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The doping of a wide band gap insulator offers an opportunity to increase the
coupling between free carriers and magnetic impurities under the magnetic polaron
model, leading to an enhanced in the Curie temperature of the host compound, critical for
the fabrication of devices with magnetic properties. Some rare earth elements have large
intrinsic magnetic moments due to unfilled 4d orbitals, and have been readily
incorporated in materials for optical applications. Here the rare earths gadolinium and
cerium were explored either as dopants or as part of the high-K semiconducting
compound for the fabrication of magnetic heterojunction devices with magnetic
properties.

This thesis work explores the effects of rare earth gadolinium and cerium as
dopants in high-K compounds such as EuO, HfO, and Gd,Os. The thesis begins with an
exemplary tale of a local moment wide band gap system (although not rare earth based),
and a success in achieving negative magneto-resistance in a heterojunction structure with
chromium-doped hydrogenated diamond-like carbon (Cr-DLC). In the quest for similar
results, we explored the rare earth compounds by means of their electronic band structure
using photoemission spectroscopy (PES) and inverse photoemission spectroscopy (IPES)
to provide insight into the material functionality and applicability as an electronic device.
Rectifying (diode-like) properties were observed in all the heterostructure and each

heterojunction device exhibited unique properties that make them suitable for different



applications such as neutron detection or spin electronics applications. Remarkable
results were observed on the EuO compound with the inclusion of 4% Gd content. The
system undergoes a non-metal to metal transition as suggested by the appearance of filled
electron pockets. The device properties resemble those of a tunnel junction diode, which
might be related to a band bending at the interface of the film, likely due to surface

overoxidation.
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Chapter 1 Introduction

This thesis explores how the inclusion of a small percent of magnetic impurity
affects the magnetization properties and electronic band structure of a set of different host
semiconducting compound materials. Much of the emphasis will be on gadolinium which
we employed, both as a dopant and as a member of the compound itself, given its
valuable intrinsic properties (particularly the large magnetic moment of 7.3 pg per atom).
Key questions towards the ensemble of this work are: Can we make heterojunction
devices out of these materials? If we do fabricate devices, do they exhibit magnetic
dependence? What is the role of gadolinium in highly correlated semiconductor systems,
given the large on-site energy due to the half-filled 4f orbital (4f").

In fact addressing the latest question is quite complex. Gadolinium is usually
treated as having a stable 3+ valence state when inserted into host semiconductors. The
electrons in the 4f orbitals remain fairly localized to the ion vicinity, likely due to the
partial screening provided from the outermost closed subshells. This leads to the situation
in which the electrons with the lowest energy does not correspond to the outermost shell
of the atom, but a shell located underneath, hence, the 4f electron are somewhat restricted
from interacting directly with the neighbor atoms surrounding the ion. Yet, we found that
the effect of increasing the gadolinium concentration is very different in each particular
semiconductor. In most cases, the 4f electrons form part of the valence band and directly

contribute to strong hybridization between the ion and neighboring atoms.
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Nonetheless, before diving into the complexity of these issues, let’s not deviate
from our major goal (i.e. devices with magnetic properties). On this behalf, let’s point out

the road that led to the foundations of this work from a historical point of view.

1.1 Magnetic Semiconductors

A magnetic semiconductor is a material that exhibit both, ferromagnetic behavior
and semiconducting properties simultaneously. Ferromagnetism refers to a material with
the ability to remain magnetized after the application of an external magnetic field and a
semiconductor is a material with a small electronic band gap and the ability to partly
conduce current. In contrast, a dilute magnetic semiconductor (DMS) refers to the same
type of material with the difference that is doped with atoms that possess an intrinsic
magnetic moment (such as Gd). The idea behind these devices relies on increasing the
Curie temperatures of our compounds via the interaction of magnetic impurities and free

carriers form via defect in the compound structure as shown in Figure 1.1.1.
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Figure 1.1.1 A two-dimensional lattice for (a) an undoped nonmagnetic semiconductor crystal,
and a dilute magnetic semiconductor with a random distribution of magnetic dopants ions in the
lattice with (b) a paramagnetic behavior and (c¢) a ferromagnetic coupling due to the introduction
of donor defects. The dashed circle represents the Bohr radius of the electron due to the defect.



As simple as the concept behind DMS materials sounds, it turns out that the
physics of these materials is fairly complex. To understand their true value we must gain
insight on the importance of DMSs. To this end, a brief history of spintronics research
must be reviewed. The portmanteau “spintronics” is a combination of both spin (an
intrinsic property of electrons) and electronics (field concerned with circuitry design).
The name fits quite well to this technology as it exploits the spin of the electron in
addition to the electron charge as seen in conventional devices such as diodes and
transistors. In 2007, Albert Fert and Peter Grunberg won the Nobel Prize in physics for
their independent work in the discovery of the giant magnetoresistance (GMR) back in
1988 [1, 2], an event which some considered as the birth of spintronics. The GMR effect
is observed when two metallic ferromagnetic layers are separated by a nonmagnetic
material (usually a few nm thick). Depending on the net magnetization of the two
ferromagnetic materials the electrical resistance will change as shown in Figure 1.1.2. For
parallel alignment the resistance is low whether for antiparallel alignment the resistance
is high.

This phenomenon has led to applications such as read heads for modern hard
drives, magnetic sensors and tunnel magnetoresistance. There are several reviews of
GMR [3] and spintronics applications [4-6] available, with a more detailed description of
this field and the application mentioned above. For the purpose of this work it suffice to
understand that a magnetic field can influence the resistance of a material, and hence the

current through it.
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Unfortunately, there is a downside with all the applications mentioned above as
their implementation is limited to the use of ferromagnetic metals. Ferromagnetic

materials are not susceptible to an applied electric field, resulting in difficulties if one
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Figure 1.1.2 Schematic of the physical geometry from which the GMR is observed along with a
R vs B plot showing the effect of the magnetic field on the resistance of the device structure.

wants to exploit the charge of the carrier. Semiconductor materials are much more
sensitive to electric field dependence [7] and are indeed one of the reasons for many
dilute magnetic semiconductor (DMS) studies. Imagine a world in which you can merge
the current semiconducting technology with magnetism (memory) in a single material...

great things will come from it! The first DMS studies were performed in the late 70’s
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and were heavily considered in the 80’s. Among these, II-IV and III-V based DMSs such
as (Zn, Mn)Se and (Ga, Mn)As were popular. Special efforts were invested in (Ga,
Mn)As [8] and (In, Mn)As [9] as ferromagnetic order was achieved by Hideo Ohno’s and
co-workers with a Curie temperature of 140 K at the time [8], although Tc¢ of 180 K were
later achieved by careful growth of the material. In 2000, Dietl’s [10] came up with a
model (based on that by Zener [11]) to explain the ferromagnetic behavior in these
materials and triggered a search for room temperature magnetism. This model does
provide good insights in the description of the experimental data, but some fundamental
aspects of these complex materials are still controversial. There is still an ongoing debate
as whether or not one can identify an impurity band in materials with high T, and
whether the charge transport and magnetic interaction are mediated by localized or
extended states, as these states are close to the Fermi level. High doping concentrations
result in a wider impurity band and can lead to a mixing with the valence band [12].

There is another type of potential ferromagnetic semiconductor material, the
dilute magnetic oxides (DMOs) which are more pertinent to this work. Perhaps, the most
popular model today is that proposed by Coey [13] in which ferromagnetic exchange is
mediated by shallow donor electrons that form bound magnetic polarons. If overlap of
these occurs, a spin-split impurity band can be created. Since the carriers are expected to
couple strongly to the magnetic moments, DMOs might be a route for interesting
spintronics applications. Ferromagnetism above room temperature has been reported, but
the results are irreproducible and observed only in non-crystal films (and bulk material),

in which case, the effects can be attributable to magnetic secondary phases. This opens up



