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Abstract:

Electronic structure is a central question in metallic magnetism as well as in magnetic materials
research. The electronic properties in a two-dimensional system such as thin films of a few atomic
layers is an important issue in surface science. The epitaxial thin film preparation and morphology are
of special technological interests. In this thesis, these questions are addressed. Spin-polarized inverse
photoemission spectroscopy is used to study the unoccupied electron band states in magnetic thin film
magnets of Fe and Co epitaxially grown on W(001) surface.

The clean W(001) surface was studied by angle-resolved inverse photoemission spectroscopy and the
bulk band dispersion was determined.

Ultrathin Fe overlayers on W(001) show a square lateral crystal structure similar to the bce-Fe(001)
surface. The electronic structure develops into a structure that is close to that of bulk Fe at about four
atomic layers. In the normal-incidence spin polarized inverse photoemission spectra, direct transitions
to the majority and minority final states near the H’25 point are identified in good agreement with the
theoretical calculations. One Fe monolayer, or multilayers less than four, showed behavior
corresponding to a gradually reduced Curie temperature. When the film thickness is reduced, the
spin-resolved spectral behavior show that the majority spin signal peak moves from near the Fermi
energy to about 1.3 eV while the minority peak stays at about the same position near 1.3 eV. The
results are used to examine the spatial correlation of the spin fluctuations in the system in comparison
with a theoretical spectral calculation, and favors the disordered-local-moment picture in the
contemporary theory of itinerant magnetism.

The Co overlayer shows an overlayer structure that consists of equivalent, mutually rotated domains of
distorted hexagonal lateral structure. For one atomic layer of Co in that structure, which has a nominal
lateral atomic density twice that of the substrate surface, in-plane remanent magnetization is not found.
The results for two atomic Co layers show a prominent minority peak that is consistent with the hep-Co
band structure. The existence of a small majority spin peak at an energy slightly higher than the
minority peak provokes serious questions concerning the electronic and magnetic properties of the Co
thin films. Further investigations in this area of spin-polarized electronic spectroscopic technique on
spin-dependent electronic structure study are suggested.
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ABSTRACT

Electronic structure is a central question in metallic magnetism as well as
in magnetic materials research. The electronic properties in a two-dimensional
system such as thin films of a few atomic layers is an important issue in
surface science. The epitaxial thin film preparation and morphology are of
special technological interests. In this thesis, these questions are addressed.
Spin-polarized inverse photoemission spectroscopy is used to study the
unoccupied electron band states in magnetic thin film magnets of Fe and Co
epitaxially grown on W(001) surface.

The clean W(001) -surface was studied by angle-resolved inverse
photoemission spectroscopy and the bulk band dispersion was determined.

Ultrathin Fe overlayers on W(001) show a square lateral crystal structure
similar to the bcc-Fe(001) surface. The electronic structure develops into a
structure that is close to that of bulk Fe at about four atomic layers. In the
normal-incidence spin polarized inverse photoemission spectra, direct transitions
to the majority and minority final states near the H’), point are identified in
good agreement with the theoretical calculations. Omne Fe monolayer, or
multilayers less than four, showed behavior corresponding to a gradually
reduced Curie temperature. When the film thickness is reduced, the spin-
resolved spectral behavior show that the majority spin signal peak moves from
near the Fermi energy to about 1.3 ¢V while the minority peak stays at about
the same position near 1.3 €V. The results are used to examine the spatial
correlation of the spin fluctuations in the system in comparison with a
theoretical spectral calculation, and favors the disordered-local-moment picture
in the contemporary theory of itinerant magnetism.

The Co overlayer shows an overlayer structure that consists of equivalent,
mutually rotated domains of distorted hexagonal lateral structure. For one
atomic layer of Co in that structure, which has a nominal lateral atomic
density twice that of the substrate surface, in-plane remanent magnetization is
not found. The results for two atomic Co layers show a prominent minority
peak that is consistent with the hcp-Co band structure. The existence of a
small majority spin peak at an energy slightly higher than the minority peak
provokes serious questions concerning the electronic and magnetic properties of
the Co thin films. Further investigations in this area of spin-polarized
electronic spectroscopic technique on spin-dependent electronic structure study
are suggested.




CHAPTER 1
INTRODUCTION

Recent advances in a variety of areas of surface science, computational
physics, and instrumentation have aroused new interest in the field of
magnetism. The electronic structure of matter is an issue central to our

understanding of not only its physical and chemical properties, but also its

magnetic properties, since magnetism .is a quantum mechanical phenomenon -

originating in the spin-dependent electronic configurations in solids. It is
attributable to the developments of spin-sensitive electron spectroscopy and
ultrahigh vacuum techniques that the direct experimental study of spin-
dependent electron band structure in magnetic systems has become possiBle.
The study of the electronic structure of transition metal magnets has gone
through' a long period of con‘troveréial debate. The Stoner band mod.el,1
proposed over 50 years ago, has proved quite adequélte to describe magnetic

ground state properties at or near zero temperature quite well. In this model,

'spontaneous ferromagnetism occurs when it is energetically favorable for the

energy band structure to be split by the exchange interaction, as for Fe, Co and
Ni. * The non-integral magnetic moment in units of Bohr magnetons (ug) per
atom can be explained readily, since the magnetic moment is just the amount
l;y which the itinerant electrons of majority spin(T), where the electron spin
magnetic moment is parallel to the internal magnetization direction, outnumber
those of minority spin({), where the electron si)in magnetic moment is opposite

to the internal magnetization, because of the relative shift in electron energy
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bands by the amount of the exchange-splitting (A,,). At finite temperatures
close to and above the Curie temperature (T), however, the Stoner model fails,
for example, to explain some fundamental thermodynamic properties such as
the Curie-Weiss law above T,. It is agreed that there exists a local magnetic
moment even above T,. Spin-density fluctuations are expected to play an
important role. Developments beyond the Stoner model or the Heisenberg
model have been miade, and involve mainly a local'-l;and-picture or a disordered-
local-moment picture. This area' of research remains active, and many
questions require further theoretical and experimental investigations.

Quantitative information about the spin-dependent band structure has been

obtained because of the advance in computational physics facilitated by the '

tremendous increase of computing power since the 1970s Calculations based
on the one-electron picture have been surprisingly successful in describing the
electronic properties.” This approach' provides a firm foundation for
experimental investigations such as photoemission and inverse photoemission.
Despite the coﬁtroversy at finite temperatures, the investigation of zero-
temperature ground state properties has been extended from three-dimensional
to two-dimensional problems such as surfaces and thin films (for example, see
Ref. 3) in order to investigate their surface electronic and magnetic properties.
One of the key issues that has stimulated the renaissance of magnetism
research is the possible existence of a magnetic “dead layer” at the surface of
bulk magnets. Further, the scope of the research has included not only
materials in their equilibrium crystal structure, but also materials having a
metastable crystal structure, variations of lattice spacing,’ and transition metal
overlayers on other substrate surfaces and sandwiches built up of several

layers.*” For these unusual systems very interesting results have been found
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such as giant surface magnetic moments of monolayer systems’ and geometry-
induced magnetic phase transitions.® Such studies, mainly theoretical, have
provided a rich store of information about electronic structure, and there has
been an acute need for experimental information.

The maturing of the aﬂgle-resolved photoemission technique has left us with
a powerful tool to study electron structure in solids and at surfaces. The spin-
dependent version of photoemission (SP-PES), -which was developed at the end
of the last decade, has added another degree of freedom to our understanding -
of electronic structure. By ;chese means the spin-split band structure ca.n be
investigated experimentally. Inverse photoemission spectroscopy (IPES) was
developed much later, in the 1980s, the delay being due to the very small
éignal involved in this techm'que-. However, IPES has been found very useful
in some important areas of investigation, such as bulk electronic structure,
surface states, and chemisorption states, because of the special energy .region
that can be probed, between Fermi level and vacuum energy, which is- not
accessible directly by other means. . The spin-sensitive version of IPES
(SPIPES), while on an equal footing with SP-PES theoretically, has the
experimental advantage of having a _much highel; spin-dependent detection
efﬁciehcy' than that of the spin-detection methods in SP-PES. Therefore, the
first SPIFES was demonstrated in 1982, soon after SP-PES was demonstratea.

' It is particularly interesting to examine the electronic structure information
obtained from spin-split overlayers deposited on a non-spin-split substrate
material, in order to explore the initial development of the electronic structure
of ltransition metal thin films. This approach is possible only if one can
prepare nearly ideal atomically smooth ultrathin film overlayers. Clusters,

steps and interdiffused overlayers obviously cannot serve the purpose of a two-




4
dimensional (2D) transition metal system. If all the above prerequisites are
satisfied, then it is possible to explore magnetic thin film eiectron.ic structures.
In addition, transition metal‘ overlayers, especially their superlattices, can have
the lattice structure substantially altered from that of the bulk material,
therefore providing an excellent opportunity to study such novel systems.

The experimental investigation of the electronic structure of 2D magnetic
systems can address some fundameni;al questions. For example, how does the
exchange splitting of certain bands depend on the k- vector, and how does it
change with temperature? How is the magnetization influenced by the crystal
structure (fcc, bee, and with variation of lattice constants in the superlattice
structure)? What behavior shall we 'expect for surface qnagﬁetism as an
intrinsic surface effect due to the termination of crystal symmetry at the
surface, and what shall we expect of the influence of surface reconstruction
(contraction or relaxation)? What effect does chemisorption have on the surface
electronic sfructure, especially oﬁ the magnetic ordering? What role does the
substrate-overlayer interface play. in the electronic structure and magnetic
.properties? What is the direction of remanent magnetization at the surfa(;e

and for thin films of various lattice spacings? How does the Curie temperature

change with the film thickness? How does the magnetic ordering depend on -

dimepsionality, or. is there such a general trend? To extend the dimensionality
idea further, What can one determine about a one-dimensional magnetic
system? For example, can we prepare one;dimensional magnetic chains on
surface ridges? Can we expect the magnetic moment to be intermediate
between thin films and zero dimensional atoms and clusters?

We can continue to pose these questions, some of which go to the root of

basic concepts in physics, like the general relationship between order-disorder

—,




5

phases and dimensionality; some questions are applicable to 3D bulk systems.
Certain topics such as the effects of chemisofption and especially oxidation
magnetization may be very important technologically. For examplé, surface
magnetization can be of significance in ‘the magnetic recording industry,
because when finer particles and thinner films are used, surface and size
effects are‘ going to be significant. Also, thin film preparation, and the future
technology of sﬁperlattices and other synthetic ﬁagnetic materials may become
important. In short, there are groﬁng interésts in both the fundamental and
the technological aspects of th.e magnetic and the electronic structure of various
materials such as magnetic thin films. Some of the problems cannot be easily
resolved using traditional surface analytical techniques. The SPIPES technique
described in this thesis proves to be a powerful tool to éearch for some of the
answers experimentally.

Finally, the spin-polarized inverse photoemission spectroscopy is of intrinsic
significance as an advanced member of the' class of electronic spectroscopic
techniques. It has a unique degree of freedom,the electron spin, and is also
angle resolved. The theory of this technique and related phenomena need to be
investigated. - |

This thesis is outlined as follows;. The theory of SPIPES will be given in
Chapter 2, together with a survey of the background of metallic magnetism.
The following chapter describes the expe;‘imental setup and the methods used.
Chapters 4-6 are devoted to experimental results, starting from clean W(001) to
test out inverse photoemission spectroscopy as well as to prepare an ideal
substrate for the transition mgtal overlayers. The Fe and Co results froﬁ their
ultrathin films on W(001) will follow. Finally, a summary is given in Chapter
7.
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Because the experimental techniques employ vacuum and surface science

terminologies extensively, a list of the abbreviations and acronyms is given

here for convenience.

AES - Auger electron spectroscopy . ,
ARIPES - angle-resolved inverse photoelectron spectroscopy
ARPES - angle-resolved photoelectron spectroscopy

ARUPS - angle-resolved ultraviolet photoemission spectroscopy
BZ - Brillouin zone .‘ |
DOS - density of stafes

IPES - inversé photoelectron spectroscopy

LEED - low ene;'gy electroﬁ diffraction.

PES - photoelectron spectroscopy

QCO - quartz crystal oscillator

RF-AES - retarding-field Auger electfon spectroscopy |

SBZ - surface lérillouin zone

SPIPES - spin-polarized i.ﬁverse photoelectron spectroscopy
SP-PES - spin-polarized photoemission spectroscopy

UHYV - ultra high vacuum




CHAPTER 2.
SPIN -POLARIZED INVERSE PHOTOEMISSION AND THE
ELECTRONIC STRUCTURE OF METALLIC FERROMAGNETS

Inverse photoemission (IPES), as its name suggests, can be considered as
the time-reversed process of photoemission. As illustrated in Fig. 1 together
with photoemission for comparison, the process involves incident electrons
falling to lower energy levels by emiti:ing photons in the sampled material, and
.consequently revealing the electronic properties of the material. Spin-polarized
inverse photbem_ission (SPIPES) uses polarized electrons in the process, aﬁd
thereby reveals spin-dependent electronic properties such as are characteristic
of the ferromagnetic transition metals. Transition-metal ferromagnetism, after
many decades of study, is still a challenging and coptroversial subject in many

aspects. New interests have also been fueled by the recent state-of-the-art

theoretical calculations for two dimensional systems. The new spin-polarized

electronic spectroscopic techniques, including SPIPES, may provide interesting
information aboth this phehomenon. In this chapter, a general conceptual
treatment of SPIPES will be presented, followed by an introduction to the
theory of electronic structure of itinerant ferromagnets, especially in connection

with SPIPES.




~electron
M h\
empty
Fermi Energy
occupied
Figure 1. Phenomenology of photoemission, ordinary and spin-

polarized inverse photoemission. Left: an incident photon is
absorbed and excites an electron. Right: an incident electron with
certain spin is de-excited, creating a photon.
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A. Inverge Photoemisgion

angep. ts

The inverse photoemission process in solids can l;e described as an
interaction between electron and photon in the presence of the crystal field.
One may use the following formula to specify the' relationship between the

initial state of an electron, e, and the final state with an electron in a lower

" energy state and an emitted photon, hv,

e(k,E) - e(k-q,E-hv) + hv(q,hv) : 1)
in contrast to the photoemission (PES) process
hv(q,hv) + e(k,E") = e(k'+q,E’+hv) 2)

where all eléctron states, e“, and photon states, hv, are specified by their
momentum vectors,l k and q, and energies, E and hv. As shown in Fig. 1, the
electrons of certain energy E impinge on a mat:erial2 and de-excite into lower
energy states by emitting photons. Also knoﬁ as bremsstrahlung isochromat
' spectroscopy (BIS), IPES is a complementary technique to ordinary
photoeﬁlission in terms of the electron: energy ranges investigated: While PES
reveals the ‘occupied electronic structure, ordinary IPES reyeais the. unoccupied

structure. SPIPES reveals in addition the spin-dependent aspects of electronic

structure as in the magnetic 3d transition metals, Fe, Co, and Ni. The time-

reversal correspondence between PES and IPES allows one to transfer the well

developed understanding of PES to IPES directly. The emitted photons are
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examined either “monochromatically” i.e., at constant initial electron energy E

by measurements of the photon energy distribution, or “isochromatically” at
fixed photon energy hv by sweeping the electron energy E (in this chapter, E
represents the incident electron energy, not the final state energy in the
presentation of spectra). They are analogous to CFS (constant-final-state) and

EDC (energy-distribution-curve) measurements in ordinary PES, respectively.

Models
The formal single-stel; IPES theory is well established.® It involves
' quantum mechanical '(;alculations of the probability that an electron with
energy E, incident on the surface at a certain direction, emits a photon of.
energy hv and polarization s. In earlier applidations' of this method of
calculation to specific metal surfaces,”'. spectral distribution curves were
obtained that provided relative intensities, feature shapes, and polarization
sensitivities. Meaningful comparisons were obtained between the theoretical
models and the experiment, and physical parameters (such as the exchange
splitting) were determined.

The so-called three-step model is often found more illuminating than the.
rigorous quantﬁm-mecham'qal approach. Heré the IPES phenomenon ié treated
as three separate processes: (1) wave function matching at the surface of an
iﬁcoming'plane wave of freg electrons to traveling waves inside; (2) attenuated
propagation of injected electron waves in the crystal; (3) radiative de-excitation
from the initial state to unoccupied final states above the Fermi energy Eg, via
‘the emission of photons. The photons .emitted travel to the surface and escape

into the vacuum where they are detected.

Electrons of any energy in vacuum are energetically allowed to enter the

]




{0 ] Y A, T

11
solid, in contrast with the reverse process in PES where: 'oniy electrons with

perpendicular kinetic energy (pi/2m) greater than some threshold can escape.

The broken symmetry along the surface normal prevents the conservation of.

the wavevector component perpendicular to the surface, but the wavevector

component parallel to the surface is conserved modulo a reciprocal lattice

vector. Inside the crystal, a linear combination of Bloch waves, which could be

_ propagating or evanescent, are to be matched at the surface with the free-

.electron incident wave and the diffracted wave backscattered to the vacuum.

The boundary condition determines the. coupling coefficient, ¢, of an incident
plane wave to a bulk state. |i).

An electron in an excited state of energy E in the crystal may undergo de-
excitation by emitting a photon. The yield function of the emitted photon flux
I(E,hv) is in general a sum of a primary contribution I.(Ehv) from electrons
that have not suffered an‘ inelastic collision prior to the radiative transition and

a background contribution I«(Ehv) from a compound procéss involving

nonradiative decays followed by a radiative transition em1ttmg a photon of.

energy within the detector wmdow around hv=9.8eV:
I(E,hv) = I(Ehv) + I(Ehv) . : 3)

A monochromat or isochromat IPES spectrum can be described by this
expresgion by fixing the parameter E or hv, respectively.
The primary contribution from bulk transitions is readily obtained in

analogy to PES by considering direct radiative transitions

L. (Ehv) ~ Efn d’ke ¢; (AN S[E,(k)-E(k)-hv]-3[E,(k)-E] 4)
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where A, the optical- field perturbation as in ‘PE‘S, will be discussed explicitly
later, ¢ is the coupling coefficient between the free electron plane wave and the
bulkk state |i) as mentioned earlier, E, and E, are the energies of final and
initiel states [fy and [i); Eq (4) is to be summed over all possible states,
provided both E; and E, are above the Fermi level E,. The volume Q of
integration over k space depends on the experimental conditions, e.g. angle-
resolved or angle-integjrated.

The perturbation inducing the radiative transition may be described by the

interaction term in an (unscreened) optical field,

2

A=2?(Ap+pA)—e<I>+-2—AA 5)
where A and @ are the corresponding'Vector and scalar potentials The term
AA in the equatlon does not contnbute to one-photon processes and is
neglected It is further assumed at this point that the vector potential A is
fully determined by classical macroscopic dielectric theory, i.e. local-field

corrections due to the inhomogeneity of the electron system are neglected.

' Then p-A~V.A=0, and ®=0 in the Coulomb gauge. Finally, A=A cos(q-r)=A, in

the UV spectral region, ‘because the optical wavelength 2rn/q is much larger

than the atomic .scale d1stance the perturbatmn reduces to the well known

electric d.lpole approximation
A=—Ap - - ®

and the matrix element takes the form EI%IAO-(inIi)‘I.
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The assumption of bulk states |i) and |f) in Eq. 4 implies that the vector
k is a good quantum number, which is conserved in the reduced Brillouin zone
scheme, since the momentum of a UV photon is negligible.® A schematic
diagram of a dﬁect transition as compared to an indjre& transition is shown iﬁ
Fig. 2.

Peaks observed in the spectra have finite width because, even with perfect
experimehtal resolution, the states involved in IPES are subject to lifetime
broédem‘ng. In the single-step model the delta function in the above expression
is replaced by a term involving a complex self-energy, which results -in .a
Lorenzian line broadening.™

There is also the possibility of phonon-assisted indirect transitions. The
éverage energy lost or gained by electron-phonon interaction is small enough
compared with the experimental resolution so that the scattering may be

considered elastic, but the k-vector is changed. A schematic illustration of k-

. non-conserving transitions is included in Fig. 2. Under the assumption of

complete breakdown of k conservation, the spectral "distribution may be

expressed in a form similar to that for direct transitions:
Loa(Bihv) - 3] &%k 'k, KA 8L, (k)-Ele)~hv]-S[E (k) -E] M

where the volume'o.f integration for both k, and k; is the entire Brillouin zone.
To give a feeling of comparison between direct and indirect transitions, let

us assume the radiative transition matrix ele;llents are constant. For an angle-

integrated experiment, e.g. for a polycryétal].ine sémple, | leads to the so-

called energy distribution of the joint density of states (EDJDOS), while I,

‘will give a product of initial and final densities of states, I«<N(E)N(E-hv).
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Figure 2. Bulk transitions A shows a direct (k-conserving)
transition; B shows an indirect transition where k along the
horizontal axis is not conserved. The curve on the right shows how

the corresponding IPES spectrum may look like.
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As an example, an isochromat spectrum from .W(OOI) is given in Fig. 3.
The vertical axis is the signal intensity, and the horizontal axis is the final
state energy E-hv. The primary contribution is” predominant near E. When
the electron energy increases, the inelastic background increases nearly
monotonically since the excess energy allows the electron to undergo an
inelastic scattering and still make the radiative transition at hv=9.8 eV to a
final state above E;. A schematic diagram of this process is shown on_the top
of Fig. 3 for the electron-hole excitations, where the electron can lose energy by
two quantl;m-mechanically equivalent channels.

The photon transport and escape processes can be treated as multiplicative
factors over the spectral distribution. It has been found (cf. p232, Ref 15) that
the transport function is close to unity and only weakly energy dependent. The
escape function depends on the optical constants of the investigated material.
While it is constant in isochromat mode spectra, it could in principle affect the

monochromat spectra.

Spin-Resolution of IPES .

In the IPES process, as in the PES 'p'rocess, the spin of the electron
involved in the radiative fransitions is éonServéd, since in the electric dipole
appljoximation, Eq. (6), the spin operator does not appeér. When the elec;trom'c
system of the material under investigation has spin—dependent. structure, then
the IPES spectrum is also spin-dependent. A

The spin-dei)endent IPES spectra are usually represented as a pair of EDC
(energy-distribution curve) curves of opposite spin-polarization, after the
appropriate adjustments for experimental factors. It is sometimes useful to

plot the spin-asymmetry together with the spectra, plotting both as a function
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Ei

E-HvO

Figure 3. Energy level diagram and schematic spectrum for IPES of
primary and inelastic contributions at photon energy hv0.  The
radiative transition on the left/right is a IPES process with/without
preceding an electron-hole pair excitation of energy e. The electron
hole pair can be produced by two quantum-mechanically equivalent
channels (broken and continuous arrowed lines) for the same
energy level E-e. The dashed curve under the solid curve of the
observed spectrum represents the inelastic contributions.  The
spectrum is always plotted in final state energy, E-hvQ
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of final state energy. The detailed definitions are given in Egs. 9-12 in
Chapter 3. The spin quantization axis of the measurement is determined by
that of the incident electrons. When the direction of magnetic remanence of
thin films is different from the spin quantization axis, it is understood that the
projection of the spin polarization in the direction of the magnetic remanence is
measured, as long as spin is a good quantum number in the system. Similarly,
in the excited states with spin fluctuations, the averaged projection of the local
spin polarization is measured. The local magnetization mighf fluctuate in
amplitude and in angle at elevated temperature 0<T/T.<1, and produce charac-

teristic changes in the SPIPES spectra, a topic which will be discussed later.

Surface-Sensitivity of IPES

The IPES technique is intrinsically surface sensitive because the impinging
electrons are quickly attenuated at shallow depths by elastic and inelastic
scattering in the solid. The penetration depth of 10 eV electrons is ~10 A or
so, which translates into about 5 atomic layers. According to the surface
magnetism calculations it is believed that the electronic and magnetic
properties of the surface layer could be profoundly different from the bulk
properties, while those of the second layer and deeper are closer to the bulk
properties. Therefore, both bulk- and surface-derived features are examined in
the SPIPES spectra. Experimentally, besides the bulk electronic structures
sampled, the existence of surface states, image-potential states, and other
surface features have also been investigated by IPES.

This surface sensitivity feature has allowed us to investigate the evolution
of the electronic system to thicknesses up to a few atomic layers. In the

present experimental conditions, the polarized -electronic structure from
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magnetic overlayers are superimposed over a background of non-polarized
electronic features of the tungsten substrate. SPIPES measurements as a
function of the magnetic film thickness provide a novel microscopic picture of
the initial development‘ of ferromagnetism and corresponding electronic

properties.

Angular Dependent SPIPES
As in angle-resolved PES, in IPES detailed information about the electronic

states participating in the of)ti,cal transitions can be obtained by recording the
direction together with the energy of the incident electrons. This is Because of
the k-conserving direct-transition nature of IPES, and also because of the
experimental feature of a well defined angular distribution of the polarized
electron beam. |

At the solid-vacuum interface the parallel componeht k, of the vector k is
conserved, and the perpendicular component k, of the vector k is not, because
of the potential jump across the interface, see Fig. 4. This partially conserving
feature of the k vector i.e. conservation of k, allows us to trace k,
simultaneousiy with E. For example, at normal-incidence, k=0, while k=k, is
collinear ﬁth the surface normal, which is frequently chosen a low index
crystal axis. If one has reliable knowledge of t;he initial (higher energy) state
dispersions in reciprocal space, determined perhaps by ARPES, the value of k

inside the solid is determined, and thus the unoccupied final states can be

identified. The present work will be focused mainly on normal-incidence

spectra.
At an off-normal angle of incidence, 620, the parallel component of the

wave vector is k"=[Zm(E—Em)/ﬁ'Z]"msine. The experimental dispersion of the
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VACUUM

SOLID

Figure 4. Relationship between k vectors across the vacuum-solid
interface.
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states responsible for bulk or surface features can be plotted with respect to-

k. The surface or overlayer features are intrinsically two-dimensional, and
such a dispersion plot will reflect the symmetry of the surface Brillouin zone
(SBZ). The bulk electronic structure is often projected to the SBZ to be
compared with experimental dispersion curves; this helps identify surface

features.

Experimental Feasibilities

Finally we comment on the experimental difficulties of SPIPES, in contrast

with those of IPES and PES. It is long known from studies of the photoioniza-

tion process and radiative recombination processes in atomic physics that what

we call PES and IPES processes differ in transition probabilities by drders of"
magnitude. it can be seen, by comparing the coefficients of the ‘total cross
section obtained from the golden rule that the IPES process is about five orders
of magnitude weaker than PES. This low signal may have kept the IPES
technique one or two decades behind its counterpart.

In SPIPES it usually takes about ten times more data acquisition time than

in ordinary IPES to resolve the spin features from the partially polarized

electron beam and from the depolarized background signal. -This requirement

certainly increases the difficulties of a weak SPIPES experiment. In contrast,
spin-polarized PES sufférs from the low efficiency of the Mott-ty;;e spin detector
(~10* to 10® at the best). In this case, SPIPES is not that far behind,” and is
expected to make important contributions in spi.n-dependeﬁt electronic structure

investigations.
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B. The Electronic Structure of Metallic Ferromagnets

Band Theory of Metallic Ferromagnetism

The zero temperature properties of a 38-d metal magnet are fairly well

described by the band theory proposed in 1936 by Stoner.! The d-electrons in ,

transition metals are treated as itinerant electrons that interact strongly with
each other, and the non-integral Bohr‘ magneton numbers of the 3d-transition
metals ‘are easily understood. The exchange-split spin-dependent electron
bands are the basis for our understanding of the 3d-fransition—metal ferromag-
netic electronic structures at low temperatures.

The well-known Stoner criterion predicts that if U-N(Ep>1, the ferromag-
netic state is lower in energy than the paramagnetic one, where U is the intra-
atomic Coulomb interaction energy which is responsible for Hund’s rules in
atoms, and N(E;) is the parémagnetic density of states (DOS) at E,. When this
criterion is satisfied, the DOS becomes spin-split spontaheousl&', resulting in an
excess of electron spins with their magnetic moments parallel to the macro-
scopic internal magnetic field. Since the electron has a neggtive charge, the
electrons with their spins antiparallel to the direction of internal magnetization
are referred to as majority (T) spin electrons, while thé electrons with the
opposite spin are (‘:alled minority (!) spin electrons. The DOS of the two
groups of electrons is said to differ in energy by the exchange splitting;

parameters of selected systems are listed in Table 1. -
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Table 1. Magnetic Moments in units of the Bohr magneton (ug)
Exchange-Splittings and Curie Temperatures
of Selected 3d Transition Metal Elements

’

r 18] Abul
T};"“‘(K)‘ ] A% dl:mge(ev) pBulk 18] pSn.rfaee b uAd.layBr had

Fe 1043 1.8 2.22 2.98 3.2(3.20")

Co 1400  0.85 1.72 1.95 2.2
Ni 631 0.5 0.606  0.68(0.98") 1.04
v - - NM 0. 3.0(1.98™)

* bulk V is not ferromagnetic (NM) .

™ calculations for (001) surfaces of a square lattice only, including a
bee-Co structure, from Ref. 19 unless otherwise specified.

™ monolayer on Ag(100) surface, from Ref 20 unless otherwise
specified. :

Ground State Properties of Fe, Co, and Ni
A magnetic “ground state”, strictly speaking, refers to the state with

absolutely no magnetic excitations, such as spin waveé or other spin-fluctua-
tions, at 0 K. Since the electronic structure and macroscopic magnetic ordering
of a bulk system usﬁa]ly do not change rapidly from 0 K t6 a temperature of a
fraction of T, say, at T;/3, we are able with reasoﬁabie accuracy to comp‘a;'e
an electronic spectrum at some experimental teniperature T#0 K with a
theorefical electronic structure in the ground state.

It is possible to calculate the Stoner electron band structﬁr‘e in great detail
for metallic systems like transition metals, as mentioned in Chapter 1. A
special characteristic of 3-d transition metals that detei‘mines many of their
special physical, chemical, catalytic, and magnetic proi)erties is their high

density of 3-d band states near E,. It is found that the Stoner criterion is
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satisfied for bulk Fe, Co and Ni, and the exchange-split electron bands are
energetically favored for them. |

Taking Fe as an example, in the case of isolated Fe atoms, the two 4s-
electrons are paired, and the six 3d-electrons, four of them unpaired, according
to Hund’s rules, contribute 4 Bohr magnetons (p;) for eac-h Fe atom.. In the
case of the solid o-Fe, the strongly overlapped 4s-states form bands in a broad
energy range, while the 3d-state bands are relatively flat because of the small
orbital overlap. Of the 8 valence electrons per atom there are 7.4 electrons
with 3d character and 0.6 with 4s character. Further, there are 4.8 d_T-
electrons and 2.6 dl-electron, and the spin-polarization of the s-electrons is
- negligible. The net result is a; 2.2p; non-integral magnetic moment per Fe
atom. See Fig. 5.

Shown together in Fig. 5 are-the electron distriEutions of Co and Ni. Their
characteristic difference from Fe is that in Co and Ni the majority-spin d-bands
are fully occupied, and only Fe has partially unfilled majority spin d-bands, a
property which has been observed in the present experiments (Chapter 5). Thé
property of Co, and Ni, that they have only minority unoccupied d-bands, has

been used to investigate their minority electronic structures prior to the spin-

polarized electron technique, and this should be considered specially in the

spin-flip electron-hole creation - in inelastic scattering processes. A summary of .

the Fe, Co and Ni magnetic moments is given in Table 1.

Surface Magnetism and 2D Magnetic Systems

At the surface of tramsition metals, the local DOS can be substantially
different from that of the bulk, which suggests different magnetic behavior at

the surface than in the bulk according to the Stoner criterion. It has been
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found that Fe, Co and Ni retain their ferromagnetic ordering at the surface,

Jo bl

and paramagnetic V, anti-ferromagnetic Cr, and possibly also Mn may acquire »

ferromagnetic ordering at the surface.*

Many efforts have been made in calculational physics to determine qualita-
tively as well as quantitatively the elect;‘oﬁic and magnetic properties at the
surface. For example, self-consistent calculations on Ni(100) clean surface and
Fe(100) ox:w,rgen-chemisorbed surface have been carried out by Zhu and Hﬁan'g
respectively.”” Because of the reduced symmetry, the calculation for the surface
is ﬁmre difficult and time-coﬁéuming than for the bulk. Freqqently, a slab
model is employed, and the exchange-split electron band structure and the local
magnetic moment are revealed in a layer-dependent manner, guided by the
asymptotic approéch of the ‘inner-plane properties to the bulk properties. Table
1 has included calculated surface magnetic moments for Fe, Co and Ni. As one
can see, the Fe surface magnetic moment is predicted to be about 3p;, an
enhan_cemen't'f'fom the bulk value of 2.2115, vet less than the limit of atomic Fe

of 4p,, which is not very surprising since the atomic coordinations for surface

atoms (2D) are between the bulk (3D) case and the free_ atom (1D) case. One'

can also see that the bulk V and its surface are both non-magnetic, but a
monolayer ‘of V is expected to be ferromagnetic with a sizeable magnetic
moment. All thése remarkable results from first-principles calculations with
the precise details of the electronic. and magnetic properties have greatly
advanced our knowledge of surface magnetism. These theoretical advances
have been b;)th a cha]lenge and an opportunity for advanced spin-poiarized
electronic structure investigations.

“While it is difficult to distinguish the contribution frpnﬁ each layer in bulk

materials by electron ‘spectroscopic techniques, the magnetic adlayers on top of
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a non-magnetic substrate ‘may be a close substitute for an isolated single layer
for the surfacé.magnetism study. Recent prongéss in surface science techniques
has given us the means for such study, which requires firm knowledge about
epitaxial gr;)wth and ultrathin film characterization, a solid foundation that the
present work is based on. |

There are additional advantéges gained by studying magnetic adlayér
systems.  First, the relationship between magnetism and the éeometric
structure of 3-d transition metals can be investigated in the case of the
adlayers that form various structures on different substrate suffaces. For
example, iron forms bcc-Fe on Ag(001) but fce-Fe on Cu(001). Also, the effect
of material atomic density on magnetism can be investigated since the lattice
spacing of the epitaxial adlayer can be signiﬁcantly distorted as a result of the
lattice mismatch- with the substrate.”® The itinerant electronic and magnetic
properties are intimately related to'the geometric structure and lattice s'pacing.
Changes of interatomic spacing in bulk materials are hardly feasible with

conventional methods because they require tremendous external pressures.

Needless to say, the possibility of varying at will the lattice spacing can greatly

increase our progress towards understandjng‘ the many-body interaction

problem in solids. Theoretical analysis shows that there are phase transitions -

between the ferromagnetic and paramagnetic states as the atomic density is

varied.® In particular (related to our Fe/W(001) system), dilation of the lattice
spacing in bec Fe has been pfedicted to enhance the magnetic moment.
Experimental evidence for these effects has not yet been produced.

The importance of studying adlayer systems also relates to more
fundamental ‘questions such as the relationship between low-dimensionality and

magnetic ordering. Strictly speaking, the surface magnetism of bulk materials




27
18 not a two dimensional (2D) magnetic system because of the intera;:tion from
the second layers. There are even arguments questioning the existence of
magnetic ordering in a 2D system in a strict sense. While a free-layer system
is difficult to réah‘ze, it is possible to study magnetic adlayers on a nonmag-
netic substrate.. Further, superlattice structures can be investigated as a series
of 2D systems arranged periodically, with the additional possibilities .of inves- -
tigating the interlayer couplings. Eyen though obtaining an idgal atomically
smooth adlayer is very challenging and material-dependent, this sophisticated
ultrathin film preparation technique may eventually provide answers to .
questions on two-dimensional magnetism, while also promoting the

technological progress applicable to thin film devices.

Models of Electronic Structures at Elevated Temperature

According to the Stoner model, the éxchange splitting is temperature
dependent and vanishes as a result' of thermal excitations at T, when the
macroscopic magnetic moment disappears. However, the value of the exchange
splitting A, for. typical transition-metal ferromagnets is about an order of
magnitude too large for the thermal energy kT, at the Curie temperature to
briﬁg the exchange-split ‘bands together when the nonmagnetic phase is
reached. See Table 1, and k,;=8.617x107° eV/K is Boltzmann’s constant. This,
among other deficiencies, indicates that the Stomer theory is ‘inadequate for
describing the system at elevated temperatures.

On the other hand, the Heisenberg model can lead to some correct results
such as the Curie-Weiss Law above T, but it is not appropriate to use the‘
Heisenberg model in an itinerant system. There have been some variations of

the Stoner-type or Heisenberg-type models, including a unified model (see Refs.
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25-27 and references cited therein), but no generally accepted microscopic model
exists for finite temperatures.® A rough pictorial representation of the problem.
is given in Fig. 6. In the Stoner model the local spin density gradually
decreases to zero at T>’I"C when the exchange splitting is also zero. In the
Heisenberg ‘model the local spin density does not decrease but fluctuates at
T>0, and eventually becomes random at T>T,. In the so-called unified picture,
not only does the local spin density vary. with T,vbut there exists sig;liﬁcant
spin correlation which is hard to illustrate in this figure.

The missing ingredient in the Stoner theory is the existence of spin fluctua-
tions which arise at finite temperature and eventually destroy long range
order.”®* The local magnetic moment is believed to exist even above Ty A

main controversy in the modern theory of itinerant magnetism concerns the

=0 OOOOOO EOOEDO EOOOED
T<Tc (OO0 OOEED SXDEOSD
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STONER UNIFIED HEISENBERG

Figure 6. Comparison of the Stoner, Heisenberg and unified
models. Adapted from Ref. 27. -
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wavelength distribution of the spin-density fluctuations, ie., the degree of
short-range magnetic order characterized by a parameter A as the spatial
correlation distance of spin-density fluctuations. In the opposite limiting cases
of the local-band picture or the disordered-local—moﬁ)ent picture, A ranges from,
say, ~10A to zero, respectively. ‘

It is out of the.scope of this thesis to comprehensi\_zely discuss the theory.
Instead, we will simply sketch the relevant physical pictures of it and how the
theory is reflected in the model electron spectroscopies (PES and IPES). The
disordered-local-moment picture (DLM) assumes no short-range magnetic order;
A=0, and since at T>T, the itinerant valence electrons “feel” totally d.isordex"ed
local magnetic I'noments, the corresponding pair of minority (l) Aand majo:?ity M
spin peaks in the spectrum at certain k-point' merge to a central peak or
shoulder. On the other hand, the local-band picture, or local-band-theory
(LBT); assumes a sfrong short-range order A up to ~10A, and since.electrons,
except those that are étrongly delocalized, “feel” the local magnetic order
although it is fluctuating, the local band exists at finite temperature, and
results in a decreasing “ordinary” peak, that is, a majority (minority) spin peak
at the zero-temperature majority (minority) peak energy, and an increasing.
“extraordinary” peak, that is a majority tminority) peak at the zero-temperature

minority (majority) peak energy. The model spectrum is illustrated in Fig. 7

" taken from Ref. 25.

The spectral behavior depends on t'hé degree of localization of electron
states involved, or, in terms of a tight-binding approach, the overlap. integrals
with neighboring atoms. | Such analysis involves the wavefimctions, their
symmetry and bonding or anti-bonding character of the overlap integrals (i.e.

whether the state is on the bottom or the top of a d band). The result can be
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ENERGY (arbitrary units)

Figure 7, Local-band model spin-resolved PES/IPES spectrum
for T=O0 K and at an elevated temperature below Tc. It is
assumed that the electrons originate from regions with
constant local magnetic moments the directions of which tend
to fluctuate around the direction of the spontaneous
magnetization at elevated temperatures. The peaks A and B
are referred to as “ordinary” peaks while A" and B' as
“extraordinary” peaks.

tested by techniques like SPIPES and SP-PES. A systematic study of short-
range order in bcc-Fe carried out by calculating temperature-dependent
theoretical spectra as a function of the correlation-length of the spin

fluctuations has been done by Clauberg et al.8 and a example at Pj6is shown
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in Fig. 8 taken from Ref. 28.

In Fig. 8, the energies of I')} and T, at T=0 K are indicated be vertical

dashed lines, wlnch are separated by the amount of the exchange splitting of

the d-band, Wh11e the dotted line marks the nonmagnetic T}, energy. The
spectra -demonstrate the changes in going from the limiting DLM model (A=0)
towards the limit of the local-band model. As one can see, for A=5.44,
corresponding to short range order, when the magnetization is reduced

to M=0.4M, at T=0.85T,, where M, is the zero-temperature magnetization, the

spectrum shows a significant modification in which two extraordinary peaks.

develop at the original peak positions. When the magnetic moment M=0 at
T=T,, the spin-up and spin;down spéctra coincide. With A=0, the two peaks at
the T} and T energies tend to merge together, showing a continuous reduction
of the exchange splitting with ‘increasing T. until T2T. = The peaks are
attenuated and broadened generally with T, but we will only concentrate on the
peak positions. .
Experimentally, the spectral temperature dependence is usually obtained by
varying T. However, the key parameter T/T; could also be. vaned by a varia-
tion of T, which we beheve is possible for the ultrathin film samples More

precisely, it has been found that reduced film thickness may reduce the system

T., and as a consequence it may be possible to study behavior associated with -

increasing T/T; by reducing the film thickness, cf. Chapter 5.
Another point that should be borne in mind is that the zero-temperature

calculations predict some remarkable enhancement of surface magnetization,

although this enhancement may not necessarily exist at finite temperature.

The surface and bulk magnetizations behave differently with temperature as

shown schematically in Fig. 9. The surface magnetization decreases faster than
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M=0 (TATc)

2 0 -2 0
INITIAL STATE ENERGY (eV)

Figure 8. Theoretical spin-up (solid curves) and spin-down
(dashed curves) spectra for SP-PES from the bcc-Fe TL,
states. The vertical dashed Hnes mark the energies of F AT
and H6 at T=0O, and the dotted line indicates the
nonmagnetic T energy. The exchange splitting is A2=2.5 eV.
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the bulk even though it is larger at zero-temperature, and therefore a surface
magnetic enhancement at zero-temperature could turn into a deficit above a
certain temperature.® Detailed analysis of this subject, including the very
important area of investigating the “critical exponent”, p, is outside the scope of

this work, and interested readers are referred to other works such as Ref. 29.

nz | (surface)

2 (bulk)

Figure 9. The calculated average magnetization on the
surface (n=l), the second layer (n=2) and in the bulk (n=°°
as a function of the normalized temperature of T/Tc.
Adapted from Ref. 29. The surface magnetization, which is
enhanced at T=0 K, decreases more rapidly than the bulk
and shows a reduced magnetization above certain
temperature.
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CHAPTER 3
SPIN-POLARIZED ELECTRON SOURCE,
EXPERIMENTAL APPARATUS AND PROCEDURES

Section A of this chapter describes the coﬁstruction and operation of the
spin-polarized electron source, which is the heart of SPIPES technique. Section
B discusses the design and calibration of the modified UV bandpass photon
detector, which served as the data collector in inverse phofbemission. Section
C gives an outline of the experimental system containing AES, LEED, SPIPES,
and the apparatus for the magnetic thin film pfepa_ration and characterization.
Section D deals with the sample preparations procedures. Section E is about

the SPIPES measurement techniques.

A. Spin-Polarized Electron Source

The GaAs photo-excited electron source is the most effective vs}ay to produce
spin-polarized electrons. It can produce teﬁs of microamperes of current; it is
ultrahigh vacuum compatible, has small energy spread, and its polarization is
easily modulated by optical means. The technique was first demonstrated
feasible by Pierce and Meier in 1976, and became a practical device earlier
this decade.® The spin-polarized electron source built at Montana State
University is based on the prototype design at National Institute of Standard
and Technology (previously NBS). I am indebted to Dr. Pierce and his

colleagues for furnisﬁing me the drawings. A detailed discussion of this
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polarized electron source, its design, and comparison with other types can be
found in Ref. 31, and the references cited therein. A brief summary of the
design principle and particularly the performance characterization at this lab

will be presented here.

Spin-Pola.rize& Photoelectron Emission from GaAs
The cathode material is a heavily doped p-type GaAs semiconductor single

crystal. The valence band maximum (VBM) and the conduction band minimum
(CBM) near the center of the Brillouin zone (I' point) have p- and s-
wavefunction symmetries, respectively. As Fig. 10 shows, the direét band gap
between CBM and VBM is 1.52 eV, and the valence bands are split by spin-
orbit coupling into a P,, level and a lower P,, level, separated by 0.34 eV.*
The photo-excitation process is governed by quantum mechanical selection
rules. Let the direction of light be the spin quantization axis. 'i‘kle right-hand
circularly polarized -light, or. helicity ¢*, will only excite electrons between

sublevels with Am = m; — m; = +1, and left-hand circularly polarized or ¢-

light will only excite electrons between sublevels with Am = m, - m, = -1, as

indicated on the right of Fig. 10 by the solid lines and dashed lines,

respectively. The ratios of the transition probabilities between each sublevels
at T are readily calculated by substitution of correspondiﬁg atomic
wavefunctions into transition matrix elements, and the results are shown in
circles.”

By selecting the proper excitation wavelength, one can excite only electrons
from the P,, level into the conduction band. For example, ¢* light causes
transitions from m ,;=—3/2 to m ,;=—1/2, and m ,=-1/2 to m ,=1/2, (solid lines in

Fig. 10) with an intensity ratio of 3 : 1 . The spin polarization is defined as
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mi=-1/2 mij=+1/2
\/ S|/2 , : ‘J )|

p

32 mj=-3/2 /’\j:-—l/z mj=+|/2\ mj=+3/2
p , S U

72 mj=-1/2 mj=+172

Figure 10. Left: the energy bands of GaAs near the center of the
Brillouin zone, with the-direct band gap of 1.52 €V and the spin-
orbit splitting of the valence bands of 0.34 eV. Right: the allowed
transitions between m ; sublevels for circularly polarized light, ¢*
(solid lines) and o~ (dashed lines), with the relative intensities
shown by the numbers circled. Adapted from Ref. 31. '
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P=@T - nd)/ (@l + nl) ' (8)

where nT and nl are the number of electrons with spins parallel and
antiparallel to the light propagation direction respectively. Thus for ¢* light, a
net spin-polarization of the excited glectrons, P = -50% is estimated
théoretica]ly. With o light, the corresponding transitions with reversed épin
gign (dashed lines in Fig. 10) take place, .and P = +50%. While a photon
energy too small (below the band gap threshold) cannot cause the photo-
excitation process at all, a photon enefgy too lai'ge may involve the P,, level (I,
band) into transitions and cause the net spin polarization to diminish.

The feature that the polarization of the eléctrpns is easily reversible by
reversing the helicity of the light without affecting the intensity and the
direction of the emitted electrons, makes it very attractive for mény
experiments where. it is essential to compare opposite spin polarization
measurements under the same conciition at the same time.

For the excited electrons at CBM. to migrate to the surface and eventually
escape out into the vacuum, p-type GaAs is used and the surface is treated
with cesium and oxygen. The valence and conduction bands of p-type GaAs
bend downwards in energy at fhe surface; the Cs-O overlayer lowers the
surface work function below the bulk CBM to prod'uce‘ an effective 'negativé
electron affinity at the surface, see Fig. 11. "Electrbn affinity is the energy
difference from the vacuum level E,, to CBM in semiconductor materials. It is
clear from Fig. 11 that only electrons excited to the bulk lconductiqn band and
subsequently transported to the surface without significant energy loss can

escape. The light penetrates much further into the bulk than the width of the
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GaAs Cs-O Vacuum

Figure 11, The valence and conduction bands of p-type GaAs bend
downwards in energy at the Cs+O treated surface. Eg and Ea
represent band gap energy and electron affinity, respectively.

band-bending region and excited electrons can diffuse much further than the
width of the band-bending region. Therefore photo-excited electrons can readily
escape, yielding a high photoefficiency.

The actual polarization of the electrons emitted from the surface turns out
to be much less than the theoretical value of 50%, since depolarization
processes may occur during the transport as a result of spin relaxation from

defects in GaAs besides the instrumental imperfections such as the imperfect
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circularity of the polarized light. Also, spin-exchange scattering with the Cs
overlayer may reduce the effective polarization. Detailed discussion of the
various depolarization mechanism can be found in Ref. 30.

An advantage of this type of GaAs photoelectron source is its small energy
spread because of the low thermal energy and the small energy window
between CBM and surface E,,. No additional monochromator is needed. An
electron beam of high monochromat brightness is obtained at low kinetic
energy.”” For app].@cétions like spin-polarized inverse photoemission where high-
intensity, low-energy, and monochromatic beam are réquired, such a source

becomes very useful.

Construction of Polarized Electron Source

‘The polarized electron source is ﬁounted in a four-inch UHV source
chamber, pumped by a 60 Vs triode 101; pump and titanium sublimation pump
(TSP), with base pressure in low 10" Torr fénge. The polarized electrons are
formed into a béam, then transported to an experimental chamber to perform
inverse photoemission and low energy electron diffraction experiments. The
source chamber and experimental chamber are mu-metal shielded since stray
magnetic fields may destroy the spin polarizati;)n by precession. Ion pumps are
placed at a distance away ‘from the electron beam. A molecular cesium source
is connected to the chamber by a shutoff valve. An oxygen bottle is alsc;
connected through a leak valve. An infrared (IR) optical bench is mounted
horizontally outside a 2-3% inch viewport. See Fig. 12.

The p-GaAs crystal cathode material®* is mounted between a pair.of Ta
holders which serve both as electrical contacts to the cathode and as current

leads for resistively heating the crystal. The crystal is attached to a
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0--®

Figure 12. Schematic of polarized electron source chamber: I: laser
diode; 2. aspheric lens; 3. polarizer; 4. quarterwave plate; 5:
focusing lens; 6: quarterspherical deflector; 7: sliding tube across 8:
isolation valve; 9: cathode emission position and activation position.
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manipulator with XYZ motion and rotation, which provides motion of the
cathode between emission and activation positions. The cathode temperature is
measured by a chromel;alumel thermocdﬁple spotwelded on side of the Ta
mount outside the GaAs crystal.

The electron optics in the source chamber are integrated on a 6-inch
Conflat flange. The electron optics in the experimental chamber are mounted
on a 2-% inch double-sided flange. The two sections of the electron optics in
the two chambers are connected by an Ag-plated sliding fube, also 'u-meta-l
shielded, moving inside the isolation gate-valve. This valve,v when closed
separates the two sections of the chamber from each other; when open permits
passage of the eleci:rons.

As shown in Fig. 12, the infrared optical bench is on a side port of the

source chamber and pointing at the cathode. A GaAlAs laser diode® emits

light at about 8000 A Wa\(elength to excite photoelectrons from p-GaAs crystal.
The light beam is formed into a parallel beam by an aspheric lens, then
transformed -to a circularly polarizéd ‘beam by a linear polarizer and a
quarterwave plate, and then focused on the crystal surface through a vacuum
viewport aﬁd a hole in an electrostatic deflector. The quarterwave plate

replacing the Pockels’ cell in the original design simplifies the collimating and

‘the tuning of the multi-kilovolt modulation control of Pockels’ cell. The spin

polarization resulting from a static circularljr polarized light should also be
superior to that from a time-average portion of an AC modulation, usually a
sine wave. The helicity is reversed by rotating the quarterwave plate by 90°.
The ellipticity of the circular polarization is tested by rotating another linear
polarizer after the quarterwave plate and recording the periodic intensity

variation, for example, by the photoelectron intensity. When the minimum
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intensity change is achieved the light is quite close to be circularly polarized.

Figures 13 and 14 show the basic electron optical design in two sections in

L1l —_

the source chamber and experimental chamber, respectively. The electrons are .

emitted into a cone, extracted at the surface normal direction by the first anode
which accelerates them to 250 eV kinetic energy. The electrostatic quarter-
spherical deflector bends the beam by 90° in the horizontal plane. Therefore,
the electron beam is out of the path of the incoming light, and also the beam
polarization is changed from longitudinal to transverse relative to the direction
of motion. This configuration is more convenient for experiments where near-
normal electron incidence and in-plane spin measurements are desired. .

The quarter-spherical deflector also focuses electron beam in both directions
in and perpendicular to the deflecting plane. Then the electron beam is
steered in a constant-energy drifting region by two sets of x-y steering plates,
accelerated to 1000 €V and focused to a parallel beam passing through the
isolation valve so as to enter the experimental chamber. In the experimental
chamber, Fig. 14, the electrons are decelerated, focused, and then passed
through a drifting tube placed in the center of a set of Varian LEED screens.
Finally the polarized electrons are retarded and focused by an ‘additional
retardation stage in front of the LEED optics and then impinge on the sample
target, see Fig. 14.

The electrical potential of the leﬁs system is designed to float at the
potential of the GaAs cathode; thus, the focusing properties are retained when
the beam energy is varied by varying the cathode potential. The beam voltage

may vary from 500 eV to 5 eV without losing the beam substantially.
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Figure 13. Schematic of the electrostatic lens design in the source chamber.
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Operation of the Polarized Electron Source

The operations of GaAs photoelectron source include crystal cleaning, Cs+Q,

activation, efficient beam transport, and stable beam operating.

The cathode material was cut to a 6mmx10mm rectangle from a polished p- '

GaAs(lOO) crystal wafer.” The crystal was first -degreased, then etched and .

passivated right before being inserted into the vacuum. The chemical etching
recipe and procedures are described in detail in the -Appendix of Ref, 31.
Teflon tweezers are recommeﬁded because of its resistance to corrosion ‘i1_1 the
etching solutions.

After the source chamber has been pumped down, baked out, and outgassed
thoroughly, and the chamber has reached good vacuum, the crystal may be
cleaned further by annealing it to remove contaminations on the surface. The
higher the annealing temperature, the cleaner the surface, and consequently,
the better the activation as long as the surface was not damaged in the
process. This requires a careful monit-oring of the GaAs temperature. During
annealing, Ga and As atoms are desorbea in equal amount. If, however, the
annealing temperature is too high, permanent damage will be made by the
formation of metallic Ga droplets on the surface becausg more As is desorbed.
The exact surface melting temperaturé was not possible to measure sinée the
thermocouple was not directly attached t6 the crystal,- but it is believed to be
around 660°C for GaAs(100) surface, suggested by our IR pyrometer and
thermocouple measurements and published data.®

To learn the proper activation cenditions, it was neceséary to repeat the

activation procedure at progressively higher annealing temperatures until

‘ obtaining a satésfactory photo yieId béfore ruining the surface. We noticed that
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GaAs crystals before melting actually glowed faint orange when viewed in a
dark room. This visible glow could be used as the most reliable indication for

the annealing temperature. A uniform resistive heating is achieved by using

an AC current. The DC current causes uneven heating between the two metal-

semiconductor contact points because of the diode effect. Typical current for a
10x6x0.35 mm® crystal is about 1.9A.

The crystals were allowed to cool down naturally after annealing. This
cooling took a few minutes before the crystal was ready to cesiate, since Cs
could not stick on the surface at a temperature above ~50°C. The crystal was

placed in the retracted position above the nozzle of a Cs molecular source,

- consisting of a high purity Cs source ampule heated at about 80°C and

prepumped by a 50 Vs turbo molecular pump to high vacuum prior to open the
shutoff valve entering the source chamber (cf. Fig. 18 in section C).

The photoemission current was monitored during the activation process to
be able to follow the course of the activation and judge its progress. White
light from an incandescent lamp was used for this purpose in the earlier stages

of activation, since the surface work function is then too high for excitation by

- the infrared source. Cesium is applied very early when the crystal is still hot

to achieve the best result.

Typical activafion process is shown in Fig. 15. At the beginning there is a
small amount of thermionic emission when the crystal is still hot, which stops
as the sample temperature cools down. When the tgmperature is low enough
to allow Cs to stick on GaAs surface, the phétoemiss_ion current picks up. A

white light or the visible red light from HeNe laser is used during the initial

stage of cesiating when the surface work function is still too high for the’

infrared laser until the cathode shows erhission from the infrared. The Cs
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Figure 15. Typical activation curve for GaAs photoelectron source.
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application is continued until a plateau in the emission current is reached, then
a small amount of O, is leaked in. The O, pressure should be kept m the low
10° Torr range, because overdosing with oxygen can kill the activated cathode

and another annealing will be needed. The Cs and oxygen applications are

continued alternatively until little gain can be made. The activation process is

terminated with a small amount of excess Cs. Then the cathode is placed to
the front of the first anode where photoelectrons can be brought 'into the
experimental chamber.

Optimizing the beam is very important. from the pfactical point of view.
The photocurrent yield varies from point to point on the c;'ystal surface, no
doubt because of the non-uniform annealing temperature on the surface. The
transport of electrons through the electrostatic lens system is done stage by
stage guided by monitoring the absorbed current on each lens piece. In our
system, over 60% transmission ratio, i.e., the target current divided by the
emission current, has been‘ obtained at low kinetic energy. The working
currént for SPIPES measurements was set to be 1.25 nA at the target and 4.0
pA emission current at the source. A small adjustment of IR laser intensity
periodically was enough to maintain the current at a constant measurement
condition. Lifetime of the cathode was about 4 hours before another cesiation,
and one week before another annealing. It was always possible to repeatedly
clean the surface and to reactivate the cathode, so long as the GaAs surface

was not damaged by overheating during annealing.

A large amount of emission current from a cesiated surface (>50pA) is -

observed during the initial stages of annealing. This is attributed to the
thermionic emission across the small or negative electron affinity GaAs surface

because the Cs and O are not yet desorbed from the surface. This emission
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rapidly disappears above a critical temperature estimated to be 200-300°C. No
attempt is made to carry out thermal desorption experiments on this activated
surface to investigate this interesting phenomenon.

No attempt was made t6 measure the absolute electron spin polarization in
our system, since no spin polarization detector was available. However, a
polarization P = 27% is believed a reliable ﬁgﬁre. This -estimate is based on
measurements of other investigations, who used the same cathode material at

836 This value was used

room temperature and the same light ‘excit.ation.
analyzing data through this thesis.

The electron beam energy spread is measured to Be in the range of 150 to
200 meV. Caution should be employed w.hen using high emission currents near-

space-charge limiting' operation which might degrade the beam ‘energy

resolution.®®

B. Bandpass Photon Detector

The photon detector basically consists of a KBr-coated Channeltron® which

has a near-UV photon response from ~7.5 eV up and a CaF, (or SrF,) window
which only allows photons belox;v its ~10 eV cutoff energy to be detected. : The
detector has high quantum efficiency, short deadtime, moderate resolution,
compact size, modest cost, and ease of operation. By means of a flexible
coupling the detector can be positioned close to the sample target for large
acceptance soﬁd angle.

Figure 16 shows the detailed diagram of a working detector along with the
electric circuit. The Channeltron was fastened to a Teflon holder and then

placed in an one inch diameter demagnetized stainless steel tube. In front of
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Figure 16. Diagram of Channeltron bandpass photon detector.
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the tube was the 2 mm thick CaF, disk,*® masked by a copper ring. To prevent
window from charging, a fine mesh of 1 mil thick tungsten wires, of 81%
transmission, covered the window area. The window was sealed vacuum-tight
using Torr-seal epoxy so that no charged particles could enter the tube and be
detected. This eliminates the problem of large béckgfound counts.

The active detecting area of the 9 mm Channeltron cone was covered with
~650 A film of KBr to enhance the photon detection yield. The coating was
evaporated from a Ta boat in a separate vacuum system. Exposure to moisture
was carefully avoided before placing the Channeltroﬂ .in the vacuum. The
coating seemed stable, and no deterioration was found after repeated operation.

The detector works in the pulse counting mode: With a typical opefation-
voltage of 2400 volts, an ultraviolet photon genergted a negative pulse about

20-30 mV high and 10-15 ns wide. An extra LC circuit is used to isolate ripple

noise from high voltage DC power supply. The narrow pulse width could meet -

the demand of very high counting rate. Channeltron pulses were amplified to
standard TTL signal level by a custom designed preamplifier, which also
stretched the output to a 250 ns wide square pulse. A threshold adjustmenf in
the preamplifier is used to eliminated the noise and to reduce:the dark-counts
to below 2 cps level.

A typical IPES signal level as high aé 800 cps was obtained for the clean W
sample. The detector must be shielded against stray radiation from ion pump
or ion gauge. For a system pressure higher than 1x10~° Torr the UV radiation
generated in tile ion pump becomes a serious problem. A better vacuum in the
low 10 Torr range or a turbomolecular pump is recommended to ensure low
dark counts for the IPES measurement, which intrinsically has low count rates.

The absolute spectral response of the detector was measured with the use
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of synchrotron radiation from the 800 MeV electron storage ring at the
University of Wisconsin’s Synchrétron Radiation Center.. The radiation was
dispersed with a modified Seya-Namioko monochromator operated with a
resolution of better than 15 meV. Figure 17 shows the light intensity curve
(intensity vs. photon energy), the detector response with a CaF, window and
with an additional SrF, window, respectively, and the spectral sensitivity

curves obtained by dividing the response curves by the light curve.®® The

detector with CaF, window has maximum quantum yield of 18% at 9.8 &V -

photon energy.and full width at half maximum (FWHM) of 1.6 eV, and the
SrF, with a lower cutoff has maximum quantum yield of 6% at 9.7 eV and
FWHM of 14 eV.

The Channeltron-type detector eliminates the problem associated with
preparing ionization gas chamber such as I,+He mixture used in Geiger-Muller
counter. The detector described here is easy to make and essentially
maintenance-free once placed in the UHV system:. If desired, more than one
detector can easily be used. The .resolution is demonstrated at least good
enough to measure the energies of the exchange splitting d-band states of Fe
and Co, but perhaps insufﬁcie_nt to reselve that of Ni in the SPIPES spectra.
In contrast to the dead time of the widely used Geigef-MuHer counter, th;a
Channeltron-type detector has a short dead time in tens of nanosecond (107

sec) which allows a superior counting rate.

C. Experimental ‘Chamber

The layout of experimental system dedicated to spin-polarized spectroscopic

in\}estigations is shown in Fig. 18. On the left is the source chamber, whose
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Figure 17. Spectral response measurement. Top: light spectral
intensity curve and the detector responses from a Channeltron
photon detector with a CaF, window or a SrF, window. Bottom:
the absolute quantum yields for the two types of detector.
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Figure 18. System layout. Left: the source chamber; right: the experimental
chamber, A: XYZ motion plus Z-rotation sample manipulator, B: Auger electron
gun, C: magnetization solenoid, D: LEED optics, F: sample holder; F: LEED

viewport, G: QCO monitor, H: evaporators).
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design and operation have been described in Section A. On the right is the
experimental chamber containing sample materials and a number of analyzing
instruments, including the photon detector, the spin-polarized electron gun, a
LEED optics., Auger 'electron gun. The chamber is pumped by é 140 l/s ion
pump and titanium sublimation bump (TSP). The base pressure measured by
a nude ion gauge is maintained in the low 10™ Torr. A quadrupole mass
spectrometer and a 50 I/s turbomolecular pump are connected outside the main
chamber by a metal valve for use in vacuum diagnosis. aﬁd other tasks such as
pumping out Cs source, oxygen gas manifold” and during- system bakeout. A
leak valve lets a controlled amount of oxygen leak into the experimental
chamber, mainly for the purpose of cleaning the W crystal.

The Perkin-Elmer four-grid 6-inch 120° LEED opﬁcs is assembled on an 8-
inch Conflat flange on one end of t_he cylindrical chamber body. The polarized
electron beam goes through the center of LEED optics. The (spin polarized)
electron diffraction patterns were viewed from a 6-inch viewport directly

opposite to the screen.

The LEED optics are also used as retarding-field energy analyzer for Auger _

analysis (RF-AES). A flowchart of RF-AES measurément using lock-in
technique is provided in Fig. 19. A modified electron gun with a tungsten
filament provides 5 pA :béam current af ~2;5 keV kinetic energy for Auger
excitation since the polarized electron beam can not go beyond 500 eV kinetic

energy. The Auger gun is mounted on a port with ~75° angle from the sample
normal providing a grazing angle of incidence. This geometry improves the
surface sensitivity for analysis of 'the thin film overlayers. Differentiated
energ& distributions of electrons: emitted from the sample are analyzed by

ramping the retarding grid potential while the sample is modulated by a 6-8 V
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Figure 19. Flowchart of four-grid retarding-field Auger spectroscopy. The top six function
blocks are contained in the EG&G Lock-in Analyzer, and the bottom two blocks
of power supplies are in the Perkin-Elmer ESCA-AES control unit.
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peak to peak AC signal. The RF-AES signal is detected using the double-
frequency mode in the lock-in amplifier.**

A sample mam'pul'ator with x,y,z motion plus rotation about the z-axis is
mounted on one side of the chamber, see Fig. 18 and the i)erspeétive view of
the geometry in Fig. 20. The manipulator provides 5-5/8 inch total z stroke in
the horizontal plane perpendicular to the polarized electron beam, which allows
the sample to be extended to thin film d_eposjtion area and retracted into a
magnetizing coil. Rotating the sample about the z axis while facing the
polarized electrop beam permits angle-resolved SPIPES measurements.

The sample holder design is shown in Fig. 21. The crystal is housed in a
cubic housing made of tantalum metal, and is heated using e-beam heating
from a tungsten filament placed in the back of the sample. Next to the sample
housing is built another cubic housing with a mesh and a phosphor screen.
The mesh is kept at the sample potential,.mostly grounded, and the phosphor
screen is at ~1000 V. The separation between the mesh and the phosphor
screen is ~ lmm. This allows to visualize the spot profile without disturbing-
the Abeam frajectory of low energy, 5-20 eV. By using this spot-detector, the
size of the polarized electron beam was optimized for the measurement
condition. Usually an elongated beam spot was found -when t}hg beam current

was optimized.

D. Sample Preparation

A W(001) crystal ribbon is used as the substrate of the‘ magnetic thin film
deposition. The ribbon was made from a slab that was first diamond-sawed

from a single crystal ingot,* mounted on a goniometer, oriented within 1° by X-
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Figure 20. Perspective view of the experimental geometry.
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Figure 21. Sample holder and spot detector, Top: front view
bottom: side view.
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ray Laur pictures. It was then ground and mechanically polished to a mirror-

like finish. Oﬁe side of surface was electrochemically etched in 30% NaOH ..

solution to remove the damaged surface layer. The crystal was spotwelded on
a Ta wire which provided support and elect.f‘ic contact.

A p(1x1) LEED pattern was observed after flashing the tungsten crystal to
~2300°C in the vacuum (the melting temperature is Ty = 3410°C). Auger
analysis showed the existence of C (270 eV) and O (510 eV) Auger lines besides
large W (170-180 eV) lines.. While tungsten oxide (Ty = 1500°C ) can be
removed by flashing ~2000°C, the tungsten carbide (T, = 2870°C ) is difﬁcﬁlt to

remove without sputtering. However, annealing the W crystal in oxygen‘

environment oxidizes C to CO, which then can: Be desorbed at moderate

teniperétﬁres. This processiwas repeated until Auger signals showed clean W

only. If the crystal surface was subsequently contaminated by the residual

gases, usually only a flash cléaning was needed. The Fe (or Co or Ni) was.

then deposited on‘the clean W(001) surface.

The thin films were deposited by thermal. evaporation. A number of
evaporators _weré placed in the UHV chamber, each as sketched in Fig. 22.
The 0.25 mm Fe or Co wires are wrapped in the middie section of a 0.25 mm
W.wi.re. A well controlled evaporation was initiated at about 1300°C for Fe, as
measured by pyrometer, by resistively heating the W wire. The evaporator was
stable, in contrast to the resistively heating of pure Fe_‘wires, which had a
tendency to melt through. Omne still needs to be cautious not to‘ alloy W with

Fe whose melting temperature is much lower than W and comparable to Fe.

This is accomplished by keeping the evaporation temperature a little below the

melting temperaturé of Fe. This limitation on the temperature also limited the

deposition rate for each evaporator, although multiple evaporators could be
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Figure 22. Evaporator (top) and QCO monitor (bottom).
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used simultaneously. The rest of the chamber, especially the window of the
photon detector, had to be shielded froﬁ the evaporating material.

The deposition rate was monitored by a modified quartz crystal oscillator
(QCO), Fig. 22, calibrated against a standard Sloan QCO monitor. The QCO
was placed adjacent to the W crystal, and measurements were taken after the
frequency change due to thermal effects was stabilized. The deposition rate
was about 0.01 A/sec. ‘During deposition, the sample was at room temperature,
and chamber was kept in low 107 Torr range. 'The newly prepared films were
contamination free. The growth mode and morphology of the flims was
determined by LEED and Auger and will be described in detail in the

subsequent chapters.

E. Data Acquisition

The schematic of the data flowchart of the inverse photoemission
spectrometer is shown in Fig. 23. A Tgktronics 4051 microcomputer .was used
for energy scan and data acquisition. A D/A ROM pack provided +10 V scan‘
range. The Perkin-Elmer LEED control was in the circuit for the convenience
of switching to the LEED mode. The IPES pulse signals were preamplified
and stretched (5V by 250 ns), then fed to a counter and 'th.rough a D/A
converter to >be plotted on an x-y plotter. Simultaneously, the signals were |
recorded by the microcomputer. . ‘

The sample was magnetized at the center of a 2.5 inch diameter by 2 inch
length solenoid schematically shown in Fig. 20. The solenoid coil, ~600 turns
of 0.5mm polyimide-coated wires, produced 100 Oe/A field, 400 Oe maximum,

at the sample position. The outside surface of the coil was painted with
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Figure 23. Schematics of SPIFFS measurement.
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Aquadag (a Colloidal solution of graphite) to prevent charging.

Each SPIPES spectrum consists of two IPES measurements with reversed
electron spin polarizations. The thin films had to be preﬁously magnetized
and the SPIPES measurements were taken under no applied field. Reversing
the sample magnetization also reverses the results of majority/minority spin
spectra. The electron beam intensity was carefuily kept constant, usually 4 pA
emission at the source and ~ 1 pA on the target at energy of ﬁidﬂe scan.

The SPIPES spectra are ordinarily plotted as the signal ‘str'ength as a
function of the energy E, obtained by subtracting the photon energy from the
incident energy Ei.' The relationship between the energies is shown in Fig. 24,
and is self explanatory. 'i‘hese relationships are used throughout this thesis.
This way of plotting the spectra does net require further calibration or
correction for the work function of the sample specimen, a feature which -is
partlcularly convenient for thin film and chemisorption systems because the
work function can be variable in such systems. Additional mformatlon on the
work function would be needed if the k vector parallel to- the surface were to

be determined. for dlspersmn in angle-resolved measurements. A scan step of

0.2 eV was usually satisfactory. The overall experimental resolutlon apparently

was determined by that of the photon detector.

The measured SPIPES spectrum using the i)artially. polarized beam is a
combination of polarized spectra and unpolarized spectra. It is not difficult to
determine the formula to adjust for the polarization factor P ( 1$P>0) as the

following:
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Figure 24. Energy diagram of SPIPES experiment.
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A = ¥mT+nl) - 9
A = (@T-nlyPa (10)
NT =81 + A) _ (11)

Ni = a1 - A) (12)

where nT and nl are the measured majority and minority épin spectrum,
respectively, & is the spin-averaged spectrum, A is the spectral spin asymmetry,
and NT and N{ are the hypothetically 100% spin polarization SPIPES spectra,
all as a function of final state energy E. Since thel spin spectral asymmetry is
a smaller effect based on the differences of spectral' intensities of each spin,
SPIPES measurements require better signal-to-noise and therefore longer time
to measure. Usually, if it takes about 5 minutes.tol obtain a satisfactorily
smooth IPES spectrum without recognizing the spin, it will ‘take eight such
scans (four accumulative scans for each spin) to obtain é satisfact;)ry SPIPES
spectrum which takes about one hour including adjusting instrument between
scans of reversed spin. During the polarization adjustment using Eq. 10, the
data fluctuations between a pair of spin spectra cannot be distinguished from

spin polarization effect between them; the fluctuations can be unnecessarily and

unphysically enhanced by the spin adjustment process. A th;ee—point data

smoothing is used on both nT and nl to reduce, if not prevent the fluctuations.
The fluctuations with respect to the smoothed curve is then restored after the

polarization adjustment. In other words, only systematic asymmetry is

adjusted to 100% polarization and spectral difference at a single energy point is

simply retained. A sample FORTRAN program is provided in Fig. 43 in
Appendix A performing these data manipulations and plotting final SPIPES

spectra of Fe monolayers.

2
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'CHAPTER 4
CLEAN W(001) RESULTS

The W(001) surface has been well studied both theoretically and
experimentally in surface science. The investigations of the electronic structure
of this surface include angle-resolved, and. “light-polarization dependent,
photoemission below the Fermi level E.* and above the vacuum level E,,',,c,
studies using angle-resolved secondary electron emission~ expe'riments."4
Between E; and E,, IPES has been used.® In fact, W was one of the first
materials considered for IPES study® since its 5d band stretches from just
below E; to just above the vacuum level.

The significance of IPES studies of clean, unreconstructed W(001) is two-
fold. Fﬁst, it demonstrates how the angle-resolved IPES can be an impoftant
tool to investigate the electronic band structure expeﬁmentaﬂy. Second, it
provides a solid understanding of the W(001) surface, which serves as a
substrate for 3-d metal magnetic overlayers studied subsequently.

The experimental setup and the sample crystal preparation are described in
Chapter 3. The ph‘otoelectron source is operated with the quarterwave plate
removed so’ the electrons are unpolarized. The incident plané cdiﬁcides with
W(100) mirror plane as the hatched plane shown in Fig. 25. ‘The. angle of
incidence varies from 0° (normal incidence) to 70° in the incident blane. In
this geometry the final staté of a direct inverse photoeniiséioﬁ transition can be
determined in the surface Brillouin zone (SBZ) projected from the bce-W

Brillouin zone, as shown in Fig. 25.
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Figure 25. Tungsten bcc Brillouin zone, special points in the
surface BZ, and IPES detecting plane.
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The W(OQI) ribbon was cleaned using the standard method described in
Chapter 3. The clean W surface gave good IPES spectra, but when Auger
analysis showed C or O contamination, the IPES spectra became basically
structureless and the intensities were lower. The cleaning procedures were
repeated many times until the surface was free of contamination and the IPES
spectra showed satisfactory prominent peaks at off-normal angles such as
shown later in Fig. 27.

The LEED p(Ixl) pattern was easily observed, indicating an

unreconstructed surface atomic net. Shown in Fig. 26 is a photograph of LEED

pattern from the p(IxI) surface.

Figure 26. LEED pattern of p(IxI) W(OQI).
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The IPES spectra are plotted in terms of the final state energy with the

use of the energy conservation law, E=E . .-hv,. Two versions of bandpass

UV photon detector were used, one with a maximum sensitivity at hv, = 9.8 ‘

eV using the CaF, window and the other with a maximum sensitivity at hv, =
9.5 eV using the SrF, window (Chapter 3). The dispersions of the peaks with
incidence angle show very consistent trends between the two measurements,
confirming the identification of the final states.

Figure 27 shows angle-resolved inverse photoemission (ARIPES) spectra
from W(OOi) along the A plane, taken with the .SrF, wmaow. There are two
dominant features. One 6bserved at angles 6225°. disperses over the E=3~4 eV
region and is assigned to a bulk band transition because it is not sensitive to a
large amount of 'chemisorbed oxygen. The other in the E=1~2 eV region starts

from 6215°, and may consist of two peaks splitting at 25° to 30°. This feature

was largely suppressed by oxygen absorption. The normal-incidence curve is’

difficult to measure, partly because of the smaller signal-to-noise ratio due to
the grazing detecting angle (see the geometry inn Fig. 20). Nevertheless it is in
good agreement with a similar work cited in Ref. 45. |

Although angle-resolved IPES (ARIPES) measures the momentum vector of
the incident elect;'on, when the electron crosses the crystal-vacuum interface,
only the component of thé wave vector parallel to the surface, k, is strictly
conserved, while the normal component, k,, in general bears no simple relation
to the external normal momentum. The kinetic energy, Ex=E, . ..o—E..., 18 equal
to the ;m.itial energy' (w.r.t. Ep) minus the tgrget wark function, ¢5=4.6 eV.
Therefore one can plot the band dispefsions, along k“=(mx/ﬁ)sin9 to
determine the possible transitions along k, vertical lines; see the hatched pl;'me

of the irreducible Brillouin zone as shown in Fig. 25.
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Figure 27. W(001) ARIPES spectra with SrF, window photon

detector.
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Such a dispersion plot is shown in Fig. 28. If is plotted as E, vs. k, along
the A line and it combines measurements with SrF, and CaF,. The peaks a;'e
denoted by large points, the shoulders by small dots, and three major bands,
from B1 to B3, are indicated.

Figure 29 shows the non-relativistic band dispersions parallel to k, lines for
fixed k; points. ~One is at the I' point' for ks=(0,0) and another at the X
point* for k=(0,1)=1.0 A*. At the T point Bl is at ~3..5eV; and at X point
Bl is at ~3.3eV and B2 at 1.8eV, and, allowing a few tenths of eV broadening,
they can all be attributed to the direct interband transitions as marked by
vertical lines.

Indirect transitions may be responsible for some features in the spectra
since there are plenty of final states available, as shown in the band
calculations. However, both B2 and B3 are strongly suppressed by oxygen
chemisorption for reasons we do not presently understand. Further, surface-
derived features should be symmetric about the SBZ boundary, ,Whiéh is
different from the bulk BZ boundary. B2 and B3 band dispersions are roughly
symmetric around X, while B1 dispersion is not. Therefore, B2 and B3 may be
related to surface-derived features. In fact, in Ref. 46, it has been found from
slab calculatioﬁs that the (1x1)W(001) surface states exist near the X point at
~0.2-0.3 eV, a result which strongly suggests that the B3 band is a surface

state, at least near the X point.

The IPES results from the W(001) sample demonstrate that the bulk

electron band structure is well reproduced in the IPES spectra. It is
particularly encouraging that pronounced peaks with drastic dispersions are
sometimes observed which can be attributed to direct interband transitions,

because it means that the IPES technique can be applied to k-resolved electron
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CaF2 SrF2
¢ mae + 0 O X 0 n

Figure 28, Band dispersion along A the solid symbols are from
CaF2photon detector and the open symbols are from SrF2photon
detector, as listed on the bottom. Three lines highlight the bands
Bl, B2 and B3, corresponding to the pronounced peaks in the
spectra. Other symbols represent small features.
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W(OOI)

k, = 0.A"

Figure 29. Theoretical W band calculations,# adapted from Ref. 43.
Left: kx from the middle of the F-A-H line to N, cf. Fig. 25. Right:
kx from F to H. The vertical lines indicate the possible direct

transitions at -9.8 eV photon energy, cf. Fig. 28.
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"band structure invesfigations in any metallic or semiconducting material. The
good agreement between our IPES spectra and theoretical band structure gives

us confidence in later analysis of electronic structures in magnetic overlayers.
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CHAPTER 5
Fe ON W(001)

The properties of ultrathin Fe films were studied. First, film growth
properties were determined. Then magnetic and electronic properties were

investigated by spin- and angle- resolved inverse photoemission for film

thicknesses of a single-monolayer to thicker films which are essentially .

“bulklike”. In the bulklike samples, bulk band states were identified, and
agreement with bulk Fe(001) proﬁerties was found. Films thinner than
bulklike ones showed a “collapsing” band behavior, a behavior related to.the
vanishing of the exchange splitting in the Stoner picture. The latter result
suggests that the Curie temperature is smaller for monolayer films. Further,
the results provided data for evaluating the spatial correlation of the spin-
density fluctuations in the itinerant ferromagnetic picture. The results tend to

disfavor the local-band picture at finite temperatures.

"A. Thin Film Characterization

The growth properties of ultrathin® Fe ‘overlayers on W(001) were

characterized by LEED and AES. The films were made by thermal deposition

of Fe atoms onto a clean W(001) surface. The Fe films were found to grow
layer by layer epitaxially while maintaining the square surface net. The

thickness of the monolayer-scale films was determined by Auger measurements.




7
The Fe was deposited on a clean W(001) ribbon from an evaporator made
by wrapping Fe wire on a W wire core (cf. Chapter 3). Just before depositioh
the W crystal was heated to removel C and O contaminations and checked by
‘Auger anaiysis. After cleaning, the IPES showed good W Spe;ctra as described

in the preceding chapter. The crystal was close to room temperature during Fe

deposition, being heated only by the exposure to the thermal radiation from the |

evaporators. Any excessive héati.ng was avoided because the ultrathin films .

were not stable at a few hundred degree centigrade. Heated films showed a
decrease of the Fe adlayer Aﬁger signal and an increase of the substrate W
signal. | |

The LEED patterns of the Fe overlayer were basically p(1x1) as shown in

Fig. 30. A single monolayer of Fe is pseudomorphic: the sharp p(1x1) LEED

pattern indicates that the Fe atoms. arrange themselves with thé same lattice

structure as the W substrate. Coverage ébove a monolayer still had a p(1x1)
pattern but the LEED spots were blurred. The blurring is the result of
crystalline imperfection resulting from the pseudomorphic film releasing its

stress to attain the bulk lattice space, which is 10% smaller than that of W.

Table 2. Bulk material properties of W, Fe, Co and Ni

Crystal Lattice Melting Temp | L
Structure Constants(A) Trterting(°C) (kcal/mol)
\" bee 3.16 3410 ©200.
‘Fe  bec 2.87 1536 ' 98.9
Co  hep 2.51/4.07 1459 101.2

Ni fee 3.52 1453 - 102.3
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Figure 30. LEED patterns observed of Fe on W(OOI). The top
photograph is for one monolayer of as-deposited Fe which looks
identical to that of the clean W(OQI), while the middle is for more
than one monolayer of as-deposited Fe and the bottom is that after
slightly heating the sample. The drawings to the right of each
photograph identify sharp/blurred spots by solid/shadow circles.
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In an attempt to restructure the thin film by slightly heating the sample,

two smaller sﬁdts belonging to two different 'éets of square LEED patterns
emerged from each blurred large spot. These two spots were separated in the
radial direction by 10% of the radial distance from the (00) central spot. The
pattern indicates that the bec Fe aﬁd bec W structures were observed
simultaneously (Fig. 30). At the same time, the Fe Auger signal decreased and
the W Auger signal increased. It seems that Fe formed islands on the surface
with the bulk Fe lattice constant which are in perfect alignment with the
substraté lattice to give the shafp doubled LEED pattern as shown in the
.. bottom of Fig. 30. It is easy to see that the as-deposited Fe overlayers must
have a strong tendency to relgase strains from the first (pseudomorphic) layer
so the intrinsic lattice spacing is attained. The relaxdtion of the ~10% lattice
mismatch in Fe n}ultilayers can create a large number of defects, which can be
responsible for the blurred LEED spots.

It has been determined that this overlayer systém grows layer-by-layer, by
the Frank-van der Merwe (FM) mode.*” The coheéive energy, i.e.,. the energy it
takes to f;‘ee. an atom from being in the solid state, is ‘much higher. for
tungsten than for the 3d metals Fe, Co, Ni; see Table 2. .Growth kinetics
analysis indic.ates that iayer-by-layer growth is‘favored when elements of lower
surface energies are depositea on substrate with higher surface energy, while
the reverse situation favors three-dimensional (8D) island formation.?’
Therefore Fe, and also Co and Ni, can be expected to grow layer .by layer ;>n
tungsten, at least for the first few layers. . A more detailed investigation of
Fe(110) overlayer growth on W(110) surface has"beén conducted by Gradmann
et al.*®; those results; are consistent with our observation of Fe(001)/W(001)

epitaxial growth.
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In these studies, layer-by-layer growth was inferred from two facts: First,
by a few monolayers the W Auger peak amplitudes decreased rapidly to a
value below the noise level while the overlayer crystalline structure exhibited
an unchanged LEED pattern during growth (Fig. 31). Such behavior is
inconsistent with other growth modes, either 3D islands (vertical columns) on
the W substrate or islands after one monolayer of Fe, since the substrate is not

uniformly covered in these cases.

DEPOSITION (Hz)

Figure 31. Auger peak-to-peak amplitudes of the W(OQI) substrate
(169 eV and 179 eV) and of the Fe film (598 eV, 651 eV and 703
eV), as a function of the QCO frequency change which is linearly
proportional to the Fe deposition.
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The second observation which tends to confirm layer-by-layer growth is the
detailed coverage dependence of the Auger signéls during Fe deposition.
Shown in Fig. 32 is one set of measurements containing about 40 points. The
horizontal axis is the total Fe deposition measured by the frequency change of
the QCO, in Hz. The Auger amplitude on the vertical axis is the sum of the
three Auger amplitudes for the Fe triplet between 600-700 eV. The latter is
normalized to the sum of the Fe and W signals to eliminate or reduce the
effect of any instabilities in the measurements of the experimental system.
Using a least-squares fitting method (LSF), it was found that the experimental
curve can be fit by straight-line segments. Each line segment has an equal
projection on the abscissa and each corresponds to approximately an
incremental coverage of one monolayer. This result is found because lateral
growth in one layer will be accompanied by a linear signal increase with a
different slope for each layer. In this case, the curve can be fitted by a
sequence of straight lines joined by kinks.*

This argument implies that the substrate W. signal should decrease in
straight line segments, but actually the decrease turns out to be more nearly
exponential except at the beginning where the attenuation is very rapid. The

reason for this behavior is not presently known.

The quality of the adlayer films was quite satisfactory, as the LEED and .

Auger results .demonstrate. The Auger results excluded the possibility of W
migrating to the surface of the Fe or significant Fe-W alloying. - Even though
W and Fe both have non-zero mutual solubilities®™, no mutual dissolution was
detected by the surface-sensitive Auger analysis, either from a well prepared Fe
adlayer or from the clean W after removing the Fe adlayer. The Fe was

removed by flashing the W ribbon to a very high temperature about 2200°C.
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AUGER GROWTH ANALYSIS, Fe/W(001)

Auger Amplitude Ratio

Fe/(W+Fe)

DEPOSITION (Hz)

Figure 32. LSF-fitted Auger amplitude ratio measurements. . The
amplitude ratio is obtained by the Fe signal amplitude normalized

to the sum of the Fe and W signals.
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The determination of the completion of each monolayer. by Auger

spectroscopy agreed fairly well with that inferred from the QCO data. The

first Fe monolayer is completed with less deposition than the following layers,
as shown in Fig. 32, which is consistent with the pseudomorphic layer being
~20% less in atomic density relative to the bulk Fe. The relative Auger
amplitudes were thus used to calibrate the Fe coverage in units of monolayers.
For the first monolayer of Fe the ratio of the Fe peak height to the total peak
heights of the Fe and W signals was about 55%.5 |

B. Normal-Incident SPIPES from Ultrathin Magnetic Films of Fe

The magnetic and electronic properties of Fe thin films were examined by
SPIPES. The Fe was found to be ferromagnetic starting from the first

monolayer. Since our spin sensitivity is in-plane, the ordering is in-plane.

Spin-dependent intensity peaks in the spectra are attributed to Stoner band-

structure features.

The as-deposited Fe thin films, prepared and calibrated as described above,

were moved from the preparation position to the magnetization or to the
SPIPES measuremen.t positi'o.ns. They were magnetized parallel to the T
direction of the SBZ and only the remanent magnetization was measured. The
electron beam was incident normal to the sample surface, and the spectra were
measured for incident spin polarization parallel to both the magnetization (spin
up, T) and its reverse (spin down, ). The polar angle was taken 8=0° to be at
the surface normal. The spectra shown };ave been corrected for spin impurity
of the electron beam as described in Chapter 3.

Figure 33 shows the spectra obtained for one to' four moholayers of Fe on
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the W(001) surface. The spin | data points are denoted by downward triangles
(V), and the spin T points are denoted by upward triangles (A). For
comparison the figure also shows the spectral asymmetry A(E), i.e., the spin
spectral difference normalized by the sum as defined by Eq. 10 in Chapter 3.

The spectra are generally dominated by the minority-spin (spin ) signal,
and the maximum asymmetry for Fe is observed near 1.5 eV. The asymmetry
amplitude varies linearly with the Fe film thickness. The latter result
indicates the films were ferromagnetic from the first monolayer of Fe. The
result excludes the p;)ssibility of a “magnetic dead layer”.

The SPIPES results indicate that the direction of remanent magnetization
is in thé film plane, because in the experimental geometry the spin
quantization axis was kept orthogonal to the thin film surface normal, i:e., in
the plane. Analysis of thm film anisotropy shows that the anisotropy energy

can be expanded as
Eanisotropy = K(z)ZaZZ + K(4)XY(X'X2&Y2 + K(4)Za’l4 + O(aﬁ) (13)

where the o’s are the direction cosines of the magnetization vector, the z-axis

is along film normal and the x,y axes are parallel to the mirror planes, ( A
directions), and the K™z are the coefficients in the expansion to the n-th order
(Appendix B). The leading term of K® describes the easy axes of
magnetization which can lie either perpenciicular to the film plane (if K®,<0) or
in the film plane (if K‘z’z>0).- The shape anisotropy energy of thin films also
favors in-plane magnetization because of the “existence of a demégnetization
field. If the total anmisotropy (anisotropy density, to be precise) favored

perpendicular magnetization, the SPIPES spectra would have shown no spin-

I
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Figure 33. SPIFFS and spectral asymmetry of Fe thin films, the
minority spin data are denoted by V, and the majority spin points
are denoted by A
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dependence for the present geometry. The next non-vanishing terms in the
thin film anisotropy, the K®"s, indicate that the in-plane remanent
magnetization of the Fe thin films may lie in the = axes or the A axes,
depending on the sign of K¥%y,. It is not clear in the present case which axis,
if any, is preferred. Measurements with either axis rotated to coincide with
the spin quantization axis were not possible in our experimental setup.

However, the SPIPES results have revealed a spin-dependent electronic band

structure which at large thickness agrees fairly well with the results of similar

measurements for bulk Fe(001) surface along the T direction.®

The proporti§nal increase of spectral asymmetry A with film thickness
implies that the Fe overlayers were within the analysis depth of SPIPES,
which is about 10 A. The spin-dependent spectral peaks and shoulders also
evolved as a function of film thickness. @ With the present experimental
resolution, no significant changes were observed for spectra thicker than foull'
monolayers of Fe. - Therefore four or more atomic layers of Fe are referred to
as “bulklike”. The spectra for thinner films are a superposition of the signal
from the Fe film, the W substrate and their interfaces.

The bulklike Fe spectra are’ shown in the top panels of Fig. 33. The
minority spin spectrum shows a large peak at ~1.3 eV, and the majority
spectrum also has a peak about 0.2 eV above the Fermi level E;. At E; the
majority intensity exceeds the dominant minority intensity as the cross-hatched
area shows in Fig. 33, a characteristic of the Fe electronic structure, as
described in Fig. 5. The secondary contribution can be seen at the higher-
energy end of the spectra. The secondary intensity can be extrapolated down
to the low energy cutoff. It is‘interesting to notice that the inelastic processes

have a large degree of spin orientation (A(E)<0 at the higher energies) due to

Ll
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the spin population of the lower-energy final states.

It is natural to compare these results with the bulk electronic properties.
Possible direct and indirect transitions are identified to help interpret the
results. Figure 34 shows the bulk Fe bands along the I'-A-H line, correspond-
ing to the Fe(001) surface normal.® The dashed and solid curves are the
minority and majority spin bands, respectively. Consider the allowed direct
transitions at 9.8 eV photon energy. As the vertical arrows indicate, the
majority-spin final states lie just above E;, and the minority-spin final states at
about 1.5 eV. Both direct transitions are possible contributors to the features'
in the spectra. The A" bands- which merge at H,' have dipole-forbidden
transitions to A%,

Thé indirect transitions tend to reflect the DOS (Chapter 2). The calculated
bulk DOS ™ are shown in the lower panel of Fig. 34. The minority spin states
exhibit a pronounced d-band peak at about 1.5 eV. It originates from the d-
bands in the neighborhood of I'j, in the band diagram. It is obvious that only
indirect transitions, not direct, play an important role at that k point because
there is no initial state 9.8 eV directly above it. Similarly, it may be that the
peak intensity at E; in the maﬁority spin spectra may partially reflect the peak
in the majority spin DO.ISfrom indirect transitions.

The main features of the bulklike spectra exhibit great similarities to the
spectra from bulk Fe(001), as measured by similar methods®® which used a
different photon detector and - electron spin polarization geometry.®® The
' majority and minority spin peaks are at essentially the same energies." This
similarity is strong evidence that epitaxially grown Fe thin films eventually

develop into the bce Fe(001) structure.
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Figure 34. Left: bulk Fe bands along Fe(OOIl) direction. Right:
bulk and surface layer-projected density of states. Adapted from

Refs. 53, 54.
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-The spectra for the bulk Fe(OOl)h surface were ‘measured by Kirschner et
al.®® with a bandpass photon detector of the same maximum resbonse photon
energy but reportedly having better energy resolution; therefore their spectra
may differ from ours in details. It should be noted that tﬁe intensity of the
majority spin peak relative to the minority peak for the bulklike thin films
were significantly (~50%) lower than that for bulk Fe(001). Thi:;; difference
may be dﬁé to one or more of the following factors: the instrumental resolution,
the inelastic contribution, and the magnetization of the thin films. The
‘instrumental resolution directly affects the range of initial and final states
integrated into each spectral point. The inelastically scattered electrons may
contribute more to the higi’l energy minority peak than to the majorit& péak at
E;. This effect could be more i)ronounced for a deposited thin film with larger
numbers of defects and dislocations, that could contribute to a greater degree to
inelastic scattering than a single crystal Would. If, however, this intensity
difference is aﬁ intriﬁs_ic property of.thin film magnetism, it could mean that
the thin film magnetization is enhanced over that of. the bulk material. That
is, smaller unoccupied majority DOS and larger unoccupied minority DOS
implies more majority electrons and fewer minority electrons.

If the enhanced magnetisin observed in the thin films is indeed intrinsic to
‘the fils; of Telated to tile dilated Fe lattice in the overlayer;_ then SPIPES and
SP-PES may be combined to provide further information about the electronic
structure changes due to geometric changes: The dilation is a result of the
lattice mismatch between the W and the Fe (see discussions in Chapter 2B).
For example, the three-fold degeneracy of the states at Hj! in the bulk might
be removed as a result of reduced symmetry in the 2D layer, and part of the

split-off bands could fall below E;; or the dilated lattice of the strained film
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would narrow the d-bands which can result in the Hj states at the top of the
majority d band being lower in energy. '

As an extension to this reasoning, we would expect the reduced film
thickness to cause a further signal reduction in the majority spectra at E; as a
result of increased Fe surface-to-volume ratio and a la.rgér lattice dilation.
Figure 33 shows for smaller film thickness thaf; the majority spectral intensity
at E; is smaller and becomes smaller than the minority intensity for one
monolayer. This effect is consiste;nt with ‘the previous argument that the
majorit:.y/mjnority intensity ratio is lower in the th.m films than in bulk Fe.

As a matter of fact, the changes noted .above have been inferred in the
surface layer electronic structure calculation.®®* The resﬁltant layer-projected
DOS ‘are shown in Fig. 34. The surface-layer dT-bands fall completely below
E;, and the minority spin density is larger than the majority at all energies-
above E;, It should be borne in mind that the layer-projected DOS includes all
k, in the irreducible SBZ, aﬁ& therefore is related more to indirect transitions
" in general. Nevertheless, when the film thickness is in the range of a
monolayer, the surface-layer contribution is ﬁore important, since the bulk

contribution is reduced, resulting in the reduced majority intensity at Eg.

C. Off-Normal—Incidence SPIPES

Off-normal angle-dependent IPES is often used to- check electron band
diépersions. In the piesent case, a flat dispersion was found in bulklike Fe,

along the X direction.
The bulkiike Fe thin film SPIPES spectra for incidence angles of 0 to 70°
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are shown in Fig. 35. The main feature is the dominant minority spin
intensity, peaked at ~1.5 eV,. which indicates the magnetic order in the thin
film just as the normal-incidence spectra do. Little if any dispersion of this Fe
feature is found in the spectra. . When the incidence angle increases the
spectral intensities of each spin at high energy rise drastically with respect to
the intensities at low energy,. obscuring any feature that might be present. For
all angles of incidence, a rather large minority spin contribution persists over
that range where mainly inelastic secondary signals are expected to contribute.
In the low-energy part of the spectra, the dominance of the majorit:y intensity
above that of the- minority at E; also remains as the angle increases, but
becomes much less pronounced.

The angle-dependent SPIPES spectra in Fig. 35 show no dispersion features
such as W(001) showed in the preceding chai)ter. A comparison with a similar
investigation on bulk Fe(001) at 75° incident angle®® indicates that the
structureless character may be intrinsic to Fe(001). An alternative approach in
interpreting the data is to consider the theoretical band dispersion for direct
transitions. Because the normal-incidence transitions occur around the H
point, it is possible to tentatively ass;ign the off-normal d-band final states in
the neighborhood of H along the H-N line in the irreducible Brillouin zone, in
the fully k-resolved scheme, (cf. Ref. 52, “inner potential” model). The band
dispersion depicted in Fig. 36 shows that the degenerate level at Hj; splits into
three bands from Hj; to N, one of which is quite flat, the other two falling at
lower energy. This implies a lower d;band intensity away from the H point,
and is consistent with the observation of a less-pronounced minority spin peak
(or shoulder, due to the large secondary signal) and more-reduced majority

intensity at E,, with increasing 0.
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Figure 35. Angle-dependent spectra from bulklike Fe.
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Figure 36. Energy bands of bulk Fe along the G direction.
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The inelastic secondary signals become prominent signals with increasing 6,
increasing almost linearly with electron incidence energy. As discussed in
Chapter 2, the inelastic process involves inelastic scattering, mostly electron-
hole pair c;‘eation, followed by a radiative transition in which a photon of
energy near 9.8 eV is emitted. The increase of such a process is believed to be
related to the increased electron energy loss cross section at a grazing incident
angle, since in this case the incident electrons travel a longer time just outside
the metal surface while interacting with the material. Further, the epitaxial
overlayers are less perfect than a single crystal surface. Imperfection. in the
overlayer and the surface and interface of the ‘thin film sample may i)lay an

_important, ‘but yet unclear, role for scattering and energy loss, since the

inelastic contribution to the SPIPES spectra seems to increase much faster at.

higher angles for the thin film sample than for a single crystal surface.

The inelastic signals exhibit a large polarization (spectral asymmef,ry) due
to the spin-dependent scattering process that usually is investigated by spin-
resolved electron energy loss spectroscopic techniques.”” The idea can be
obtained from the illustration of the inelastic process in Fig. 3 in Chapter 2.
" When the incident electron of energy E; loses an energy ¢ falls to a energy
level E/ and then undergoes a radiative transition, an electron-hole pair is
simultaneously created across E; gaining that energy €. The hole state and
the two electron states involved in the process carry important information

about the spin-gplit electron band states.
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D. Thickness-Dependent SPIPES from Fe Monolayers

Up to this point, it has been satisfactory to interpret our results using the
electron band picture plus scattering mechanisms. Now when the Fe film’s
thickness ‘is reduced from four to one atomic layer, the normal-incidence
spectral asymmetry A decreases liliearly with the reduced amount of Fe, (Fig.
33). The reduction of the majority(T) spin intensity at E, is consistent with the
surface magnetic enhancement picture (Section A). However, the T spin peak
does not fall below E; for thinner films as a result of enhanced magnetic
moment, but, instead, it moves towards higher energy, Fig. 33. The T spin
intensity maximum is at ~1.5 eV at one monolayer Fe thickness, while the |
spin intensity stays reasonably unchanged except for a reduction in height
caused by the smaller amount of Fe. Thus it has a reduced magnetization, just
as if the temperature had been increased. Because the SPIPES measurements
were taken with the sémple at room temperature, we conjecture that the Curie
temperature T, for the system might be different (lower) with reduced Fe
thickness in the monolayer scale. In other words, a gradually increasing T/T,
is equivalent to a Ty that is reduced from that of bulk Fe. -

As supporting evidence, we recall that in a temperature-dependent SPIPES
investigation of bulk Fe(001)* it was reported that the minority and majority
peaks tend to merge at about 1eV as T was increased. That is consistent with
our observation if we assume that the Fe multilayers have electron structure
and T/T, dependencé similar to that of the bulk. Also, a theoretical
temperature-dependent Fe(001) investigation®™ shows that Whén T/T; increases

the two peaks (majority and minority) move together at the T point of the SBZ
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both in the case of e surface layer and for the bulk. More explicitly, studies of
ultrathin metallic magnetic films show that Tc can be reduced substantially
and gradually with reduced film thicknesses.® |

Within this picture, when T/;I‘c increases as the eﬁ'ective T, 'decreases with
reduced Fe th.lckness the magnetization is reduced monotonously as described
in Chapter 2. Therefore it is possuble by means of SPIPES to investigate the
temperature-dependent electronic structure of magnetic thin films. The local-

band picture can be viewed as an average of fluctuating short-range magnetic

ordering over a few A scale that will produce an extraordinary peak (see

‘Chapter 2) of opposite spin at the energy of an ordinary spin peak. The
dlsordered-local-moment picture generally predicts the merging of peaks at an
energy between the corresponding exchange-split peaks, (see Chapter 2). The
major issue is the “correlation distance” A of the spin-density fluctuations in
the itinerant magnetic system.

Figure 37 shows theoretrcal spectra of Fe at H), & ! the 'parameters are

similar to those of the model spectra in Fig. 8. The dashed lines represent the

zero-temperature energles of the H; and HJ}} states, respectively, and the dotted

line is the non-magnetic Hy, energy. The solid/dashed curves are T/l spin
intensities respectively. The left panels are the magnetic state at' elevated

temperature T/T;=0.85 for the bulk, and the right panels are for the non-

magnetic case T/Tc>1. The top panels show results for short-range order (local-:

band picture) described by a correlation parameter A=5.4A; hére the
extraordinary peaks occur at essentially the ordinary peak energies. The
changes of the- two spirl pea]‘gs' at elevated temperaturee are extremely
asymmetric because the Hj; point is at the top of the bee Fe d-band.? The

lower panels show the results of the disordered-local-moment picture with a
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Figure 37. Theoretical Fe spectra for spin-polarized inverse
photoemission from the Hj5state. The presentation is the same as
In Fig. 8. Adapted from Ref. 28.
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correlation parameter A=0A. The two spin peaks merge asymmetrically for the
same reason, with the minority spin peak remaining at about the same position
and the majority peak moving upward. The middle panels are for intermediate
range A=3.7A.

Since it has been established that the two major peaks in the SPIPES
spectra for a bulklike sample are from the transitions near the H point. and the
evidence strongly suggests that reduced film thicknesses tends to lead to a
reduced T, it is reasonable to compare our results for thinner Fe films with
.the theoretical spectra for increased T/T;, although the instrumental resolution
prevents one from comparing the spectral shape directly. First, it is
encouraging to n_otice that the energies of the majority and minority spin peaks
are essentially at the same position as in the theoretical calculation, namely,
near E; for the majority spin and around or below 2 eV for the minority spin.
Second, the minority peak is essentially statiopary as T/T, increases. Further,
the majority peak moves essentially as one feature towards higher energy up to
~1.5eV. These features are in good agreement with the theoretical prediction
of the disordered-local-moment picture.

bn the basis of the concept of a reduced T, for thinner films, our results
may be used to examine the correlation length of itinerant magnetic system
beyond the Stoner model for 8d metallic ferromagnets. Our results favor the

disordered-local-moment picture.
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CHAPTER 6
Co ON W(001)

~ The morphology, electronic and magnetic properties of ultrathin Co films on
W(001) were also studied. A distorted hexagonal overlayer structure was
found. In-plane magnetization was detected, and the spin-split electronic

‘structure was studied.
A. LEED Results

Co was vapor-deposited on the clean W(001) surface at room temperature.

The W(001) surface preparation, Co evaporator type and QCO thickness

Li_li

monitor were the same as described in the previous chapters for Fe. | Auger -

analysis showed that with increasing Co coverage the W substrate signal
diminished quickly to the noise level for an amount of Co comparable tc; that-of
Fe on W. Such behavior implies epitaxial layer-by-layer growth, as for Fe on
W(001), and the same surface energy argument applies to the Co-W system,
i.e., the Co with smaller cohesive energy generally tends to grow a uniform
-layer on top of a W surface with larger cohesive energy, as indicated in Table
2.

Figure 38 shows a LEED pattern of a Co 6v'er1ayer on 'W(OOI) together with
a p(1x1) pattern for clean W(001) at the same LEED beam energy. The sharp
LEED pattern of the Co overlayer indicates a long range order of the Co atoms

at the surface. Yet the symmetry of tHe Co LEED pattern is gignificantly
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Figure 38. LEED patterns of W(001)p(Ixl), top, and CoAV(OQl),
bottom, which is illustrated by drawing in Fig. 39.
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different from thaf; of the Fe, indicating a different overlayer morphology. The
(1,0) spots have disappeared, the (1,1) spots have become stfeaky aloﬁg radial
direction, and there are two additional spots around each (1,1) spot, which is
streaky in the other direction. Because LEED reflects the symmetry of the
surface atomic net, the lack of a simple tra.ﬁslational symmetry in the
originally observed LEED patterns implies the Co grows in a complex structure
at the W(001) surface. The streaky Co LEED spots in two directions provide a
clue for decomposing the original pattern into two sets of simple patterns, each
containing a same distorted hexagonal LEED pattern rotated 90° with respect
to the other, as illustrated in Fig. 39. Each pattern corresponds to a Co
overlayer structure, which is distorted hexagonal and aligned with respect to
the W(001) substrate, as can be seen in Fig. 39. The streaky LEED spot shape
indicates elongated domains of each orientation, caused by a preferred growth
in the direction orthogonal to that of the LEED spot elongation. . The two
domains have equal probability of nucleation and growth on top of the 4-fold-
'symmetric substrate surface.

A monolayer Co has an atomic density twice that of the W(001) surface

when aligned perfectly on W(001) surface, as depicted in Fig. 39c. This implies

that about twice the number of atoms have to be deposited to complete a single

Co inonolayer than for an Fe pseudomorphic monolayer. Since the W(001)

surface has an atomic density of 1.0x10" atoms/cm?® we inijer a 2.0x10%
atoms/cm?® atomic density for the Co monolayer, in contrast to the bulk Co
hexagonal plane density of 1.8x10% atoms/cm®. Specifically, the distortion may
be described as a dilation by 2.5% in one direction @d a compression of 10.9%

in the orthogonal direction; or, in terms of interatomic distances in the

hexagonal plane, one of the three axes is compressed from 2.52 A to 2.24 A
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Figure 39. Illustration of decomposition of the CoAV(OQOl) LEED
patterns. The observed LEED pattern is shown on the top, with
the blocked (0,0) spot represented by a square. The middle
drawings represent the two orthogonally oriented distorted-
hexagonal patterns, each with spots streaky on the same direction.
The corresponding surface atomic nets are shown below each
pattern, with open circles representing the Co atoms, and the small
dots the substrate W atoms.
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and the . other two to 2.50 A. The strains can be released through the
structural domain boundaries, which may ﬁrevent the domains from growing
beyond a certain size. The hexagonal structure should be the favored
adsorption structure since it is the highest denéity plane and has the largest
interplane distance in either hcp or fcc crystal structures. As in the Fe case,
only as-deposited films are discussed unless otherwise mentioned, because an

annealing treatment causes irreversible changes in the‘overlayer structure.
B. SPIPES Results

Figure 40 shows the normal incidence SPIPES spectra of one and two,
monolayers of Co .on W(001), together with a non-polarized spectrum of clean
W(001). The Co/W(001) samples were previously: magnetized in 400 Oe field
along T of W(001) SBZ, and measured in remanent magnetization, as described
in Chapter 3. In. the spin-polarized spectra from Co/W(001), the mgjority -
(minority) data points are denoted by A (V), the same as for the Fe spectra.
Although the relative intensity With respect to the W spectrum. is not
significant, one can see an increase of intensity for both spins at ~1-2 eV range
for the one monolayer of Co from the clean ‘W spéctrum, indicating the
development of unoccupied Co 3d band stafes. In the one monolayer sample,
any minority spin spectral dominance, if it exists, is comparable to the signal
fluctuations, and hence one cannot infer the existence of remanent
magnetization in the Co monolayer sample at room temperature. This small
margin of polarization could also suggest a remanent magnetization
perpendicular to the spin sensitive direction of our measurement. This would

imply that the total thin film anisotropy favors a perpendicuiar easy axis of
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Figure 40. The SPIPES spectra for one and two monolayers of Co
on W(OQI). The data points are denoted by A and V for majority
and minority spin, respectively. The IPES spectra of clean W(OOI)
is included together with the one monolayer spectra for comparison.
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magnetization, as in hep-Co where the uniaxial crystal anisotropy also favors
the easy axis perpendicular to the hexagonal plane.

When the Co thickness increases to two monolayers, there is a predominant
minority spin peak with a maximum at 0.8 eV, as the top curves in Fig. 40
show. The majority spin intensity, while always below the minority, shows a
smaller peak at about 1.2 eV above E;. That it is possible to measure the
large spectral polarization indicates the existence of ferromagnetic ordering in
the sample, and that the remanence is in the film plane.

In the case of in-plane remanent magnetization, the influence of the mixed
‘structural domains of the Co overlayers shou‘ld be taken into account in the
following way. The leading terms of in-plane anisotropy‘ energy in a single
crystal domain can be written generally as

E | = K®-co8%(0y) + K%y-cos’(6y) (14)

anisotzopy, |
where 0; and 6, are the angles between the magnetization direction and the
in-plane axes, X and Y, chosen parallel to the two orthogonal mirror planes.
The coefficients K”; and K®,, which are equal in an additional n-fold (n>2)
rotationally symmetric single cryétal layer, are no loﬁger equal because of the
structural distortion. Depending on which K® is smaller, the femanent
magnetization will lie in the corresponding direction. Therefore, one group of
domains has its remanent magnefization lying in the SPIPES .spin-sensitive
direction, yielding the “true” spin-polarized signals. The other group has its
remanent magnetization lying transverse to the SPIPES spin-sensitive
direction, producing essentially non-polarized signals.

This concept can be utilized to obtain the true spin-resolved SPIPES from a
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gingle domain by subtracting 50% of the spin-averaged spectrum from the
spectra of both spin directions. The result for two monolayers of Co is shown
in Fig. 41. The dominant minority peak at 0.7 eV is essentially unchanged,
while the majority peak has been largely removed.

While the electronic structure of distorted hexagonal monolayers has not
been studied theoretically, comparison is made with that of hcp bullk Co. One
such band structure is shown in Fig. 5. It has d bands (A;As) along the A
direction, and is in fairly good agreement with a more recent self-consistent
hep-Co band structure calculation.®® The allowed direct transition is marked by
a vertical line with energy difference equal to 9.8 eV. The final (lower) states
include minority spin only near 0.7 eV above E;. This is consistent with the
minority spin peak observed at 0.8 eV for the hexagonal Co multilayers.

The hep Co band structure in Fig. 42 shows the corresponding majority spin
d bands bel;)w Eg; the majority spin DOS for the d bands are also below Eg
while part of the minority spin d bands are above E; (cf Chapter 2). Therefore,
the majority spin peak in the spectra for two monolayers of Co in Fig. 40
appears to be contradicted by the lack of majority ﬁnd‘ states. The adjustment
for two orthogonal domains, which leads to the. spectra in Fig. 41, has helped
to remove this contradiction by suppressing the majo{;‘ity spin peak.

However, one cannot totally exclude the existence of a majority spin peak,
since even after the adjustment there is still a shoulder at ~1.4 eV. There are
a number of unknown factors involved in this study of Co layers which could
explain the majority féa-ture found in the unoccupied states. The first factor is
the lack of SPIPES studies for the hexagonal face of bulk Co which could test
whether éuch majority spih features exist. The ordinary IPES study based on

the assumption that all unoccupied-state features in Co are from the minority
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Figure 41. Right: domain adjusted SPIFFS spectra from two
monolayers of Co on W(OOQ!I). Left: the SPIFFS spectra before such
adjustment.
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Figure 42. Theoretical energy bands of hep Co along the direction
normal to the hexagonal plane. Adapted from Ref. 57.
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d-band states (ioes not resolve the issue. Secondly, two monolayers of distorted
hexagonal Co on W(001) need not possess a band structure similar to that of
hep Co. Further, T; for the monolayer-scale Co overlayer is possibly lower
than the bulk Curie temperature T, and close to room temperature; this in
turn will cause the electronic structure to differ substantially from the zero-
temperature properties. For example, the local-band picture suggests a small
“extraordinary” majority peak at the energy of the corresponding minority spin
peak at elevated temperature (see Chapter 2). It requires further temperature-
dependent investigations to verify this possibﬂity, and T; needs to be
determined for the two monolayef Co system. .

Finally it is necessary and instructive to discuss the remaining majority
spin feature.in terms of the secondary contributions, as if this is not the
primary feature. Let us assume, in the Co case, that occupied states have
mainly majority spin and unoccﬁpiéd states have only minority spin. Then the
secondary contribution will I;lostly involve spin-flip energy loss, i.e., inverting
the spin polarization while losing an amount of energy, followed by a radiative
' trangition. Because electron-hole paif creation, the predominant energy loss
mechanism, will likely have an electron excited from a majority d-band state to
a minority d-baﬁd state across EF, (cf. Fig. 3 in CHapj;er 2), the incident
electron will ﬁndergo a spin-flip process also. Thus the majority spin electrons
i.ncidept at higher energy will have a large dipole radiative decay cross section
after the spin-flip energy loss just as the minority incident electrons do, except
that the majority spin electrons should have an extra amount of energy to
compensate the energy loss. The average amount of energy loss in this case
should be comparable to the d-band exchange splitting, say ~0.85 eV. This

could be responsible for the majority spin shoulder of the adjusted spectrum in
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Fig. 41 located at higher energy, ~1.4 eV, ie. 0.7 eV above the minority spin
peak position. ' |

Based on the assumption that the distoﬁed hexagonal Co overlayer will
develop an electronic structure close to that for the hep-Co, our results provide
evidence of the spin-flip energy loss. This possibility should be investigated
carefully by SP-EELS. On the other iland, the minority feature agrees very
well with the hep-Co band structure.
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CHAPTER 7
SUMMARY

In order to investigate the spin-dependent electronic structure and magnetic
properties of 3-d transition metals and 2D magnetic. systems, an experimental
system containing spin-polarized inverse photoemission spectroscopy and
magnetic thin film sample preparation and charactérizatioh apparatus was
developed at Monténa State University. Novel ultrathin magnetic films of 3-d
transition metals, Fe and Co, were epitaﬁﬂly grown on top of a cl_éan W(001)
substrate. Auger and LEED were used to characterize the thin film éo%h
and morphology. Evidently atomically smooth Amonolayers were achieved.

The W(001) surface was studied by ARIPES to elucidate its unoccupied
electronic band structure. The dispersion of the I;eaks is geqerally consistent
with the bulk band structure.

Ultrathin Fe films were investigated for thickness from one to"four atomic
layers. The Fe grows in’'a square lattice similar to £hat of a Fé(‘OOl) surface
structure. The first frmnolayer of Fe grows pseudomorphically on W(001) with
~10% lattice dilation due to tﬁe mismatch, and ig also ferromagnetically
ordered in the film plane. Normal incidence SPIPES spectra show that four
mon_oléyers‘ of Fe have electronic structure in good agreement with the bulk
bee-Fe(001) band strﬁcture. The angle-dependent SPIPES investigation shows
that the promineﬁt ﬁlinority d-band peak is, essentially stationary along T of |
the surface Brillouin zone. The inelastic contribution exhibits a large

polarization that may be of potential help in understanding the spin-dependent
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electron-solid interaction.

The thickness-dependent SPIPES results suggest a reduced effective T, for
monolayer-scale Fe thin films. Variation of thickness thus becomes a novel
way of investigating the “temperature-dependent” electronic behavior in the
itinerant magnetic system. The_ SPIPES peaks correspond to the final states
near the Hj and HJ points of the bulk Brillouin zone, and these states merge
together with increasﬁg effective T/T;, a result which suggests a shorter
correlation distance of the spin-density fluctuations when the spectra are
compared with theoretical spectra. The results favor the disordered-local-
moment model in the modern theory of the itinerant-electron magnetic system.

Co overlayers on W(001) grow in a complicated structure .of elongated
domains, each with an unusual distorted hexagonal lateral structure, with two
types of domains which are orthogonal to each other. The ideal atomic
monolayer of such a structure contains twice the atomic density found for the
substrate surface layer. The first monolayer of Co does not show in-plane.
magnetization, while two monolayers of Co produce an in-plane magnetization
with a pronounced minority spin peak at ~0.8 eV and also a majority spin peak
at ~1.2eV. |

Since the Co unoccupied d-band structure was studied by spin-polarized -
IPES for the first timé in this thesis, to our knowledge, there is no external
evidence to support or refute the supposition that the Co overlayer system
develops the bulk hcp-Co electronic structure. The SPIPES spectra were
compared with the thec;retical band structure -of hcp-Co, and the minority
feature was found to be in agreement with the known propefties “of the
minority d-band. The majority peak, on the othér hand, is not consistent with

the characteristics of the Co electronic structure. The majority peak could be
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at least partly due to the in-plane remanent magnetization direction of the
distorted domain structure of the Co overlayer, while other contributions such
as the electronic structure at elevated temperature and spin-flip inelastic
contributions may also be involved.

The SPIPES technique has demonstrated the important role it can play in
the investigation of spin-dependent unoccupied electronic structure, especially
for the 3-d transition metal bulk and surface magﬁetism. The present‘ work
has shown a great potential for further investigation in this direction, including
work on other spin-dependent electronic structﬁres besides elemental matefials,
including magnetic semiconductors: and amorphous materials. The present
work on the spin-polarizled‘ electron technique could also be extended to other
spin-polarized experimental techniques such as scattering (spin-polarized LEED)
and energy loss spectroscopy (SPEELS). |

It is the author’s hope‘ and belief that including the new dimens_ion of
freedom of gpin, - which is an intrinsic property’ of electrons of fu‘ndémental
importance, - in experimental solid state and surface science will greatly help
investigators to uncover nature’s secrets, contribute to the development of

technology, and ultimately improve the life of mankind.
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Figure 43. Sample FORTRAN brogram for Fe data analysis and plotting

PROGRAM FE

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCQCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

c
el plot SPIPES spectra and spectral asymmetries from magn
c for magnetic thin films on W(001)

c

CCCCCCCCCCLCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
IMPLICIT REAL (B-H,0-Z)

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCcceccccecaecece

c
c character strings. )

c F1,F2 - file names of each energy scan

c V1l,vV2 - comments, dates, etc

c Wl,W2 -

c X1,X2 -

c Y1l,Y2 -

c

c data arrays _

c Al,A2 - a pair Qf as-measured spin spectra

c A3 - energy range

c A4,A5 - spin-averaged spectrum and spectral asymmetry
c A6,A7 - pair of polarization-adjusted spectra, fluc-
c tuation restored

o A8,A9 - pair of 3-point-amoothed spectra

c Al0,All - pair of polarization-adjusted spectra,
c smoothed ' ‘

c

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCdCCCCCCCCCCCQCCCCCCCCCC
CHARACTER*80 F1,F2,V1,V2,Wl,W2,X1,X2,Y1,¥2

DIMENSION Al(36),A2(36),A3(36)LA4(36),A5(36),A6(36),A7(36),
pid A8 (36),A9(36),A10(36),A11(36),X(2),Y(2)

CALL PSCRPT(7.98,10.99,0.007)
C CALL TK41(4105)

CALL NOBRDR

CALL TRIPLX
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Figure 43. Continued

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCeeceececeeecee
C

c repeat data plotting procedure from clean W(OOl) and one to
c four monolayers of Fe thin films
c

CCCCCCCCCCCCCCCCCCCCCCCCCCCCceecreeececeeceecececeecececeeceecccececeeoeececee

DO ‘999 KK=1,5

IF (KK.EQ.1) THEN
Fl='T8F141.DAT’
ELSEIF (KK.EQ.2) THEN

Fl=’/T8F150, .
.DAT' ' -
ELSE IF (KK.
.DAT’
.DAT'
ELSE IF (KK.
.DAT’
.DAT'

F2='T8F151

F1l="T8F148
"F2='T8F149

F1='T8F147
F2='T8F146
ELSE

Fl='T8F143.
.DAT’

F2='T8F142

DAT'

EQ.3) THEN

EQ.4) THEN

DAT'

ENDIF

OPEN (UNIT=1, FILE=F1, STATUS=’OLD’,FORM='UNFORMATTED')
READ (1)I,M,M1,B,S,R,K,P

READ (1)V1,X1,Wl,Y1

READ (1) (Al (J),J=1,36)

READ (1) (A3 (J),J=1,36)
. DO 30 J=1,36
30 A3(J)=A3(J)-

IF (KK.NE.1) THEN _

OPEN (UNIT=2, FILE=F2, STATUS=’OLD’,FORM='/UNFORMATTED')
READ (2)I,M,M2,B,S,R,K,P

READ (2)V2,X2,W2,Y2

READ (2) (A2 (J),J=1,36)

ELSE

H4=0.

DO 20 J=1,36
A4 (J)=Al1 (J)

IF(H4.1LT.A4(J)) H4=A4 (J)
20 CONTINUE

GOTO 900

ENDIF

c polarization factor
P0O=0.27
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Figure 43. Continued

c 3-pts.smoothing A8,A9

A8 (1)=Al1 (1)

A8 (36)=A1(36)

A9 (1)=A2 (1)

A9 (36)=A2(36)

DO 40 K=2,35

A8 (K)=0.5*A1 (K)+0.25* (Al (K-1)+AL1l(K+1))

A9 (K)=0.,5*A2 (K)+0.25* (A2 (K-1)+A2 (K+1))
40 CONTINUE

DO 50 J=1,36

c spin-averaged spectra from'smoothed, max H4
A4 (J)=(AB(J)+A9(J)) /2.
IF (H4.LT.A4(J)) THEN
H4=A4 (J) .
ENDIF

o] Asymmetry from smoothed, max AH, min AL
A5(J)=(A8(J)-A9(J))/2./PO/A4 (J)
IF (AH.LT.A5(J))THEN

AH=A5 (J)
ELSEIF (AL.GT.A5(J)) THEN
AL=25 (J)
ENDIF
c hypothetic 100% spin spectra from smoothed

Al0(J)=RA4(J)* (1.+A5(J))
A1l (J)=A4 (J)* (1.-A5(J))

c statistical fluctuations restored
A6 (J)=A10(J)+ (A1 (J)-A8(J))
A7 (J)=A11(J)+ (A2 (J)-A9 (J))
IF (H7.LT.A6(J)) THEN
H7=A6 (J)
ENDIF
IF (H7.LT.A7(J)) THEN
H7=A7 (J)
ENDIF
50 CONTINUE

DO 60 J=1,36
A10(J)=A10(J)*110./H4
All(J)=A11 (J)*110./H4
A6 (J)=A6(J)*110./H4
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Figure 43. Continued

60

70

A7 (J)=A7(J)*110./R4
CONTINUE

IF (KK.NE.2) GOTO 70
DO 70 J=1,34

A5 (J)=A5 (J+2)

A3 (J)=A3 (J+2)

A6 (J)=A6 (J+2)

A7 (J)=A7 (J+2)
Al10(J)=A10 (J+2)
Al1l(J)=Al1ll (J+2)
CONTINUE

CALL CURVE (A3,A6,34,-1)
CALL CURVE (A3,A10,34,0)
CALL DASH

CALL MARKER (6)

CALL CURVE (A3,A7,34,-1)
CALL CURVE (A3,Al1,34,0)
CALL RESET (' DASH')

CALL XTICKS (5)

CALL XGRAXS(-1.,1.,5.,2.5-1./3.4,'

CALL ENDGR (0)

C ASYMMETRIES

CALL PBYSOR(4.5,-1.5+2.*KK)
CALL AREA2D(2.5,2.)

CALL FRAME

CALL XNAME (! $’,100)

CALL XNONUM

CALL YNONUM

IF (KK.EQ.2) THEN

CALL XTICKS (34)

ELSE

CALL XTICKS (0)

ENDIF )
CALL GRAF(-1.8,6.8,5.,-.4,.2,.4)
CALL VECTOR(0.,2.,2.5,2.,0000)
CALL MARKER (15)

CALL RESET (' BLSYM')
CALL SCLPIC(O0.4)

CALL CURVE (A3,RA5,34,1)
IF (KK.EQ.2) THEN

CALL YAXEND (/' NOLAST')
ELSE IF(KK.EQ.5) THEN
CALL YAXEND (/ NOFIRST')
ELSE

CALL YAXEND (' NOENDS’)
ENDIF

CALL RESET (/ YNONUM')
CALL XTICKS (34)

-

',1,1./3.4,0.)
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Figure 43. Continued

CALL XGRAXS(-1.8,
CALL XGRAXS(-1.8,
CALL XTICKS (5)

5.,2.5,7 7,1,0.,1.)
5.,2.5,7 *,-1,0.,1.)

CALL XGRAXS(-1.,1.,5.,2.5-1./3.4,7 7,1,1./3.4,1.)
CALL XGRAXS(-1.,1.,5.,2.5-1./3.4," *,-1,1./3.4,1.)
CALL YGRAXS(-.4,.2,.4,2.," ',-1,2.5,0,)

IF (KK.EQ.2) THEN

CALL RESET (' XNONUM' )

CALL XGRAXS(-1.,1.,5.,2.5-1./3.4," 7,1,1./3.4,0.)
ENDIF ' .

CALL ENDGR (0)

GOTO 999

900 CALL PHYSOR(2.,0.5)
CALL AREA2D(2.5,2.)
CALL XREVTK
CALL YREVTK
CALL INTAXS
CALL YAXANG(0.)
CALL YNAME (' ’,1)
CALL XNAME (' 7,1)
CALL VECTOR(2.5,0.,2.5,2.,0000)
CALL YAXEND (' NOLAST')
CALL XNONUM
. CALL XTICKS (34)
CALL GRAF(-1.8,6.8,5.,0.,50.,150.)
CALL MARKER (15)
CALIL RESET (’ XNONUM/ )
DO 910 J=1,34
910 A4 (J)=A4(J)*120./H4
CALL SCLPIC(0.4)
CALL CURVE (A3,A4,34,1)
CALL RESET (' SCLPIC’)
CALL XTICKS (5)
CALL XGRAXS(-1.,1.,5.,2.5-1./3.4,7’ $7,100,1./3.4,0.)
CALL ENDGR (0)

999 CONTINUE
CALL ENDPL( 1)
CALL DONEPL

STOP
END
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Appendix B Mangetic Anisotropy of Thin Films
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There has been some discussions about the thin film anisotropy energy™®
which may cause confusibn, and some interesting work has been done which
provides guidance in how to make use of the form of anisotropy in deriving the
thin film properties.®®® A general form of anisotropy energy is usually

expressed in terms of direction cosines of the unit vector u, M=[M|u.

u = o dy + Ouiy + 0yl (15)
where
o= cosO
o= sinfcosd : . {16)
oy= sinOsing

where ¢ and 6 are the azimufhal and polar angles relative to z-axis, and
o’ + 0 + 07 =1 a7

When the Cartesian coordinations are chosen such that the axes coincide with
the mirror planes, only even order terms remain in the crystal anigsotropy

= KI(Z)Zazz + K/(Z)Xax2 +.KI(2) Ya'Yz + K/(4)Xax4 + K’(4)Y(X'Y4 + KI(4)ZaZ4

E anisotropy

+ K’(4)xyaxza'y2 + KM)xza'xzo‘zz + KM)YZOLYZO(ZZ + 0(0'.6) (18)
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and in the single crystal thin films, z-axis are takeﬁ to be the film normal, and
the equation holds provided the magnetic behavior is still symmetric
perpendicular to the thin film plane, in and out, with no difference caused by
the substrate interface and vacuum interface.

In the case of a crystal éurface with a two-fold rotation symmetry as in the = -
Co/W(001) case ’(cf. Chapter 6), Ky#K’, and all the second order terms~ are
considered leading terms. When a crystal surface possesses higher degree of
rotation symmetry such as four-fold symmetry in the Fe/W(001) case, then Eq.

15 can be combined into
B aicotrapy = K75057 + K900 + K0, + O(a) (19)

when the sixth order or high terms can be ignored.

If one considers only the lowest order term in Eq. 16, fo‘r K®,>0, the film
plane is the easy plane, the plane where the remanent magnetization can lie
iﬁ, for K®,<0 the surface normal is the easy axis, the axis v;rhere the remanent
magnetization can lie in. In the easy plane situation, the in-plane anisotropy
in the higher order terms will compete for the easy axis. In the quadratic
approximation, the K, may tend to generate canted angle easy’ axis off the
film plane because a%“ contains the components of o,’ and sin*26) terms, while
the K"y will determine the easy axes in the film plane. The order of these

terms will generally determine the angular periodicities of the easy axis.
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