam epitaxy (MBE)

MBE technique has been developed to synthesize new functional crystals in
combination with well-known materials on a well defined substrate (Cho and Arthur,
1975). Because the electronic and magnetic properties of ultra-thin films strongly
depend on their thicknesses, MBE technique has also been used to grow films in
various thicknesses for surface, interface, and multilayer studies.

MBE is a kind of vacuum evaporation techniques, so that MBE requires a well-
defined UHV condition to obtain the high quality of target evaporation and deposition
on a substrate. A growth rate is easily controlled by adjusting a power to the heater,
and monitored by in-situ flux monitors and/or RHEED intensity oscillations.
Deposition duration is controlled by opening and closing a shutter located in between
the evaporator and the substrate. The present MBE experimental setup is illustrated in

Figure 4.7.
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Figure 4.7 A schematic of the MBE system at the BL4 beamline.

4.1.5 Surface magneto-optical Kerr effect (SMOKE)

The magnetization of magnetic materials induces an optical anisotropy leading to
various optical responses depending on a light polarization incident on materials. In
particular, among these various magneto-optic effects, SMOKE has been getting more
attentions because the surface magnetism plays an important role in the development
of high-density recording media. The experimental setup of SMOKE is simple and
developed without any advanced instrument. The magneto-optic Kerr effect (MOKE)
is attributed from the interaction between the electrical field of the light and the
electron spin within a magnetic medium, originating from the spin-orbit interaction.
As it is well known, the optical properties of a medium are determined by a dielectric

tensor corresponding to the motion of the electron in the medium. The electric field of
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the light introduces the motion of the electrons in the medium where a beam of light
propagates through a medium. Then, MOKE shows the different response of the
electrons to left- and right circularly polarized lights.

Consider the following antisymmetric dielectric constant tensor (Qiu and Bader,

2000):
1 i, -iQ,
E=¢g|-iQ. 1 iQ, |, (4.5)
iQ, -0, 1

where Q:(QX,Q},,QZ):Q(OJ,,B, ) is called the Voigt vector (Voigt, 1915), and

a, B, y are the direction cosines of the magnetization vector M. These modes are

left- and right-circularly polarized lights. The refraction index of left- and right-
circularly  polarized lights are n, :n(l—%Q-ﬁ) and n, :n(l+%Q-ﬁ),

respectively. Two parameters are used to describe the Kerr effect i.e., the Kerr

rotation ¢, and the ellipticity &,. The Kerr rotation is due to the different phase

shifts of the two circularly polarized modes, while the ellipticity is caused by the
different absorption rates of the medium for the two circularly polarized modes.

In SMOKE, a linearly polarized light is incident on a magnetic sample surface,
and then a reflected light polarization is rotated as a result of the optical anisotropy,
namely, the Kerr effect (Figure 4.8). The Kerr rotation angle and polarized ellipticity
depend on the magnetization and the incident angle of the light on the material
surface, respectively. The linearly polarized light can be decomposed into left-handed

and right-handed circularly polarized light with equal amplitudes.
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In the case of normal incidence of linearly polarized light, these two modes have

different complex reflection coefficients as

J

E] "1y e :
:E—;:—Zj+1:‘rj‘€¢", ]E(L,R), 4.6)

where E, and E, are the light intensity of the incoming and reflected wave fields and
n is the refractive index. Therefore, the recombination of two circularly polarized
modes from the magnetized medium after reflection relates to the Kerr rotation (¢, )
and the Kerr ellipticity (&;). The Kerr ellipticity is given by the normalized

difference between the amplitudes,

X :_‘FL‘_‘FR‘ 4.7
S '
and the Kerr rotation is given by
o =—%(¢’* =9"). (4.8)

There are two different SMOKE geometries depending on the orientation of the
magnetization vector M relative to the incidence plane, i.e. the longitudinal and polar
Kerr geometries (Figure 4.9). In the longitudinal geometry, the magnetization vector
is parallel to the surface plane and also the plane of incidence. In the polar geometry,
the magnetization vector is perpendicular to the surface plane and parallel to the plane
of incidence. This geometry gives the highest signal when the polarized light beam
hits the surface near normal incidence. The magnetic anisotropy energy corresponds
to the area difference between hysteresis loops obtained in the longitudinal and polar

Kerr effects.
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Figure 4.8 A schematic diagram of magneto-optic Kerr effect. Upon reflection of
linearly polarized light from a magnetized sample, an elliptical

polarization and rotation of the polarized plane occur.
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Figure 4.9  Orientation of the magnetization and the incidence plane for the two

main Kerr geometries.
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4.2 Experimental instruments

4.2.1 Vacuum chamber

The experimental station of the beamline 4 (BL4) at the Siam Photon Laboratory
in the Synchrotron Light Research Institute (SLRI) has been providing the
synchrotron radiation from a bending magnet source with a photon energy between 40
and 240 eV. This enables us to map a whole energy band dispersion in both surface
and bulk Brillouin zones (BZs) using ARPES techniques. A linearly polarized light
from the synchrotron radiation allows us to identify the initial state symmetry. This is
a great advantage for this research to reveal a relationship between the energy band
and its orbital symmetry responsible for the magnetic anisotropy owing to a spin-orbit
interaction.

The end-station of BL4 (Figure 4.10) is equipped with sample manipulators,
electron energy analyzers, LEED optics, electron and ion guns, the MBE system with
RHEED optics, and the SMOKE system. All instruments are operating in ultra-high-
vacuum (UHV) conditions and samples are transferred between systems without
breaking UHV.

The photoemission chamber consists of the preparation chamber and the analysis
chamber as illustrated in Figure 4.11. The preparation chamber equipped with the ion
gun allows us to treat a surface by an ion sputtering technique. The surface
characterizations have been performed in the analysis chamber. The analysis chamber
is equipped with the electron gun, LEED optics and two electron energy analyzers;
ARUPS 10 and Alpha 110. The manipulator is mounted on the preparation chamber
with the sample holder system. The sample holder has heating and cooling units with

temperature monitoring sensors.
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Figure 4.10 A schematic diagram of the experimental station for the BL4 at SLRI.
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Figure 4.11 A schematic diagram of the photoemission system at BL4.
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4.2.2 Electron energy analyzer

In this work, two types of energy analyzers were used, one is the Alpha 110 and
the other ARUPS 10. The Alpha 110 is a 180° hemispherical electron energy analyzer
with mean radius of 110 mm (Figure 4.12). It is installed with 7 channel-detectors and
the three lens elements corresponding to small area, large area or angle resolved
experiments. It has two modes of measurement; one is CAE (Constant Analyzer
Energy), in which the analyzer pass energy and the energy resolution is constant, and
the other CRR (Constant Retard Ratio), in which the analyzer pass energy and the
energy resolution varies as a constant ratio of the kinetic energy. For measurements of
ARPES spectra, we used ARUPS 10, which is a hemispherical analyzer with a mean
radius of 75 mm mounted on goniometer. The goniometer rotates the analyzer along

two axes: 360° polar and 100° azimuthal rotation. The analyzer has the multi-channel

detector including the lens with variable acceptance angles from + 0.2 to = 2.0°.

Figure 4.12 A schematic diagram of Alpha 110 (Thermo Electron Corporation,

2004).



73

4.3 Sample preparations

High-purity copper single crystals (99.999%) available in the commercial
market were purchased to prepare a substrate for Ni film growths. The single crystal
rod aligned to the [001] direction was sliced to several disk-shaped samples by a
cutting machine with the silicon carbide cut-off wheel. The Cu(001) disks were
further mechanically grinded on a silicon carbide paper up to 4000 grade. The
polishing surfaces were finalized with a diamond suspension down to 0.8 mm
diameter. The samples were chemically cleaned with acetone and ethyl-alcohol
solutions in the ultrasonic bath before loading to a UHV chamber at a base pressure of
2x10"° mbar. Several cycles of 1 keV Ar ion sputtering and subsequent annealing at
600°C for 10 min remove surface impurities such as sulfur, carbon, and oxygen
detected by the AES measurements. Finally, a surface long-range lattice order was
inspected in terms of a good sharpness and clear contrast to the background in the
LEED patterns.

According to the several reports previously published, epitaxial nickel films can
be grown on the Cu(001) surface at room temperature. The mini electron-beam
evaporator was used to deposit Ni films on the Cu(001) surface. High-purity nickel
rod (99.99%) was purchased from the commercial company with a diameter of 2 mm
as a target. The Ni rod was cut in a length of 24 mm loading to the evaporator. The
operating pressure of the evaporation was below 7x10” mbar. The crystal lattice
orders of each film have been checked by LEED (Figure 4.13). The LEED pattern
shows a sharp p(1x1) and low background intensity, resulting from a good structural
order in the topmost surface layer. All of Ni films were deposited at room temperature

without subsequent annealing to avoid interfacial mixing. The growth of the films was
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monitored by RHEED, performing with an electron energy of 15 keV. An average
deposition rate of Ni films of about 0.6-1.6 ML/min obtained from RHEED
oscillations (Figure 4.14). Figure 4.15 shows the AES spectra for the particular Ni

film thickness.

Figure 4.13 LEED patterns of (a) 1.7 ML, (b) 3.6 ML, (c) 5.5 ML, (d) 7 ML, and (e)

10 ML Ni/Cu(001) at an electron energy of 76 eV.
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Figure 4.14 Thickness dependence of the oscillations in RHEED patterns in MBE

growth of Ni on Cu(001) at room temperature.
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Figure 4.15 AES spectra on various Ni films thicknesses including comparing to

clean Cu(001) surface.

4.4 Thickness calibration

Since the lattice structure and magnetic properties of the studied films are
sensitively dependent on the film thickness, it is of importance to control and measure
the film thickness precisely. In this work the film thickness is mainly determined by
RHEED oscillations at an electron energy of 15 keV. Since both Ni and Cu materials
have the same fcc crystal structure with only 2.5% lattice mismatch, the growth of Ni

on Cu(001) surface displays a good epitaxial film. The oscillatory behavior during



77

deposition shows the layer-by-layer growth. The RHEED oscillations have been
observed as a good layer-by-layer mode up to 7 ML (Figure 4.14).

The interpretation of the RHEED results has been combined with the AES
measurements. The thickness calibration for the Ni overlayer was performed by
measuring the AES signal of Ni LMM (850 eV) and Cu LMM (920 eV) for all films
at the end of growth using an electron energy of 5 keV. The correlation between the
RHEED oscillation and AES signal ratio can be obtained by taking a linear fit
according to Eq. (4.4). In this calculation, AL of a1 = 7.4 ML was used. Figure 4.16
shows the correlation of Ni film thickness obtained from the RHEED oscillation and
AES signal. The thickness calibration curve shows less accurate at the range of
overlayer thicknesses for d < 1 ML and d > 12 ML corresponding to the interval AES

signal ratio limits suggested from Compson and Seah (1997).

Thickness from AES (ML)

Thickness from RHEED (ML)

Figure 4.16 Calibration of Ni films thickness obtained from the RHEED oscillation

and AES measurements.
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4.5 Angle-resolved photoemission measurements

ARPES experiments were performed by using the synchrotron radiation at the
BL4 of SPL of SLRI (Nakajima et al., 2007). The ARPES apparatus consists of an ion
gun, an electron gun for AES, a temperature-controlled sample holder, and an
electron-energy analyzer (Thermo VG Scientific; ARUPS10). Pressure in the analysis
chamber was below 2x10™'" mbar during the ARPES measurements. The synchrotron
light was incident at angle of 20° and 45°. The angle of 20° corresponds to the s-
polarization dominant incident light, and the angle of 45° includes composition of s

and p polarizations equivalently. In the spectra measured at 45° incidences, the A,

symmetry in the spectra is more distinguishable than that measured at an incident
angle of 20°. The overall energy resolution of the measured spectra was 170 meV at a
photon energy of 45 eV, which was confirmed on the Fermi edge (Er) of a gold
sample at room temperature. The acceptance angle of ARUPS10 was set to = 1°. The
angle-scanned data for different thicknesses were taken with a photon energy of 44
eV, which is close to the I" point of bulk Ni along [100] for binding energies near Ep.
Normal emission spectra excited by a photon energies from 40 to 110 eV in 4-eV
steps and in 2-eV steps to 110 eV, covering the I" to X points in the bulk BZ. For a
surface energy band mapping, the in-plane surface orientation was adjusted in the
high-symmetry plane (T'-X) where the linearly polarized light was incident and the

ARPES analyzer was scanned (Figure 4.17).
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Figure 4.17 A schematic illustration of LEED pattern on Ni/Cu(001) surfaces. First
surface BZs are also shown with corresponding irreducible

representations in the inset of LEED pattern.

4.6 Surface magneto-optic Kerr effect measurements

The magnetic properties in this study were measured in-situ using SMOKE with
the experimental setup shown in Figure 4.18. A light source was performed with a
linearly polarized He-Ne laser (1 = 632.8 nm). A polarized light reflected from the
sample surface is detected by a silicon photo detector, with an extinction ratio of 107,
The external magnetic field was generated from a c-shape electromagnet, which
allows to be applied either parallel (longitudinal) or perpendicular (polar) to the film
plane. A c-shape electromagnet can be produced in the magnetic field up to about
1600 Oe. In this study, the substrate can be cooled down to about 123 K, monitored

by a type-K thermocouple.
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Photodetector

Figure 4.18 A schematic diagram of the SMOKE experimental setup at the BL4 at

SPL in SLRI (Chai-ngam et al., 2010).



CHAPTER V

RESULTS AND DISCUSSION

The main propose of this work is to investigate the thickness-dependent
electronic structure of Ni films on Cu(001) surface by both ARPES and a first-
principles energy-band calculation. The obtained information gives understanding of
the origin of PMA. The magnetic and structural properties of Ni films have been
confirmed by SMOKE and LEED. In this chapter, the electronic structures and

magnetic properties of Ni/Cu(001) films have been discussed.

5.1 Normal emission data

First, we studied how the electronic structures develop as the Ni film grows. The
energy band structures along k, can be identified in normal-emission ARPES spectra
by varying the photon energy. Since the thin film has two-dimensional-like lattice
structures, no band dispersion is expected with respect to the surface normal direction.
Figure 5.1 shows the photon energy dependence of normal emission ARPES spectra
on the Ni/Cu(001). The photon energy is increased in 4-eV steps from 40 to 108 eV
and in 2-eV steps from 108 to 110 eV, covering the I" to X points in the bulk BZ. The
probing depth or inelastic electron mean free path (IMFP) is estimated to be about
4.25t0 5.0 A at a specified photon energy range (Tanuma, Powell, and Penn, 1988).

k, along the I'-X direction (A-line) in the bulk of Ni and Cu are 1.785 and 1.74 Al

respectively. The spectra were measured at an incident angle of 20° and 45°.
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At an incident angle of 20°, the vector potential (A) parallel to the surface
dominantly contributes to the spectra. However, at an incident angle of 45°, the vector
potential perpendicular to the surface effectively contributes to the spectra even
though A parallel to the surface still remains. For this experiment, all spectra are
excited with a linearly polarized light. According to the dipole selection rule for
linearly polarized light on the (001) surface (Hermanson, 1977), the s and p
polarizations excite the initial states of odd and even symmetries with respect to the
mirror plane corresponding to the excitation of the As and A, initial state symmetries,
respectively (Table 2.1). In Figure 5.1, the features on the spectra measured at an
incident angle of 20° are represented by circles, while triangles denote the features of
45°. Note that, in this experiment, the plane of incidence was set in the off-mirror
plane geometry, so the dipole selection rule mentioned above does not work.
However, in the other sense, all possible initial state symmetries are into the spectra.

The Cu 3d states around 2-4 eV binding energy for 0.6 ML show a significant

dispersion with k, and in reasonable agreement with those in the energy band

calculation and experiment (Burdick, 1963; Rader et al., 2009). However, the Ni 3d
states do not have any dispersion due to the non-periodic potential normal to the
surface. Two peaks are observed at a binding energy of 0.2 and 0.5 eV with excitation
energy below 72 eV, and a single peak at 0.5 eV of binding energy is observed at
photon energy above 76 eV. At 3.6 ML, the Ni 3d states are appeared at 0.25 and 0.5
eV in high photon energies, and three peaks are observed at 0.5, 1.1, and 1.3 eV in
low photon energies as non-dispersive bands. However, the peak at 0.5 eV is not

clearly distinguishable as observed in the spectra of 0.6 ML. The feature at 0.5 eV is
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expected to be the interface electronic structure. Various dispersive bands seem to be
developed from those at 3.6 ML and more recognizable at 6.3 ML. In the spectra at
6.3 ML, the three non-dispersive peaks observed at 3.6 ML are still recognizable

except the peak at 0.5 eV resulting from the interface state.
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Figure 5.1  Photon energy and symmetry dependence obtained from normal-
emission ARPES spectra on film thicknesses of 0.6, 3.6, and 6.3 ML.
Two incident angles of 20° and 45° were applied for the photoelectron
excitation with a photon energy from 40 to 110 eV. The I" and X points

correspond to 44 and 108 eV, respectively.
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The obtained information from normal-emission spectra indicates that the three
non-dispersive bands at 0.25, 1.1, and 1.3 eV in the spectra for 3.6 ML originate from
the two-dimensional film band formed in the Ni film, because they are clearly
distinguished in the thick films. However, the band at 0.5 eV originates from the
interface band because it is difficult to observe that profile in the thick films. In the
spectra for 6.3 ML, the dispersive bands resemble to the three-dimensional film band
structure, which are gradually formed above 3.6 ML. So that the electronic structure

of Ni films shows a bulk-like electronic structure at a thickness above 3 ML.

5.2 Surface energy band dispersion along T - A - X direction

In order to clarify the thickness dependence of surface electronic structures, the
angular distribution of photoelectrons data was measured. The development of the
electronic structure along the A direction as a function of Ni film thickness is shown
in Figures 5.3 to 5.11. The spectra were measured at emission angles of 0° to 17° with
the Ni film thicknesses up to 30 ML. The incident angle of light was set in either 20°
or 45°. The excited photon energy was fixed at 44 eV corresponding to the I" point of
the bulk BZ.

Because the photoionization cross sections are nearly equivalent for the Ni and
Cu 3d electrons in the soft x-ray energy range, all spectra as shown in the figures were

normalized with their integrated intensities. We employed p-polarized light with the
vector potential parallel to the plane of incidence (11”), within a mirror plane of A
direction, and the ARPES analyzer was deployed in the mirror plane. According to

the dipole selection rule, the dipole operator A-P is even (odd) if A is parallel

(perpendicular) to the mirror plane. Therefore, our ARPES geometry tells us only
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even initial states with respect to the A mirror plane. So that the bands with d, and

dxz_yz orbital characters are possibly excited in off-normal emission ARPES spectra

corresponding to Z, and Zz symmetries, respectively (Hermanson, 1977). Because
the surface BZ coordinate (Figure 5.2) described in our d orbital representations is

different by 45° from the bulk BZ coordinate, A, corresponds to A}, and A, to A,.
In connection with the bulk state, the A, state is possibly converged into the T" state

decomposing into Z; and ZS as shown in Appendix C. The selection of the initial
state symmetries depends on the direction of the vector potential to normal to surface.
If the vector potential ( A ) is parallel to the surface, the initial state with the A, band
is preferably excited in normal emission as discussed in the previous section. If the

vector potential is perpendicular to the surface then the initial state with the Zl band

is dominantly excited. In off-normal emission, A, is possibly excited. In this

experiment, it should be noted that the initial states of all both symmetries are

possibly observed for both incident angles of 20° and 45°, since the ARPES analyzer

and vector potential (A ) cannot be definitely aligned in the normal or parallel to the
sample surface under our experimental condition.

In Figures 5.3 to 5.11, the Cu 3d bands are located in the binding energy range
between 2 and 4 eV, while the Ni 3d bands appear below 2 eV of binding energy. For
clean Cu(001) surface, the feature near the Er corresponds to the Cu 4sp bands. The
intensity of Cu 3d band peaks is reduced as the increasing of the Ni film thickness. At
the Ni film thickness above 7 ML, the Cu band does not appear in the spectra due to

the short mean free path of photoelectrons.
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Figure 5.2 A simple drawing of the dxz_y2 orbital along the A mirror plane in the

surface BZ coordinate. The bulk BZ (light gray) is also shown
including the surface BZ (dark gray). In this figure, irreducible
representations and coordinates in the surface BZ are described with a

overline and parentheses.

Figure 5.3 shows the ARPES spectra measured at normal emission. The Ni 3d
bands are dominated by two-peak structure. At the Ni film thicknesses below 3ML,
the two-peak structure displays in the broad features around 0.32 and 0.66 eV, and they
separate as peaks at 0.45 and 1.15 eV for film thicknesses above 3 ML. The energy
positions agree with previous published photoemission data on Ni/Cu(100) at normal
emission (Thompson and Erskine, 1985; Pampuch et al., 2001). On the basis of the

reported calculations of Cu monolayers (Noffke, Brunn, and Hermann, 1978), the

peak positions at 0.32 and 0.66 eV are assigned to I'; and T,, respectively. The
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energy position at 0.45 eV for thicker thicknesses originates from the A; band
converging to I'j,, and the peak at a binding energy of 1.15 eV originates from the As
band converging to I"",s. These states are due to a formation of two-dimensional band
structures including surface, interface, and film depending on the Ni film thickness. It
can be concluded that each peak component in the broad feature is varied its intensity
with increasing film thickness as denoted by the lines with dots in Figure 5.3.
Considering the spectra measured in two incident angles, the measured spectra show
small differences. At an incident angle of 45°, the intensity of the energy position at
0.45 eV in 4.7 and 6.6 ML smaller than that in the spectra measured at an incident
angle of 20°. However, the intensity of this peak becomes higher than that in the
spectra measured at an incident angle of 20° for the Ni film thickness above 20 ML
due to the developing of I'}; state of the bulk electronic structure. In terms of energy
position, the normal-emission spectra do not show any significant thickness and
polarization dependences. However, the corresponding spectra with increasing the
emission angle clearly show the dependence of the thickness and polarization.

Figure 5.4 shows the ARPES spectra measured at an emission angle of 2°. The
peak positions appeared at this emission angle are similar to the spectrum measured at
normal emission, except in the high binding energy from 1.2 to 1.4 eV. One peak at
1.25 eV in 4.7 ML shifts to a high binding energy of 1.4 eV above 6.6 ML. For the Ni
film thickness of 20 ML, the small differences of spectra measured in two incident
angles can be observed with the equivalent intensity. At an incident angle of 20°, the

peak position appears at 0.35 eV while peak is seen at 0.45 eV of a 45° incidence.
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The ARPES spectra measured at an emission angle of 4° are shown in Figure 5.5.
Below 1.7 ML, a single peak is observed at 0.75 eV while two peaks appear at 0.4 and
0.95 eV for 1.7 ML. At an incident angle of 20°, the former peak shows a slightly
shift to binding energy of 0.45 eV for 2.5-20 ML but shifts to binding energy of 0.55
eV in 30 ML. The latter peak shows a shift to high binding energy of 1.1 eV up to 30
ML. The feature in the high binding energy range shows a slight shift from 1.25 eV in
4.7 ML to 1.3 eV above 5.5 ML. At an incidence angle of 45°, one peak at 0.45 eV in
2.5 ML slightly shifts to a binding energy of 0.5 eV in 30 ML. The peak intensities in
incident angles of, 20° and 45° are almost equivalent each other in 6.6 ML.

Figure 5.6 shows the ARPES spectra measured at an emission angle of 6°. The
energy positions in each thickness are similar to those at an emission angle of 4°
except for the spectrum of 1.7 ML. Two peaks are observed with a slight shift to a
low binding energy. In the high binding energy range, one peak at 1.2 eV in 4.7 ML
shifts to a high binding energy of 1.4 eV above 6.6 ML.

The bands related to the A, and A, symmetries, which is corresponding to the

band with dZZ and dxz_yz orbital characters, are clearly distinguished at an emission

angle from 8° to 17° as shown in Figures 5.7 to 5.11. The thickness dependences of
corresponding spectra are observed above 3 ML when the emission angle increases.
For the spectra measured at an incident angle of 20° as shown in Figure 5.7, the peak
at 0.5 eV in 2.5 ML shifts to a low binding energy of 0.28 eV at 6.6 ML and shifts
back to a high binding energy of 0.35 eV above 6.6 ML. The peak at 1.1 eV in 3.6
ML shifts to a high binding energy of 1.5 eV above 6.6 ML. At an incident angle of

45°, the former peak shows slightly shifts to low binding energy from 0.4 eV in 4.7
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ML to 0.33 eV in 6.6 ML. However, the peak at 1.6 eV in 6.6 ML does not appear in

the spectra, so this peak originates from the band related to dXZ-yZ orbital.

In the spectra measured at an emission angle of 10° (Figure 5.8), the peak at 0.42
eV in 2.5 ML shifts to a low binding energy of 0.23 eV at 6.6 ML, and the peak in the
high binding energy shifts from 1.62 eV in 5.5 ML to 1.78 eV up to 10 ML at an
incident angle of 20°. At an incident angle of 45°, the former peak shows a slight shift
from 0.35 eV in 4.7 ML to 0.3 eV up to 20 ML. It was found that the peak intensities
from 0.2 to 0.3 eV observed in both incident angles are almost similar each other,
while slightly different energy positions upon the polarization are observed. These
results suggest that two peaks are overlapped; one observed at an incident angle of

20° originates from the band with dxz;y2 orbital, the other in an incident angle of 45°

originates from the band with d, orbital. In comparison with the spectra at an

emission angle of 8°, the peak position at 1.75 eV in 6.6 ML was not found in the

spectra at a 45° incident angle, so it is reasonable to assign this band to dxz_yz orbital.

In the measured spectrum at an emission angle of 12° (Figure 5.9) and an incident
angle of 20°, the peak observed at an emission angle of 10° shifts toward Er up to 20
ML and shifts back to 0.3 eV in 30 ML. In the high binding energy range, the peak at
1.7 eV in 5.5 ML shifts to 1.8 eV in 10 ML and slightly shifts back to 1.78 eV above.
At an emission angle of 14° (Figure 5.10), the peak at 0.2 eV in 3.6 ML shifts to a low
binding energy of 0.15 eV at 6.6 ML and shifts to high binding energy above 6.6 ML,
while the peak at 1.8 eV in 6.6 ML stays at the fixed binding energy up to 30 ML. The
peak position in the low binding energy from Ef to 0.3 eV obtained in an emission

angle of 14° show shifts to high binding energy at an emission angle of 17° in the
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both incident angles as shown in Figure 5.11. The peak at 1.6 eV in 5.5 ML shifts to a
high binding energy of 1.9 eV up to 30 ML.

All the energy band dispersions and shifts in the wide range of Ni film
thicknesses on Cu(001) surface are summarized in an energy band picture in Figure

5.12. Here, we discuss only two even symmetries on each peak near Er with respect to

the A mirror plane. In the binding energy below 0.5 eV, the Zz (dxz_yz) and Kl

(d ) bands shift to lower binding energies as the film thickness increases up to 6.6

and 20 ML, and then shift to higher binding energies above these thicknesses. These
shifts are clearly observed in the spectra at an emission angle of 10°, where the wave
vector is equivalent to about 0.55 A Note that the d orbitals assigned here are one of
the basis sets in the surface BZ (Figure 5.2) to discuss the orbital contribution to the
magnetic anisotropy. The assignment on their symmetries was found to be in good

agreement with the first-principle energy-band calculation as shown in Figure 5.13.



Intensity (arb. units)

Figure 5.5

IIII]IIIII]llI|IIIIIIIII|IIIIIIIII[IIII

i/Cu(001) :
Photon energy: 44 eV
Incident angle: —20°

------- 45°
Emission angle: 4°

AENEREERESNENE RR RN RN E NN NN N

ST aaaa

(.

f

4 3 2 1
Binding energy (eV)

0

Ni film
thickness

30 ML
20 ML
10 MLL
7.0 ML

6.6 ML
5.5 NL

4.7 ML
3.6 ML
2.5 ML

1.7 ML
1.0 ML
0.5 ML

0.0 ML

93

Thickness dependence of ARPES spectra on the Ni/Cu(001). Spectra

were measured at an emission angle of 4° for various thicknesses as

indicated on the right hand side of each spectrum. The photon energy

and incident angle are 44 eV and 20°. Some spectra at an incident

angle of 45° are also shown.
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Thickness dependence of ARPES spectra on the Ni/Cu(001). Spectra

were measured at an emission angle of 6° for various thicknesses as

indicated on the right hand side of each spectrum. The photon energy

and incident angle are 44 eV and 20°. Some spectra at an incident

angle of 45° are also shown.
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Thickness dependence of ARPES spectra on the Ni/Cu(001). Spectra

were measured at an emission angle of 8° for various thicknesses as

indicated on the right hand side of each spectrum. The photon energy

and incident angle are 44 eV and 20°. Some spectra at an incident

angle of 45° are also shown.
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Thickness dependence of ARPES spectra on the Ni/Cu(001). Spectra

were measured at an emission angle of 10° for various thicknesses as

indicated on the right hand side of each spectrum. The photon energy

and incident angle are 44 eV and 20°. Some spectra at an incident

angle of 45° are also shown.
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Thickness dependence of ARPES spectra on the Ni/Cu(001). Spectra

were measured at an emission angle of 14° for various thicknesses as

indicated on the right hand side of each spectrum. The photon energy

and incident angle are 44 eV and 20°. Some spectra at an incident

angle of 45° are also shown.
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Figure 5.13 shows the calculated d-orbital dependent energy-band structure for
Ni film thicknesses between 3 and 11 ML on both sides of 5 ML-Cu(001) surface,
where the repetition of supercell for 5-ML Ni/5-ML Cu(001)/5-ML Ni is shown in
Figure 5.14. The calculation was performed for paramagnetic Ni because the T¢ in
thin Ni films is lower than room temperature. However, the local magnetic order still
remains in the finite temperature above T¢. Here, the energy-band dispersions are
indicated only a thickness-dependent contribution from each d orbitals to the bands in
the middle layer of each Ni film depending on the Ni film thickness. The angular
momentum contributed to each band is calculated by projecting the plane-wave
components of the eigenstates onto spherical harmonics within atomic spheres. In the
energy band dispersion of 7 ML, the band at 1.02 eV at the T point originates from
d ., showing a large dispersive sp-d hybridized band across Er and slightly shifts to
low binding energy as the Ni film thickness increases. The band at 0.78 eV in 3 ML
originates from dxz—yz , showing a dispersion to high binding energy along the I'-X
direction, which shifts to high binding energy as the Ni film thickness increases.
These calculated orbital-resolved energy band dispersions and binding energy shifts
depending on the film thickness for each band were found to be in good agreement

with the ARPES spectral profiles shown in Figure 5.12. The two-band clxz_yz orbital

sets from -0.1 to 0.4 eV and partly shifting to low binding energy might correspond to
the peak at 0.2 eV in 6.6 ML observed in the spectra at a 20° incident angle. The
calculated energy band dispersion with dﬁ-yl orbital character shifting toward low

binding energies is in agreement with the Ni film thickness up to 6.6 ML, while not

with the shift to high binding energy above 6.6 ML.
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These discrepancies might be due to the limitation in the energy band calculation at a
fixed in-plane lattice constant, at which the lattice is only relaxed in the surface
normal direction. Since the realistic growth mode may vary in a three-dimensional
way as reported in the STM measurement (Figure 5.15) (Shen, Giergiel, and
Kirschner, 1995). It was found that the onset of strain relaxation causes the formation
of misfit dislocations occurred in thicknesses above 7 ML, but it does not take into
consideration in our calculation.

The morphology at various thicknesses of Ni/Cu(100) are shown in Figure 5.15
(a)-(h) measure by Shen et al. (1995). Figure 5.15 (c) shows the STM image of a 3.4-
ML Ni film with a very good layer-by-layer growth, although most of the islands are
of random shape. Up to 4.5 ML (Figure 5.15 (d)), the islands shape shows nearly
rectangular and the height of the islands are in almost the same positions as those of
3.4 ML, this indicates a transition of the growth mode from layer-by-layer to
multilayer growth. At a higher thickness of 5.6 ML (Figure 5.15 (e)), the plotted of
the cross section showing the coexistence of monolayer and bilayer islands. At 7.1
ML (Figure 5.15 (f)), the marked line profile of the image can be regarded as most of
the islands on the surface are three-dimensional platelike islands of rectangular shape.
This shape gradually grows in size and height with increasing film thickness (Figure
5.15 (g)-(h)), but the changes of the film morphology have not been detected between
7.1 and 23 ML. Moreover, the rectangular shape is also displayed in our LEED
measurements (Figure 5.16). Figure 5.16 (a)-(e) show a LEED pattern of Ni films
from 0.5 ML up to 5.2 ML taken at 130 eV, the first order diffraction spots have the
circular shape. However, at a higher thickness between 6.7 and 20 ML, the

rectangular shape has been detected from the first order diffraction spots, and the size
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of this shape become larger in 17.5 and 20 ML. This indicates the three-dimensional

growth on surface, corresponding to STM results.

Figure 5.15 STM images of (a) 0.2 ML, (b) 0.7 ML, (c) 3.4 ML, (d) 4.5 ML, (e)
5.6 ML, (f) 7.1 ML, (g) 16.9 ML, and (h) 20.3 ML Ni/Cu(100) films

(Shen, Giergiel, and Kirschner, 1995).
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Figure 5.16 LEED patterns of (a) 0.5 ML, (b) 1.0 ML, (c) 3.6 ML, (d) 4.7 ML, (e)
5.2 ML, (f) 6.7 ML, (g) 17.5 ML, and (h) 20 ML Ni/Cu(001) films

taken at an electron energy of 130 eV.
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In order to determine the influence of the growth mode during multilayer Ni thin
film on the magnetic anisotropy of Ni/Cu(001) system. The calculated surface
roughness for various thicknesses observed in RHEED intensity is taken into account.
Figure 5.17 taken from simulations by Wu et al. (2008) shows the simulated surface
roughness for Ni/Cu(100) system at room temperature with deposition flux of 0.8
ML/min, which is well consistent with the results from STM measurements (Shen,
Giergiel, and Kirschner, 1995) as shown above. The surface roughness is generally
defined as the average height and diameter of the islands. However, Elsholz and
Scholl (2004) studied a surface morphology (roughness) due to the average height of
the islands as a function of the total number of deposited. A larger value of roughness
corresponds to a morphology that has more layers simultaneously exposed to the
surface. The oscillation of roughness with increasing coverage with a periodicity of 1
ML means the layer-by-layer growth mode.

The effect of roughness on the magnetic anisotropy has been proved theoretically
by Bruno (1988). The shape anisotropy is reduced as the in-plane demagnetizing
fields at the edges of steps created by roughness. Therefore, the anisotropy
contribution resulting from the roughness will always be positive, i.e. favoring PMA.
Moreover, roughness also introduces step atoms at the interface. These step atoms
should reduce the interface anisotropy contribution of magnetocrystalline origin as
shown in the first calculations resulting from the presence of defects (MacLaren and
Victora, 1994). This demonstrated the importance of the topology of the interface. It
is difficult to evaluate the effect of roughness on the energy band because the lattice
periodicity disappears on the surface. Molecular orbital calculation might help to

simulate the effect of roughness localized in the observed islands in STM. Surfactant
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of oxygen on Cu(001) surface was also found to form a flat layer-by-layer structure of
Ni films (Hong et al., 2004). It is interested how the energy band shifts as a function

of thicknesses on Ni/O/Cu(001). However, this is out of scope in this thesis.
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Figure 5.17 Surface roughness (the average height of the islands) plotted versus
total coverage for the Ni/Cu(100) system, which was simulated at

room temperature with the deposition flux of 0.8 ML/min (Wu et al.,

2008).
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5.3 Magnetic properties of Ni on Cu(001)

To confirm the magnetic anisotropies in our Ni/Cu(001) films, the results of
SMOKE measurements are also shown. Hysteresis curves obtained for both
magnetization applied normal and in-plane to the films plane with different Ni
thickness are shown in Figure 5.18. It was found that the magnetization was oriented
perpendicular to the film plane at room temperature for Ni films thickness above 9
ML. T¢ decreases when the thickness of a film decreases to atomic scale due to finite-
size effects. Therefore, SMOKE measurements are also performed at low temperature
shown in Figure 5.19. As the temperature decreases, the SRT begins at around 7 ML,
and the coercive field also increases. However, the in-plane spin direction has a larger
coercive field than the perpendicular magnetized state. The polar magnetization
hysteresis curves are observed as square shape at around 17 ML. To determine the
critical thickness (d;), in which the transition from perpendicular to in-plane
magnetization occurred, the coercive field (H.) plots as a function of film thickness in
Figure 5.20. The results in Figure 5.20 show a gradual increase in the coercive field
from about 68 Oe to about 91.5 Oe occurred at about 12 ML. At the thickness near 17
ML there is a rapid rise in H., from 104 to 332 Oe. It is well known that the
pseudomorphic growth of Ni films continues up to a critical thickness. This fact
allows us to interpret that the onset of strain relaxation due to the formation of misfit

dislocations begin as the rise of coercive field vs Ni film thickness.
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CHAPTER VI

CONCLUSIONS

The thesis provides the fundamental understanding of the magnetic anisotropy in
Ni films on Cu(001) substrate in terms of the electronic structure as a function of Ni
films thickness. The energy band dispersions and MAEs of Ni/Cu(001) surfaces using
ARPES combined with the first-principles energy-band calculation are summarized in
this chapter.

In the normal-emission ARPES spectra along the I'-A-X line, it was shown that
the electronic structure of Ni films on Cu(001) surface was close to that of bulk Ni at
the film thickness around 3 ML. All Ni d-band features showed a gradual transition at
a film thickness between 2.5 and 3.6 ML, leading to the change from the 2D into the
3D electronic structures.

In the surface band dispersions along T-A-X direction, it was found that the d
electron spins stabilized to the surface perpendicular direction due to the increase of

dxz_y2 and the decrease of d , orbital occupancies corresponding to the band filling

for A, and A,, respectively. The observed Ni film thickness dependence of the

binding energy shift of Ni 3d states in ARPES spectra profile was found to be in good
agreement with the first-principles energy-band calculation. According to the spin-
orbit coupling model of PMA, the bands with energy position close to the Er play a

crucial role in the contribution to PMA.
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The results observed in the binding energy shifts and energy band dispersions
revealed that the orbital magnetic anisotropy is a key important in the formation of
PMA on the Ni/Cu(001) system.

Magnetic measurements observed in the Kerr hysteresis loops revealed that a
perpendicular component of the magnetization dominated at the thickness above 7
ML. A gradual increase in the coercive filed (H.) at a thickness around 13 ML from
about 68 Oe to about 91.5 Oe was found due to the beginning of misfit dislocations

formation.
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APPENDIX A

SPHERICAL HARMONICS FOR s, p, AND d ORBITALS

Spherical harmonics Y, (6,¢) = |l ,m> are eigenfunctions of the non-relativistic

Hamiltonian describing an electron in a spherical symmetric potential, i.e. the
hydrogen atom. The explicit representation of the spherical harmonics and their
expressions in Cartesian coordinates is given in Table A.1 and the atomic orbitals
with a basis set of the spherical harmonics in a cubic potential as shown in Table A.2.
Table A.1 Spherical harmonics and their expressions in Cartesian coordinates

(Zettili, 2001).
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Table A.2 Linear combinations of the spherical harmonics for s, p, and d orbitals in
cubic potential. The charge density in the angular wave functions form is
plotted in the last column. The positive (negative) sign of the wave
function is represented by the black (white) color (Zettili, 2001).
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Table A.2 (Continued).
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APPENDIX B

SPIN-ORBIT INTERACTION

Dirac theory provided a quantum mechanical description of electrons in an
electromagnetic field with invariance under a Lorentz transformation, consistent with
the theory of special relativity. As a consequence of the relativistic requirement, a
practical form of Dirac’s equation for a negative electron charge is written in the

following form

e — —(3-5)
2m ) 8m;c Zm;112 w=Ey. (B.1)
e — - . e =%
+WO"|:EX(—ZIL’[V):|—WE'V

The following equation leads to the spin-orbit interaction based on the Thomas
correction factor with (eh/ dm’c? ) 6"[E X(—ihV)} term. According to the application

of relativistic transformation to Maxwell’s equation, the second term arises from

electron motion in the presence of an electric field. The interaction of the electron’s
magnetic moment /, with the orbital magnetic field B of the nucleus gives rise to

the following interaction energy
Hy,=—3S"B (B.2)

Since, the magnetic field originated by the electron moving at v in a circular orbit

around the proton is
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E:LExﬁ (B.3)
m,c

However, the electric field of and electron moves in the Coulomb potential of a

nucleus V (r)=—eg(r), is obtained by

E(r):—vgﬁ(r):%?v(r):%‘;—‘:. (B.4)

So, the magnetic field of the nucleus is obtained by inserting Eq. (B.4) into Eq. (B.3)

= 1 __1rdVv 1 dv . . I dv -
B=—pX———= —(pXxr —L
mec  er dr emycr dr em,cr dr

e

(B.5)

Therefore, the spin-orbit interaction term in hydrogen’s electron; V (r) = —e”/rcan be

written in the form

2
e z 1 4V - e
’ L=—
m,c  emycr dr m,c°r

L-S (B.6)

The relativistic effect in hydrogen leads to a reduction of the interaction energy in Eq.

(B.6) by a factor of 2:

= L[.S=£L-S, (B.7)

where ¢ is the spin-orbit coupling constant. Now, for hydrogen atom the Hamiltonian

can be written as

|
|
~

2m, 7 om0 et o ©8

where H, is the unperturbed Hamiltonian. As the effects of spin-orbit coupling are to

be small, one can use the perturbation theory to find the corrections to the energy
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eigenvalues due to H, . It is require the degenerate eigenstates of H, as some linear

combinations such that they are also eigenstates of H, as

L-§=(J-L-5%)/2. (B.9)
So we write the angular part of the eigenstates of H, as the eigenstates |n,l, j,m> of
the operators {LZ,SZ,JZ,JZ}.

Then, the eigenvalues of H, are given by

232
eh

22
4mc

U Rn,(r)|2%dr)[j(jﬂ)—l(ul)—ﬂ, (B.10)

0

nlj

where R

nl

are the radial parts of the corresponding energy eigenfunctions of H . The
calculated values of spin-orbit coupling constants and radial moments, <r"> , can be

used to compute spin-orbit splitting in molecules.
The spin-orbit coupling constants calculated by an orbital-based DFT method
with exchange and correlation functionals derived from ab-initio for various orbitals

of Ni and Cu atoms is shown in Table B.1. Here, the &

n

, values are calculated by

using the expression

2
fn[:m(en1j+—enlj_), (Bll)

where &, and é‘n,j_ are the eigenvalues expressed in Eq. (B.10) with j, =/+1/2 and

lj+

Jj_=1-1/2, respectively.
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Table B.1 Spin-orbit coupling constants for various orbitals of Ni and Cu atoms (in

Ry) (Vijayakumar and Gopinathan, 1996).

Atom Orbital DFT

Ni 2p 0.8787
3p 0.1079
3d 0.0092

Cu 2p 1.0410
3p 0.1350

3d 0.0109




APPENDIX C
IRREDUCIBLE REPRESENATIONS AND CHARACTER

TABLES FOR Cuy

Each point group has a complete set of possible symmetry operations that are
conveniently listed as a matrix known as a Character table. Those involve the
decomposition of reducible representations into their irreducible components. Group
theory is an essential tool in the analysis of the symmetry of a molecule, which
provides us insight into the orbitals used in bonding. By convention, character tables
are displayed with the columns labeled by the classes and the rows by the irreducible
representations. In Table C.1 the character tables for C4v point group is given. Notes
about symmetry labels and characters; A (B) means symmetric (anti-symmetric) with
regard to rotation about the principal axis for one-dimensional representations. E for
two-dimensional representations, with subscript numbers is used to differentiate
symmetry labels. An individual point group is represented by a set of symmetry
operations as follows; E means the identity operation, C, represents rotation by 27/n
angle, o, and oy denote vertical and diagonal reflection plane with respect to the

principal axis, respectively.
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Table C.1 Character table for C4, point group (Carter, 1998). A basis function and

small representation in BSW and Schoenfiles notation in fcc (001) bulk

and surfaces in Cartesian coordinate are also shown.
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ARTICLE INFO ABSTRACT

Article history:
Available online & June 2006

Recently, tetramantane, a member of di oid series [CapegHane2). has shown to exhibit negative-
electron-affinity effect which has a potential use for efficient electron emitting devices. Here, we explore
the electronic property of adamantane [C,gHc), the smallest member of the series. We prepare

PACS: : adamantane films on Si{) 1 1) substrates and then study their electronic structure with photoemission

73.22.-1, 719.60.~ spectroscopy. Photoelectron spectra of adamantane on 5i( 1 1 1) have shown a peak at low-kinetic energy
. which could be a generic property of diamondaids. The possibility of the negative-electron-affinity effect

Keywords: = . r

Dlamondeid in adamantane is further discussed.

Adamantane @ 2009 Elsevier BV. All rights reserved.

Electron affinity
Photoemission spectroscopy

1. Introduction

Diamondoids, a series of hydrecarben compounds whose carbon
atoms form a diamond-like nanostructure and hydrogen atoms
terminate the surface, have attracted attentionas recently they can
be extracted in a large quantity from petroleum waste [1]. These
materials have potential to combine the properties of diamond and
nanomaterials. One interesting property is that hydrogen-termi-
nated diamond surfaces have negative electron affinity (NEA), which
has the conduction-band minimum higher than the vacuum level
| 2-4). NEA materials could find many applications in photodetectors
and cold electron emitters. Because diamondoids are essentially
fully hydrogen-terminated diamond clusters, they could be good
candidates for NEA electron emission material.

From the series of diamondoids, as shown in Fig. 1. adamantane

signature of negative-electron-affinity effect in another diamond-
oid member, we study adamantane on Si(111) surface with
photeemission spectroscopy and find that NEA effect may be
generic in diamondoids.

2. Experiment

We measured photoelectron spectra of adamantane on Si(1 1 1)
substrate; the 5i(1 1 1) substrate (Nilaco Corp., Japan) was n-type
with low resistivity (<0.02 {2 cm). The substrate preparation in
UHV started by heating the substrate up to 1123 K for 15 min and
flashed to 1273 K to remove contamination on the surface. The
surface quality of the substrate was then checked by low-electron-
energy diffraction (LEED) and photoemission spectroscopy. After
the Si(111) surface was cleaned and later cooled down to

{CiaHyg) is the smallest member o ing of one di d-
structure-like subunit. Larger diamondoids are diamantane
(C1aHao), triamantane (CygHaq). and poly-mantanes which have
the chemical formulae (CyyaHane )

Up to date, only the self-assembled monolayers of tetraman-
tane-6-thoil (C;3Hz7-5-H) on gold have been reported to exhibit
the NEA effect in the diamondoid series [5]. Here, to search for a

* Corresponding author at: Synchrotron Light Research Institute, Nakhon
Ratchasima 30000, Thailand. Tel.: +66 44 217 040,
E-mail address: gmail w. L

0169-4332/5 - see front matter © 2009 Elsevier BV, All rights reserved.
dob: 1010 6/.apsusc 2009.05.113

L re T=195K, adamantane was ecvaporated onto the
surface at pressure =3 = 1077 mbar for 2 min; this evaporation
was through a leak valve connecting to the sample cell whose
temperature was set to 343 K. Note that before evaporating, the
sample cell was warmed up to 323 K and continuously pumped for
1 h e assure the purity of evaporating adamantane,

All angle-integrated photoelectron data of adamantane on
Si{1 1 1) were collected on a VG electron energy analyzer (CLAMZ2)
at Beamline 4 of the Siam Photon Laboratory at the Synchrotron
Light Research Institute, Thailand. The photon energies were
berween 55 and 130eV and the base pressure was =<3 x
107" mbar.
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Fig. 1. Atomic structures of the first three members of diamondoids where spheres
represent carbon atoms,

3. Results and discussion

After cleaning the Si(1 1 1) surface by the heating process, we
measure low-energy-electron-diffraction pattern and photoelec-
tron spectroscopy to check the surface quality. The low-energy-
electron-diffraction pattern shows the ¢(7 = 7) pattern as shown in
Fig. 2 and the photoelectron spectrum shows valance band in the
binding energy range between 0 and 5 eV as shown in Fig. 3 (top
graph). These indicate that the prepared Si(11 1) surface is
reasonably clean.

We then prepare the adamantane films by evaporating
adamantane onto the clean Si{1 1 1) surface. Photoelectron spectra
of valance bands are measured before and after the evaporation, as
shown in Fig. 3 (top two graphs). The clear change in the spectral
line shape shows that adamantane covers Si(111) surface
reasonably well after the evaporation. To have a rough estimate
of film thickness, the spectra of adamantane on Si(1 1 1) from our
measurements are compared with the previous studies [6,7] as
shown in Fig. 3; the top two spectra are from our measurements
and the two bottom spectra of adamantane films with thick-
ness = 0.3 and 2 moenolayers (ML) are from Ref. [6]. When the film
is in sub-monolayer in thickness (e.g 0.3 ML spectrum), the

Fig. 2. Low-energy-electron-diffraction pattern showing ¢ 7 = 7) surface structure
of Si(11 1)

T T T T
hv=155eV

sigi11)
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Intensity (arb. unit)

0.3 ML, Ref. [6]

2 ML, Ref. [6]

1 1 1
-20 5 -10 5 o
Binding energy (eV)

Fig. 3. P spectra of ad: on Si(1 1 1). The top two spectra are
from our measurements of 5i(1 1 1)alone and adamantane on Si(1 1 1) as indicated.
The measurements were preformed at T = 200 K with photon energy = 55 eV. For a
rough comparison, the bottom two spectra of adamantane films with
thickness = 0.3 and 2 monalayers (ML) are from Ref, [6].

spectrum will show the intensity distributed from both Si
substrate and adamantane. Since the 2 ML spectrum from Ref.
[6] and our spectrum show a closer appearance at energy range
near Fermi level, where contribution of Si spectral weight would
show up otherwise if the Si surface presents, this implies that
approximately 2 monolayers of adamantane or in the same order
are deposited onto our Si(1 1 1) substrate.

To explore the NEA property, we focus on the photoelectron
spectra at low-kinetic energy. We note that 9 V bias on the sample
is applied to avoid the problem of low-energy cut-off of electron
analyzer. We find that there is a low-kinetic-energy-electron peak
(shaded area, in Fig. 4(a) and (b)), showing up in the spectrum of
adamantane on Si{1 1 1) while this peak is not observed with the
spectrum of Si(1 1 1) alone.

This peak also persists with various photon energies: the
spectra of 55 and 130 eV photon energies are shown in Fig. 4(a) and
(b) respectively. We note that the strong narrow peak in Si(111)
spectrum with 130 eV photon energy is Si 2p energy level. This Si
2p peak is different from the low-kinetic-energy-electron peak
since the energy position of Si 2p will change with respect to
energy of incident photon.

One possible interpretation of this low-energy peak is a result of
negative-electron-affinity effect where the conduction-band mini-
mum is above the vacuum level. This can be illustrated by the
schematic photoelectron spectra in Fig. 4(c) in the case that electron
affinity (EA) is positive or negative; in the figure, E. is the
conduction-band minimum, E, is the valance-band maximum, E,
is the band gap (E; = E. — E,), hv is the photon energy and E, . is the
vacuum level, indicated for the case of either positive or negative EA.
In the case of negative EA, once the photon excites electrons from
valance band to conduction band, these excited electrons have a high
probability to go from the conduction-band minimum to the
vacuum level. This results in a narrow low-energy-electron peak of
secondary electrons with spectral weight starting at the energy of
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Fig. 4. Photoemission spectra of adamantane on 5i(1 1 1) measured with photon
energies of (a) 55 eV and (b) 130 eV. () A schematic photoelectron spectra in the
case of either positive or negative electron affinity (EA); the description is in the
text,

conduction-band minimum, as shown in the dashed line in Fig. 4{c),
while this narrow peak (dashed line) will be absent in the case of
positive EA. Note that in the case of positive EA, secondary electrons
still occur but the spectrum would be rather broad with spectral
weight starting at the energy of the vacuum level instead. From Ref.
[4], this can be written in the following equations:

X+ Eg=hv-W (inthecase of positive EA)

Ez =hv -~ W (inthecase of negative EA)

where yx is the electron affinity for positive EA case, and W is the
width of photoelectron spectrum.

From our spectra in Fig. 4(a) and (b), hv - W=83 +02eV;
according to the equations above, this value should be equal to the
band gap in the case of NEA. While the calculated DMC gap reported
by Drummend et al. [8] is 7.61 eV, the uncertainty of this calculared
value is still possible. Unfortunately, we are not aware of an
experimentally-reported band gap of adamantane to confirm the
gap value. Although the low-kinetic-energy-electron peak of ada-
mantane implies the MEA effect, at this point, we still leave a
possibility that the electron affinity might not be negative but could
be a small positive value; the uncertainty will be resolved once the
experimental value of band gap is available.

4. Conclusions

From photoelectron study of adamantane on Si(1 1 1), we have
found that the photoelectron spectra of adamantane on Si(111)
also exhibit a peak at low-kinetic energy. This low-energy peak
could be a generic phenomenon indiamondoid series. We interpret
that the origin of this peak could be that the electron affinity of
adamantane is either negative or small positive,
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We investig
resolved photoemi
of the Cu 45 ban

ated the thickness-dependent surface energy band structures of Ni films on a Cu(001) surface by angle-
ion spectroscopy. As the Ni film grows,
In the surface band dispersions measured along the '-A-X plane. one band with d.: orbital
character evolves with a small shift to low binding cnergy up to 20 ML, while the other band with d,

Ni 3d bands are formed near the Fermi level in the range

character gradually forms with a shift to high binding energy above 6.6 ML. Both an increase of the d,2_,: and a
decrease of the d.- band fillings in the Ni thickness range between 6.6 and 20ML contribute to reinforce the
perpendicular magnetic anisotropy, which are partly backed up by a first-principles energy band calculation.

KEYWORDS: angle-rescived photoemission spectroscopy,
anisotropy

1. Introduction

Recently, the perpendicular magnetic anisotropy (PMA)
of low-dimensional magnetic materials has attracted the
attention of industrial engineers and basic researchers to
develop high density magnetic recording and spin-electronic
devices'? because they break through the limit of the size
and capacity of conventional devices, which are based on
the in-plane magnetic anisotropy due to the demagnetized-
field effect. In general, the magnetic anisotropy in films
is different than that in bulk because various lattice and
electronic structures develop in the films on heterogeneous
substrates.”" Thus far, it has been shown that particular film
thicknesses of Ni/Cu, Co/Pt, and Co/Pd,™" systems show
PMA leading to a high saturation magnetization as well as a
high coercive force.”

Among magnetic thin films for PMA, the Ni/Cu(001)
system shows a stable PMA in a wide thickness range of Ni
films at room temperature.™” The magnetization direction of
Ni films was found to be parallel to the film surface helow
7 monolayers (ML}, varied from in-plane to out-of-plane at
thicknesses of 7—10 ML and then switched from out-of-plane
to in-plane with increasing film thickness up to 35-70 ML.
These critical thicknes responsible for the PMA of Ni
films are understood as a result of the distortion of the
atomic structures in films in such a way that the strain at
the interface between Ni and Cu is gradually released with
increasing film thicknesses.'™

According to the previously reported experiments,
the ultra-thin Ni films are pseudomorphically formed, and
the strains for the parallel and perpendicular directions of
the surface result in a tetragonally distorted structure (fct) of
the Ni films. The relativistic calculations of the electronic
structure of fet Ni film show that the first PMA transition,

11-14p

“E-mail: hideki@slri.or.th

064706-1

surface energy band dispersion, perpendicular magnetic

which occurs at thin Ni films, is due to a large quench of
the in-plane magnetic anisotropies of the surface and
interface.'” '™ The second transition from PMA to the in-
plane magnetic anisotropy is understood being due to the
relaxation of the strains in sufficiently thick Ni films so
that the surface in-plane anisotropy dominates.'” Recent
photoemission studies reported the development of electro-
nic structures in Ni films in the thickness range from the
monolayer limit to bulk."®" It was found that the electronic
structure of Ni films shows a bulk-like electronic structure
above 3ML. Though the magnetization and its direction
are strongly dependent on the spin and orbital magnetic
moments of the electrons, there is no critical change.”* "
It was revealed by photoemission spectroscopy that in Co/
Pd(111), the re-orientation of the magnetization direction
from perpendicular to in-plane magnetic anisotropies is due
to the increase of Co 3d states responsible for in-plane
orbital magnetic moments.”” So far, there has been no
experimental evidence that explains the contribution of the
electronic structures to PMA around the critical thickness
in Ni/Cu(001), even though Hoesch et al. found that the
binding energy shifts were due to the reduced number of d
holes in the thin Ni films. 2%

In this report, we discuss the origin of PMA based on the
spin—orbit coupling where d2_» and d. orbitals contribute
to the perpendicular and in-plane magnetic anisotropies.
It was found that in Ni films on Cu(001) substrates, the
electron spins stabilize to the surface perpendicular direction
due to the increase of d,:_,: and the decrease of > orbital
occupancy. The electronic structures were studied by both
angle-resolved photoemission spectroscopy (ARPES) and a
first-principles energy-band calculation.

2. Experimental

Photoemission experiments were carried out at beamline
4 of the Siam Photon Laboratory of the Synchrotron Light
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Research Institute (SLRI).”” The ARPES apparatus con-
sists of an ion gun, an electron gun for Auger electron
spectroscopy  (ALS), a temperature-controlled sample
holder, and an electron-energy analyzer (Thermo VG
Scientific; ARUPS10). Pressure in the analysis chamber
was below 2 x 107" mbar during the ARPES measure-
ments. The overall energy resolution of the measured spectra
was 170meV at a photon energy of 45eV, which was
confirmed on the Fermi edge (Ep) of a gold sample at room
temperature. The acceptance angle of ARUPS10 was set to
S e

A sample treatment was carried out under the following
conditions. The Cu(001) surface was first bombarded using
argon ions with a kinetic energy of 1.0keV at a pressure
of 2.0 x 10™*mbar to remove impurities adsorbed in the
atmospheric environment, which was monitored by AES.
Repeated cycles of argon-ion bombardment and subsequent
annealing at 753 K were adopted to reduce carbon, oxygen
and sulfur impurities inside the sample to a negligible level.
Finally, the long-range order of periodic surface structures
was determined by low-energy electron diffraction (LEED)
analysis. The sample surface was identified as a well-defined
Cu(001) surface with a very sharp and low-background
p(1x1) LEED pattern.

Ni was deposited on the clean Cu(001) surface by either
an e-beam evaporator or an effusion cell in the thickness
range from 0.5 to 40 ML with a deposition rate of 40-90
s/ML at a pressure in between 3.0 x 1077 and 1.0 % 10°%
mbar. Ni lumps (99.99%) for the evaporant were loaded into
a BeO crucible in the effusion cell, and the rod was mounted
as an e-beam target. During the deposition, we kept the flux
constant and observed the reflection high-energy electron
diffraction (RHEED) oscillation at an electron energy of
15keV to evalvate the film thickness and quality. After
the deposition, the Ni film was analyzed on the basis of
the LEED pattern and AES measurement prior (o photo-
emission measuremenis. Every LEED patterns showed the
same p(lx1) structure as observed in the clean Cu(001)
surface.

In Fig. I, the specular RHEED beam intensity is plotted
as a function of deposition time. A single oscillation
corresponds to a monolayer of epitaxial film growth so that
the film thicknesses are easily identified. However, as
reported previously, it was difficult to observe the RHEED
oscillation above 7ML, so we evaluated the film thickness
from a deposition rate calculated from an early stage of the
deposition, Above 7ML, the evaluation of the film thickness
using the AES measurement was also used because it was
consistent with the film thickness resulting from the RHEED
oscillation number below 7ML. Insets of Fig. I show the
LEED and RHEED patterns after a deposition of Ni 6.6 ML
on Cu(001).

3. Results and Discussion

To clarify the thickness dependence of surface electronic
structures, we measured the ARPES spectra for various Ni
thicknesses on Cu(001) along the A direction. Figures 2 and
3 show the ARPES spectra at an emission angle of 0 and
107, respectively, The incident angle was set in either 20
or 457 specified in the figures, and the vector potential (A)
parallel to the plane of incidence (p polarization) was
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Fig. 1. The specular RHEED beam intensity in the deposition process,

The beam intensity is normalized by the background. The solid line results

from the smoothed beam intensity. The inset shows RHEED and LEED
patterns after a deposition of Ni 6.6 ML on the Cu(001).
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Fig. 2. Thickness dependence of ARPES spectra on the Ni/Cuf{001).
Spectra measured at normal emission are shown in the order of Ni film
thickness from bottom to top as labeled on the right hand side of each
spectrum. The photon energy and incident angle are 44 eV and 207, Some
spectra at an incident angle of 457 are also shown.
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Fig. 3. Thickness dependence of ARPES spectra on the Nij/Cu(001).
Spectra measured at an emission angle of 107 are shown in the order of Ni
film thickness from bottom 1o top as labeled on the right hand side of each
spectrum. The photon energy and incident angle are 44 eV and 207, Some
spectra at an incident angle of 457 are also shown.

aligned in a mirror plane of A, The ARPES analyzer
was also deployed in the same mirror plane identifing the
only even initial state symmetry discussed later. A photon
energy of 44 eV was fixed corresponding to the I' point of
the bulk Brillouin zone (BZ). Each spectrum was normal-
ized to the integrated intensity because the photoionization
cross section is almost equivalent for the Ni and Cu 3d
electrons in the soft x-ray energy range. In Figs. 2 and 3,
the Ni and Cu 3d bands are clearly distinguished below
and above 2eV of binding energy. Although the Cu 4sp
bands are overlapped with the Ni and Cu 3d bands, the
contribution of sp bands is negligible near . The increasing
thickness of the Ni film leads to the decreasing intensity
of Cu 3d bands and the increasing intensity of Ni 3d bands
up to 7ML. Above 7ML, the Cu band does not appear
in the spectra being due to the short mean free path of
photoelectrons.

In Fig. 2, the normal-emission spectra of the Ni 3d bands
are dominated by two-peak structure. A difference between
the spectra with film thicknesses below and above 3 ML was
observed with the help of previously reported data:'® broad
features discernible around 0.32 and 0.66eV below 3 ML
film, shaped as peaks at 0.45 and 1.15eV above 3ML. It is
reasonable to say that each peak component in the broad
feature varied its intensity with increasing film thicknesses,
which are indicated by the lines with dots in Fig. 2. These
states are due to a formation of two-dimensional band
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Fig. 4. A simple drawing of the dyz_,: orbital along the A mirror plane in
the surface BZ coordinate. The bulk BZ (light gray) is also shown including
the surface BZ (dark gray). In this figure, irreducible representations and
coordinates in the surface BZ are described with a overline and parentheses.

structures including surface, interface, and film depending
on the Ni film thickness. The small differences of spectra
measured in two incident angles might be due to the
overlapping between surface and bulk electronic structures.
However, the intensity at 0.45eV of a 45° incidence in
47ML becomes small in 6.6ML being due to the
developing bulk electronic structure of ['y; clearly observed
above 20ML. An important point to be mentioned here is
that the nermal-emission spectra do not show any significant
thickness and polarization dependences in terms of the
energy position. In contrast. when the emission angle
increases, the corresponding spectra show clear differences
upon the thickness and polarization, as shown in Fig. 3 at an
emission angle of 107, Figure 3 shows that two thickness
dependences are observed above 3ML in the spectra at a
20°; one peak at 1.35eV in 3.6 ML shifts to a high binding
energy of 1.65 eV above 6.6 ML. The other peak at 0.4 eV in
2.5 ML shifts to a low binding energy of 0.2eV at 6.6 ML
and shifts to high binding energy above 6.6ML. At an
incident angle of 457, the formar peak does not appear, while
the latter peak shows a slight shift to low binding energy of
0.23eV up to 20ML. The lines with dots represent the
guides for eyes to clarify the peak positions relative to
6.6 ML and backgrounds around 1.65 eV on the spectra at an
incident angle of 20° in Fig. 3. It should be noted that initial
states of all both symmetries are observed for the both
incident angles of 20 and 45° because the vector potential
and ARPES analyzer cannot be definitely aligned in the
normal or parallel to the sample surface in the experimental
condition. However, we discuss two symmetries on each
peak near Eg, because the difference in the peak positions is
not negligible.

Our ARPES geometry with p-polarized light along the A
mirror plane constrains to excite the even initial states with
respect to the A mirror plane so that the bands with d.: and
dy2_,2 orbital characters are possibly excited corresponding
o A, and Ay, respectively.” As shown in Fig. 4,
because the surface BZ coordinate (x-axis) described in
our d orbital representations is different by 45° from the
bulk BZ coordinate, A, corresponds to A}, and A} to Az,
In connection with the bulk state, the A, state from A} is
possibly converged into the I'}; state decomposing into A}

12011 The Physical Society of Japan

146



Manuscript published in Journal of the Physical Society of Japan

Person-to-person distribution by the author only. Not permitted for publication for institutional repositories or on personal Web sites.

J. Phys. Soc. Jpn. 80 (2011) 064706

FurL Parers

R. SupruUanGNET ef af.

S L N LA S =
[ [Ni /5 ML Cu(001)/ Ni calculation

Orbital contributions in the middle layer for cach | |
IML: <, 5ML:+, TML:O, 9 ML:C1, 11 ML: A §
[ 3wy B 1

0.0

o
n

=)

3
3
£
o
on
=
£
.H
[

2.0

r Wave vector (A‘I) X

First-principles energy band ealculations in paramagnetic Ni films
in the Ni/5 ML-Cu(001 }/Ni structure. The Ni and Cu atomic struetures with
a fixed in-plane lattice constant of 358 A are optimized in the total energy
calculation. The markers indicate only a strong contribution from each
orbital to the bands in the middle layer of each Ni film. and amrows represent
shifts for each o orbital.

and Ajs as reported previously.'"*"" Note that the o orbitals
assigned here are one of the basis sets to describe the orbital
contribution to the magnetic anisotropy. A disagreement
from the bulk symmetry might be due to the surface origin
identified in the result of calculation.

The selection of the initial state symmetries depends on
the direction of the vector potential in such a way that the
perpendicular and parallel vector potentials to the surface
preferably excite the Ay and As hands. In 6.6 ML, the peak
at 1.65eV observed in the spectra at a 20° incident was
not found in the spectra at a 45° incident angle, so the
band originates from d,2_,:. The peak intensities from 0.2
t0 0.3eV observed in incident angles of 20 and 45° show
almost equivalent each other, while their energy position
and shift upon the polarization are slightly different. These
results suggest that two peaks are overlapped: one observed
in an incident angle of 20° originates from the band with
d,2_,2, the other in an incident angle of 45° with d:. These
assignments were found to be in fair agreement with the
first-principles energy-band calculation using the Vienna
ab-initio simulation package®” based on the projector-
augmented-wave formalism™” with a spin-polarized gen-
eralized-gradient approximation.”"’ Figure 5 shows the
d-orbital dependent energy-band structure for Ni film
thicknesses between 3 and 11ML in the Ni/5 ML-

064708-4

Cu(001)/Ni structure. The calculation was performed for
paramagnetic Ni because the Curie temperature in thin Ni
films is lower than room temperature. A fixed in-plane
lattice constant of 3.58 A obtained from previously reported
experiment'" was employed to optimize the Ni and Cu
atomic structures in the total emergy calculation. The
markers indicate only a thickness-dependent contribution
from each  orbital to the bands in the middle layer of each
Ni film depending on the Ni film thickness. The band at
1.1eV in 7ML at the T point originates from .., showing
a large dispersive sp—d hybridized band across Lg. which
shifts slightly to low binding energy as the Ni film
increases. The band at 0.8 eV in 3ML originates

2. showing a dispersion to high binding energy
along the =X direction, and shifts to high binding energy
as the Ni film thickness increases. These energy band
symmetries, dispersions, and binding energy shifts upon the
film thickness for each band were found to be in good
agreement with our ARPES spectral profile, despite slightly
different binding energies. The two-band sets from —0.1
to 0.4 eV originating from d:_» and partly shifting to low
binding energy might c(nwesrk)nd to the peak at 02eV
in 6.0ML film observed in the spectra measured at an
incident angle of 20°. The calculated shift to low binding
energy is in agreement with that up to 6.6 ML, while does
not agree with the shift to high binding energy above
6.6 ML. The discrepancy might be due to the limitation in
the energy band calculation at a fixed in-plane lattice
constant, resulting in the lattice relaxation only in the
surface normal direction. Even though the multilayer
growth mode was found above 7ML in the scanning
tunneling microscopy.'” it does not take into consideration
in our calculation.

According to the spin—orbit coupling model of PMA,
the observed Ni film thickness dependence of the binding
energy shift of Ni3d states is reasonably explained as
follows. When a binding energy of the out-of-plane
distributed  electronic  structure (d.:) decreases as the
thickness increases, PMA is stabilized by decreasing band
filling responsible for the in-plane magnetic anisotropy up to
20ML. The binding energy shifts of the in-plane distributed
electronic structure (d\:_, ) favor PMA to increase the band
filling responsible for PMA above 6.6 ML. However, the
band from 0.8 to 2eV away from Ey might not effect to
PMA because the shift does not contribute to the occupancy.
These results are consistent with those obtained in the recent
works showing the Fermi surface in hybridization with sp-
and d-like bands in 2-6 ML.2*2")

In summary, we identified the energy band shifts to
stabilize the PMA around the critical thickness in the Ni/
Cu(001). The observed binding energy shifts and energy
band dispersions revealed that the orbital magnetic aniso-
tropy plays a key role in the formation of PMA on the Ni/
Cu(001).
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Study of Adamantane on Si(111) as a Potential Electron
Emitter
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Abstract

Diamondoids, a series of hydrocarbon compounds whose carbon atoms
form diamond-like nanostructures, have attracted attention as recently they can be
extracted from petroleum waste. Moreover, tetramantane (four-unit diamondoid) is
found to show the property of negative electron-affinity materials, which have
potential use as efficient monochromatic electron emitters. Here, we study the
electronic property of adamantane, the smallest-size diamondoid. Adamantane is
evaporated on Si(111) and the photoelectron from the sample is further measured
with photoemission spectroscopy. We has found that the photoelectron spectra of
adamantane on Si(111) also exhibits a peak at low-kinetic energy which is an
indication of negative-electron-affinity effect and makes this effect more general in
diamondoids.
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Abstract

This report presents the results from the investigations of Ni ultra-thin film
on Cu(001) studied by angle-resolved photoemission spectroscopy (ARPES),
Auger electron spectroscopy, low-energy electron diffraction and reflection high-
energy electron diffraction (RHEED). The MBE growth of Ni film was monitored
by RHEED and its intensity showed a layer-dependent oscillation which is
characteristic of layer-by-layer growth. The ARPES spectra revealed the energy
band dispersions depending on Ni film thickness in the range of several
monolayers close to a critical thickness (7ML) of both spin reorientation transition
and magnetic phase transition.

Keyword: Angle-resolved photoemission spectroscopy, ultra thin film, nickel,
spin-reorientation
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First-principles calculation of magnetic anisotropy on Ni films
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Abstract

For Ni films on Cu(001), it is known that the spin-reorientation transition (SRT) from
an in-plane to out-of-plane magnetization directions appears when the Ni thickness is
increased above 7 ML. However, the origin of SRT has not been studied from the
electronic structure viewpoint, so far. To identify the contribution of the density-of-
states (DOS) to SRT, we calculated the thickness dependence of the magnetic
anisotropy energy (MAE) in paramagnetic Ni/Cu superlattices using the Vienna ab-
initio simulation package. Six vacuum layers separate the m ML Ni/5 ML Cu/m ML Ni
supercells (m: Ni film thickness up to 11 ML). In all calculations, the in-plane lattice
was fixed. while the interlayer distance was relaxed. It was found that the calculated
MAE becomes positive above 6 ML. The shifts of d-obital dependent DOS will be
discussed around the SRT.

Keywords: Ni Film, Spin-Reorientation Transition, Magnetic Anisotropy
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