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ABSTRACT

First-Principles Investigations on Europium Monoxide

Hao Wang

Europium monoxide is both an insulator and a Heisenberg ferromagnet (Tc=69 K).

In the present thesis, the author has investigated the electronic structure of different

types of EuO by density functional theory. The on-site Coulomb interaction of the

localized Eu 4f and 5d electrons, which is wrongly treated in the standard generalized

gradient approximation method, is found to be crucial to obtain the correct insulating

ground state as observed in experiments. Our results show that the ferromagnetism

is stable under pressure, both hydrostatic and uniaxial. For both types of pressure

an insulator-metal transition is demonstrated. Moreover, the experimentally observed

insulator-metal transition in oxygen deficient and gadolinium-doped EuO is reproduced

in our calculations for impurity concentrations of 6.25% and 25%. Furthermore, a 10-

layer EuO thin film is theoretically predicted to be an insulator with a narrow band gap

of around 0.08 eV, while the Si/EuO interface shows metallic properties with the Si and

O 2p as well as Eu 5d bands crossing the Fermi level.
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Chapter I

Introduction

1.1 Literature Review

Rare earth metals are a collection of 17 chemical elements found in the periodic table.

In modern science and technology, rare earth elements play an increasingly important

role and the use of these elements has increased significantly over the passed 30 years.

Rare earth elements are essential in the manufacture of technological devices, including

electronic polishers, magnesium alloys, guidance systems of weapons, and superconduc-

tors. In the oxides of rare earth elements, europium monoxide (EuO) is a very attractive

material for spintronics because of its magnetic and electronic properties.

EuO has a lattice constant of 5.144 Å and a face-centered cubic structure. EuO is a

paramagnetic insulator having a band gap of 1.12 eV at room temperature and was first

reported to become truly ferromagnetic (FM) at the Curie temperature (Tc) of 77 K [1] in

the 1960s, which was later determined to be 69K [2]. EuO was the first rare earth oxide

that can order ferromagnetically at low temperature.

Eu-rich EuO, which is realized by oxygen deficiency, was discovered to undergo an

insulator-metal transition (IMT) near Tc [3, 4, 5] in the 1970s. Petrich et al. [6] found

a large decrease in resistivity and an isomer shift for Eu-rich EuO when temperature is

cooled down below Tc. They attribute these phenomena to changes in electronic structure
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which due to the ferromagnetic order. Oliver et al. [4] have conducted the conductivity

experiments for EuO with O deficiency and doped Gd in EuO to obtain a lower resistivity.

The sample doped with 100 ppm (0.01 at.%) Gd was able to fulfill the requirement. In

addition, they found that the IMT in Gd-doped EuO occured at a higher Tc than in O

deficient samples.

Steeneken et al. [7] have investigated the conduction band of EuO by x-ray absorption

spectroscopy and carried out first-principles calculations. Their experiments indicated

that when the temperature crosses Tc the electrons that near the conduction band edge

become fully spin polarized by a spin splitting of nearly 0.6 eV of the unoccupied states.

Furthermore, the splitting is believed to be related to the interaction between the delo-

calized Eu 5d-6s states and the localized Eu 4f states. Steeneken et al. concluded that

the IMT is caused by the conduction band splitting which merges the defect states. The

defect electrons can enter the conduction band with no need of activation energy.

Barbagallo et al. [8] did both experimental and first-principles studies about the mag-

netic properties of EuO thin films deposited on silicon substrates. They found that

the magnetic moment is enhanced with increasing oxygen vacancy concentration using

polarized neutron reflectometry measurements. Furthermore, their local spin density ap-

proximation (LSDA)+U [9] calculations generated results which agree to the experiments.

Ingle and Elfimov [10] have calculated the electronic structure of an epitaxial EuO film

under hydrostatic and approximate biaxial stress with the WIEN2k package. To account

for the strong correlations of localized Eu 4f electrons, the LSDA+U [9] method was used

in the study. The U and J parameters are applied to the O 2p orbital besides the Eu 4f

orbital. Ingle and Elfimov obtained a band gap of 0.7 eV for bulk EuO which is consistent

with the experimental value of 0.9 eV at low temperature [11]. The J1 and J2 coupling

constants are extracted by relating the total energy of different spin configurations with

the Heisenberg model, and then they obtained Tc by Tc = (2/3)S(S + 1)(12J1 + 6J2).

Finally, Ingle and Elfimov concluded that the increase of Tc can be ideally implemented
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by reducing the lattice parameters.

Schiller and Nolting [12] have employed a multiband ferromagnetic Kondo-lattice

model to calculate the temperature and layer-dependent electronic structure of a 20-

layer EuO (100) film. The Curie temperature they obtained from this film is 66.7 K,

which is in good agreement with the experimental value for bulk EuO of 69 K. Their

results show that the 5d orbital of Eu at the surface of the film is metallic. However, the

one which is in the center of the film is still insulating. Therefore, they predict that there

is a possible IMT existing in the surface of EuO thin films.

Ghosh et al. [13] conducted a theoretical study, in which the FPLMTO code was used,

about the electronic structure and magnetic properties of europium monochalcogenides

(EuO, EuS, EuSe, and EuTe). The exchange-correlation functional is approximated in

the generalized gradient approximation (GGA) and on-site Coulomb interactions [14] in

the f and d electrons of Eu are taken into account. Using the optimized Ud and Uf (Ud=5

eV and Uf=5 eV), the obtained indirect band gap of EuO is closer to experiments. In

addition, the calculations with GGA+Uf +Ud give magneto-optical and optical properties

which are more consistent with experiments than the results from LSDA and GGA+Uf .

In the fabrication of EuO thin film, substrate materials can be GaAs [15], yttrium

aluminate (YAlO3), GaN [16], and Si [16, 17]. Although Si can be thermaldynamically

stable in contact with EuO [18], an intermediate amorphous europium silicide [19] will

affect the crystallization of epitaxial EuO films if they are grown at room temperature.

Therefore, a higher substrate temperature or a buffer layer [20] is needed to crystallize

EuO. Panguluri et al. [17] developed a routine to fabricate a stable highly spin polarized

EuO1−x thin film on a silicon substrate without buffer layer. They claim that half-

metallicity of EuO1−x is realized in the films, the conductivity of which is matched with

Si. This makes EuO1−x a very potential candidate for effective spin injection into Si. It

is necessary to calculate the electronic structure of the Si/EuO interface.
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1.2 Density Functional Theory

A many-electron problem is difficult to solve efficiently and accurately. The development

of Density Functional Theory (DFT) is an important progress in first-principles study for

solids. In 1964 DFT has been established with two theorems demonstrated by Hohenberg

and Kohn [21].

Theorem 1: The external potential Vext of a many-electron system is determined by

the ground state electron density. It is a one-to-one relation between Vext and the ground

state electron density.

Theorem 2: The ground state total energy functional E[ρ] reaches its minimum when

ρ is the electron density which corresponds to Vext.

By these two theorems, one can find the electrons density ρ corresponding to the

external potential Vext by minimizing the total energy functional E[ρ] only if E[ρ] is

known on condition that ρ is known. But if ρ is found, all the information about the

system can be obtained.

DFT did not become to a practical tool until the equations of Kohn and Sham were

published in 1965 [22]. The theorem of Kohn and Sham links the ground state electron

density to the non-interacting single particle wave functions which can be obtained by

solving Schrödinger-like equations. So the second Hohenberg-Kohn theorem is no longer

needed. The Kohn-Sham Hamiltonian is:

ĤKS = T̂0 + V̂H + V̂xc + V̂ext

= −
~

2

2me

~∇2

i +
e2

4πǫ0

∫
ρ(~r ′)

|~r − ~r ′|
d~r ′ + Vxc + Vext

The Kohn-Sham scheme is basically exact to describe the many-electron system. But

the exchange-correlation energy functional Vxc is still unknown. It contains the exchange

and correlation part in the Hohenberg-Kohn functional. A widely used approximation

called Local Density Approximation (LDA) assumes that the exchange-correlation func-
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tional has the form:

ELDA
xc =

∫
ρ(~r) ǫxc(ρ(~r)) d~r

ǫxc(ρ) is taken from for the homogeneous electron gas and is numerically known. In each

infinitesimally small volume of the material the electron density can be thought as a

constant. The exchange-correlation energy can be obtained by counting the contribution

from the small volumes over the whole material.

An improvement of the LDA is to consider the effect of the gradient of the density

in different infinitesimal volumes. This approximation is called the Generalized Gradient

Approximation (GGA). As the method of calculating the density gradient is not unique,

there are many types of GGA approaches implemented. In addition, strictly speaking a

GGA calculation is not an ab initio calculation since experimental information is used

for setting some parameters.

1.3 Organization of this Thesis

The aim of this theoretical work is to explore the electronic structure of EuO in different

cases. The determination of the specific calculation method and calculation convergence

check is detailed in Chapter 2. Results for pure EuO under hydrostatic and uniaxial

pressure are presented in Chapter 3. The band structure and density of states of EuO

with O deficiency or Gd doping are discussed in the same chapter. An ideal 10-layer EuO

thin film is simulated to predict its electronic properties in Chapter 4. Finally, a Si/EuO

interface is investigated in Chapter 5.
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Chapter II

Calculational Approach

The WIEN2k package [23], in which the linearized augmented plane wave method is im-

plemented, has been employed for this theoretical work. The proper calculation approach

must be determined from many choices provided by this package for further research. In

addition, RmtKmax and the number of k-points must be optimized to obtain accurate

results effciently.

Two groups of calculations are conducted in the process of choosing RmtKmax and the

number of k-points. Each group keeps one parameter the same and varies the other one,

see Figs. 2.1 and 2.2. Besides the total energy, magnetic moment of Eu is also considered

as a criterion for the convergence of the calculations. When the changes of total energy

and magnetic moments become smaller, the results are closer to the real value. As a

result, RmtKmax=9 and 256 k-points in the irreducible wedge of the Brillouin zone are

chosen for all calculations in this chapter. For the later chapters, these parameters are

modified to obtain accurate results.

Simulations for both non-magnetic (NM) and ferromagnetic (FM) configurations are

made. The result of the NM case shows a metallic valance band, which contradicts the

fact that EuO is an insulator at low temperature. Furthermore, the total energy of the

NM case is much higher than the total energy of the FM case, indicating that the ground

state of EuO is FM. This fact agrees with the experiments. Hence, the NM configuration
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Figure 2.1: Total energy per EuO and Eu magnetic moment referring to the lowest value
as a function of the number of k-points (RmtKmax=7.0).
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Figure 2.2: Total energy per EuO and Eu magnetic moment referring to the lowest value
as a function of RmtKmax (256 k-points).
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Figure 2.3: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) of calculated by the GGA method.

is no longer considered in this chapter.

Partial densities of states (DOS) of Eu and O for the spin polarized calculations with

the GGA method are shown in Fig. 2.3. The O 2p DOS is located between -6 and -4 eV.

The Eu 4f orbital DOS splits up significantly by about 4 eV. The metallic bands consist

of Eu 4f and 5d bands. This result conflicts with experimental finding that EuO is an

insulator. The pure GGA method is not sufficient to provide an accurate simulation of

EuO. So, other approaches must be taken into account, such as spin orbital coupling (SO)

and on-site Coulomb interaction (U parameter) for the localized orbitals of the Eu atom.

For comparison, three combinations are considered here: (1) GGA+SO, (2) GGA+U ,

and (3) GGA+U+SO.

For the GGA+SO approach, the SO is applied to the Eu 4f orbital, but the result

does not change essentially, see Fig. 2.4. The Eu 4f spin majority states and 5d states

are still metallic and all bands occupy the same energy range. The only difference is

that the occupied 4f orbitals show a substructure in the DOS. Also, the effect of spin

orbital coupling on the unoccupied 4f orbitals is not significant, only widening the bands

slightly. Therefore, the GGA+U approach is employed, specificially the self-interaction

correction method (GGA+SIC) [9], the Hubbard mean field method (GGA+HMF) [14],

and the around meanfield method (GGA+AMF) [24]. According to the work done by
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Figure 2.4: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) of calculated by the GGA+SO method.
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Figure 2.5: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) of calculated by the GGA+AMF method.

Ghosh el at. [13], on-cite Coulomb interaction is considered for the Eu 4f and 5d orbitals,

with Ud=5.0 eV and Uf=5.0 eV.

As compared to the result of pure GGA, the GGA+AMF shows that the same energy

range is occupied by the Eu 4f and O 2p bands, see Fig. 2.5. The edge of the Eu 4f spin

majority states is crossed by the Fermi level. After applying SO, the DOS in Fig. 2.6

shows a metallic band, which is a part of the Eu 4f bands. Eu 5d states also cross the

Fermi level. Thus, neither GGA+AMF nor GGA+AMF+SO can be used to describe the

electronic structure of EuO.
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Figure 2.6: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) of calculated by the GGA+AMF+SO method.
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Figure 2.7: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) of calculated by the GGA+HMF method.

GGA+HMF and GGA+HMF+SO resemble the DOS of the GGA+SIC and GGA

+SIC+SO methods, respectively, see Figs. 2.7 and 2.8. The spin Eu 4f minority states

of orbitals move to higher energy as compared to GGA(+SO) and GGA+AMF(+SO).

However, the band structures reveal that both the Eu 4f and 5d states of the GGA+HMF,

as well as GGA+HMF+SO calculations, are metallic. Therefore, the GGA+HMF (with

and without SO) can be excluded for EuO.

On the other hand, the band structure calculated by GGA+SIC exhibits a band gap

of nearly 0.6 eV, which is smaller than the room temperature value of 1.12 eV [11], see
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Figure 2.8: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) of calculated by the GGA+HMF+SO method.
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Figure 2.9: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) of calculated by the GGA+SIC method.

Fig. 2.9. The Eu 5d bands split by about 0.75 eV, which is in line with the findings

of Steeneken et al. [7]. The magnetic moment of Eu is about 6.84 µB, which is close to

the experimental value [1]. The GGA+SIC+SO does not give a new picture except for a

substructure of the Eu 4f spin majority states.

Direct exchange is not relevent as the Eu 4f state is strongly localized. According

to the Goodenough-Kanamori rules [25, 26], the super exchange interaction between two

half-filled 4f orbitals should be antiferromagnetic. However, the 4f states have a small

overlap with the O 2p orbitals. As a concequence, the antiferromagnetic interaction is

weak. In contrast, the overlap between Eu 5d and O 2p orbitals is larger. Therefore, the
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Figure 2.10: Spin polarized band structure (left) and partial Eu 4f and O 2p DOS (right)
of calculated by the GGA+SIC+SO.

FM exchange between the half-filled Eu 4f and the empty Eu 5d orbitals prevails.

In conclusion, the calculations with GGA (+SO) and GGA+AMF (+SO) show the

Eu 4f and 5d bands cross the Fermi level. Although the GGA+HMF(+SO) approach

also gives metallic bands, the Eu 4f bands are more localized so that they only touch the

5d bands slightly. It can be clarified that the GGA+AMF is worse than GGA+HMF and

GGA+SIC for EuO. However, only the GGA+SIC(+SO) leaves EuO insulating. As the

GGA+SIC method with SO does not provide more information, the GGA+SIC approach

is employed for saving calculation time.



22

Chapter III

EuO under Pressure and with

Impurities

This chapter presents the results of calculations for EuO under hydrostatic and uniaxial

pressure. Then, the electronic structures of EuO with O deficiency and gadolinium doping

are investigated. Both kinds of impurities have concentrations of 6.25% or 25%.

3.1 Hydrostatic and Uniaxial Pressure

Even if the experiments demonstrate that EuO is ferromagnetic at low temperature, other

spin configurations are considered here for the case that the ground state is influenced by

pressure. Non-magnetic (NM), geometrically frustrated (111) antiferromagnetic (GFA)

(see Fig. 3.1), and (100) antiferromagnetic (AFM) (see Fig. 3.2) spin ordering configu-

rations are taken into account. On the other hand, hydrostatic and uniaxial pressure

are simulated by changing the lattice constants. The approach for realizing hydrostatic

pressure in the calculation is to change the constants but keep the same ratio. For the

other pressure, only the lattice constant along the z-axis is changed while keeping the

original value for the constants in xy plane.

The total energy per Eu atom referring to the lowest value as a function of the lattice
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Figure 3.1: Geometrically frustrated antiferromagnetism in the EuO (111) plane. Two
colors specify the opposite spin directions.

Figure 3.2: Antiferromagnetism in the EuO (100) plane. Two colors specify the opposite
spin directions.

constants variation are shown in Fig. 3.3. For the hydrostatic case, the total energy of

the NM configuration is always much higher than the other cases over the whole value

range investigated in this study. For reducing the scale of the diagram and showing the

difference among the other cases clearly, the NM curve is not plotted. Moreover, as it

is not possible to achieve a converged result, there is no curve for NM calculations with

uniaxial pressure. This may be due to the fact that the NM case is beyond a physically

reasonable configuration.

Figure 3.3 shows that the ground state of EuO always remains FM under the two

types of pressure. The GFA case has a lower total energy than AFM configuration.

However, the energy differences are very small between them. One can conclude that FM

ordering is very stable for EuO and that the pressure does not affect the ground state.
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Figure 3.3: Variation of the total energy refering to the lowest value under the lattice
constant changes for hydrostatic (a) and uniaxial pressure (b) for different spin configu-
rations. The arrows point to the lattice constant change with the lowest total energy.

In addition, the total energy of EuO is more sensitive for hydrostatic pressure than for

uniaxial pressure. The optimized lattice constant is 3% larger than the experimental

value for both cases. This overestimation may result from the approximations entering

the GGA+SIC approach.

The insulator-metal transition of EuO under high pressure is an attractive topic and

is worth to be explored by theoretical tools. Firstly, two experimental works need to be

stated here. Zimmer et al. [27] have performed high pressure experiments on EuO with

the gasketed-diamond-anvil technique, which guarantees excellent hydrostatic pressure.

It is revealed that an IMT happens at 140 bar (T=300 K). The volume of the unit cell

reduces to 89% of the original size at this pressure. The band gap (Eg) decreased from

about 1 eV to 0.5 eV when the pressure is increased to 100 kbar and the extrapolation

of Eg to 130 kbar yields a value of 0.33 eV. A metallic phase in EuO at 144 kbar was

justified by a significant change in the optical reflection spectra.

In another experiment conducted by Shafer et al. [28], the authors claimed that a tran-

sition occurred at 140 kbar between two semiconductor phases. Their point is supported

by the measurement of the resistance of the samples, which shows a drop of resistance

order of magnitude from 104 to 103 Ω. The estimated resistivity of samples at a pressure
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Figure 3.4: Spin polarized band structure (left) and partial Eu 4f and 5d DOS (right) for
a lattice constant decrease of 3%.

above 150 kbar is nearly 0.08 Ω cm, indicating the sample is not metallic.

The calculations for simulating hydrostatic pressure can be compared to the previous

experiments. Eg decreases with the shrinking of the unit cell similar to the experiment

of Zimmer et al. [27]. The band gap does not vanish until the ratio between the new and

original unit cell volumes V ∗/V0 reaches a value of 0.913 (a∗/a0=0.97), which agrees to

the experimental value of 0.89 [27] for the IMT. The band structure for this case, shown

in Fig. 3.4, indicates EuO is half-metallic rather than metallic or semiconducting at that

pressure. Apparently, the Eu 4f and 5d spin majority bands touch the Fermi level so

that the band gap is closed. Nevertheless, there are two local gaps of 0.2 and 1.0 eV at

the X and Γ points. The semiconducting behaviour obtained by DiMarzio et al. [28] is

probably due to the indirect nature of transfer processes between the valence band and

the conduction band.

For uniaxial pressure case, the calculations also reveal an IMT which occurs at a

volume variation beyond -5%. When the uniaxial pressure is applied, the symmetry

of the crystal is destroyed and the Bravais lattice changes from face centered cubic to

tetragonal. The decrease of symmetry may cause the band gap to vanish at lower pressure

than in the hydrostatic case.
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3.2 O Deficiency and Gd Doping

Experiments [4, 6] reported an IMT undergoing around Tc in the electron-rich EuO,

including Gd-doped EuO and Eu-rich EuO realized by O deficiency. The aim of this

section is to investigate this IMT by calculating the electronic structure of EuO with

O deficiency or Gd doping. Calculations are conducted only for FM ordering. Two

compositions, 6.25% and 25%, are simulated for both cases. One Eu atom is substituted

by a Gd atom in a 2 × 2 × 1 supercell (having 16 Eu atoms) and unit cell (having four

Eu atoms) to obtain the 6.25% and 25% compositions, respectively. Similarly, one O

atom in a 2 × 2 × 1 supercell (having 16 O atoms) or unit cell (having four O atoms) is

removed to achieve those two compositions for O deficiency. Optimizations of the atomic

positions and lattice constants are performed for every case. Only the DOS and band

structure of the fully optimized calculations are presented in the diagrams.

Table 3.1: Lattice constant changes corresponding to the lowest total energy.

Case Lattice constants change Subtract 3%
Pure EuO 3% 0%
O vacancy 25% 4% 1%
O vacancy 6.25% 3% 0%
Gd doping 25% 1% -2%
Gd doping 6.25% 2% -1%

The changes of the lattice constants after the structure optimization are shown in

Table 3.1. All the results indicate that the unit cell expands. However, the experimental

value for lattice constant is supported by other theoretical research [10]. Therefore the

expansion is attributed to a systematic error of the present approach (GGA+SIC). In

order to exclude this error to hide the real effect brought by O deficiency and Gd doping,

their optimized lattice constants should be compared to the result of pure EuO. The last

column of Table 1 reports the results after a subtraction of 3%.

For the two O deficient cases, the expansion could result from the exclusive effect

of the Eu cations. Due to the repulsion among the Eu ions near to the O vacancy, the
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Figure 3.5: Variation of the total energy refering to the lowest value under lattice constant
changes of (a) 25% O deficient EuO, (b) 6.25% O deficient EuO, (c) 25% Gd-doped EuO
and (d) 6.25% Gd-doped EuO. The arrows point to the lattice constant change with the
lowest total energy.

optimized lattice constant shows a 1% increase for 25% O deficiency. In contrast, 6.25%

O deficiency is not enough to change the lattice constant significantly. Thus, it is not

discovered in the calculations.

As discussed in Chapter 2, the Eu−Eu interaction is dominated by the FM exchange

between the half-filled Eu 4f and the empty Eu 5d orbitals. In Gd-doped EuO, Gd 5d

orbital will also involve in this interaction. Furthermore, the Gd 5d has one electron

more than Eu 5d orbital so the FM exchange is enhanced. This cause that the unit cell

shrinks. For higher Gd composition this effect will be more pronounced. Therefore, the

lattice constant of EuO doped with 25% Gd decreases by 2% while it decreases by 1%

for 6.25% Gd doping.

The band structure and partial DOS of EuO with 6.25% O deficiency are plotted in

Fig. 3.6. The DOS is only shown for the nearest (n) and farthest (f) Eu and O atoms

from the O vacancy. The metallic bands exhibited in the band structure consisted of Eu

5d spin majority states and O 2p spin minority states. Such metallic states are probably
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Figure 3.6: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) for fully optimized 6.25% O deficient EuO.

due to the electrons resulting from the O vacancy. The DFT results shown here are

in agreement with the IMT observed by Penney et al. [5] in the sample with slight O

deficiency (which is presumed to result from vacancies).

Figure 3.7 presents the results for fully optimized 25% O deficient EuO. There is a

0.5 eV energy seperating between the two groups of Eu 4f states. However, the fact that

the separation has not been discovered in the DOS of 6.25% O deficient EuO can be

attributed to the lower concentration. Furthermore, when the concentration increase the

gap between the O 2p and Eu 5d bands, which exists in the 6.25% case, is closed and

the spin majority O 2p states become metallic like the spin minority O 2p states. This

indicates that the increase of O deficiency has enhanced the charge carrier concentration

and thus the metallicity of Eu-rich EuO.

Barbagallo et al. [8] claimed that the magnetic moment can be enhanced in EuO thin

film by increasing the O deficiency. To compare with their results, all the magnetic

moments are taken from the calculations with the original lattice constants. However,

the magnetic moments of Eu depend on the site of the O vacancy. Thus, the magnetic

moments of Eu for three configurations (pure, 6.25%, and 25%) can only be compared

to each other via the average. The average Eu magnetic moments of EuO with 6.25% O
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Figure 3.7: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) for fully optimized 25% O deficient EuO.
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Figure 3.8: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) for fully optimized 6.25% Gd-doped EuO.

deficiency is 6.84 µB , which is slightly larger than the 6.83 µB of pure EuO. Nevertheless,

the Eu magnetic moments of Eu in EuO with 25% O deficiency has the same value as

in 6.25% O deficient EuO. In addition, as the concentration of O deficiency raises, we

find that the total magnetic moment per EuO unit cell increases. This is attributed to

the increase of interstitial magnetic moments. As a result, the increasing concentration

of O vacancies does not always enhance the Eu magnetic moments but can increase the

total magnetic moment of one unit cell. This observation is in line with the results of

Barbagallo et al..
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Figure 3.9: Spin polarized band structure (left) and partial Eu 4f, 5d and O 2p DOS
(right) for fully optimized 25% Gd-doped EuO.

The results for EuO doped with 6.25% and 25% Gd are shown in Figs. 3.8 and 3.9,

respectively. The band structure reveals that the IMT in 6.25% Gd-doped EuO is due to

the additional Gd 5d electron. Therefore there are more states at the Fermi level than

in the case of 6.25% O deficient EuO. This result is consistent with the fact that the

IMT occurs experimentally for 2% Gd doping [4] and that Gd-doped EuO has a lower

resistivity than O deficient EuO. The enhancement of metallicity for 25% Gd-doped

EuO can also be attributed to the increase of the Gd concentration, which enlarges the

energetic overlap between the Gd 5d and half-filled Eu 4f orbitals and closes the gap

between these two groups of bands, see Figs. 3.8 and 3.9.
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Chapter IV

Electronic Structure of a EuO Thin

Film

The electronic structure of a EuO thin film is investigated in this chapter. The distance

between two neighboring monolayers is 2.572 Å, which is half of the lattice constants

taken as 5.144 Å. The thickness of the film is approximately 23 Å consisting of ten

Eu−O monolayers. It is defined that the z-axis points perpendicular to the film. There

is a mirror symmetry, of which the mirror plane is normal to the z-axis and is located at

the center of the film. Thus only the atoms in five monolayers need to be inspected. The

atoms in the other five monolayers have the same DOS and the oppsite movements in

the structure relaxation. The index from “1 to 5” indicates the atoms in the monolayers

from the bottom to the center of the EuO thin film.

For the Eu and O atoms in the five monolayers Table 4.1 gives the positions and shifts

by the structure relaxation along the z-axis. At the surface of the film, Eu1 tends stronger

to the vacuum than O1 does because Eu is larger and heavier than O. It is thus not easily

bound by its O neighbours. As a consequence, O2, which is one of the nearest neighbors

of Eu1 in the second layer, has more space than Eu2 to move. As a result, the shift of

Eu is alternately larger or smaller than that of O in the same layer. Due to the mirror

symmetry, the atoms in the other five monolayers move to the opposite direction. Thus,
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Table 4.1: Summary of the z-axis coordinates of atoms in the monolayers from the
bottom to the center of the EuO thin film before and after the optimization of the
atomic positions.

Atom Before opt. After opt. Change Shift (Å)
Eu1 0.1786 0.1688 -0.0098 0.35
Eu2 0.2500 0.2422 -0.0078 0.28
Eu3 0.3214 0.3161 -0.0053 0.19
Eu4 0.3929 0.3897 -0.0032 0.11
Eu5 0.4643 0.4633 -0.0010 0.04
O1 0.1786 0.1714 -0.0072 0.26
O2 0.2500 0.2415 -0.0085 0.31
O3 0.3214 0.3164 -0.0050 0.18
O4 0.3929 0.3896 -0.0033 0.12
O5 0.4643 0.4634 -0.0009 0.03

Table 4.2: Magnetic moments of Eu before and after the optimization of the atomic
positions.

Atom Before optimization (µB) After optimization (µB)
Eu1 6.85 6.86
Eu2 6.84 6.84
Eu3 6.84 6.85
Eu4 6.84 6.85
Eu5 6.84 6.85

the whole EuO film expands. According to the Eu position, the expansion is obtained as

0.7 Å, which is 3% of the original thickness of the film. The atoms in the fifth layer stay

almost at the same position because they are nearly 10.3 Å away from the surface. They

can be considered to be bulk-like.

Subtracting from the shift of O1 by the value of O3, the length increase of the O

octahedron of Eu2 along the z-axis is obtained as 0.08 Å, which is the shortest increase.

The magnetic moments (MMs) of Eu are shown in Table 4.2. All the MMs except for

Eu2 are larger than the bulk value of 6.83 µB. This may be caused by the fact that

the O octahedron of Eu2 is smaller than the others. That means Eu2 has more overlap

between its 4f orbital and its second closest Eu neighbors’ empty 5d orbitals than others.
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Figure 4.1: Spin polarized partial O 2p DOS for different layers from the surface (O1) to
the center of the film (O4).

Oppositely, Eu1 has the largest MM because it is located at the surface and has the least

overlap.

Partial O 2p and Eu 4f DOSs in different layers of the EuO film are plotted in Figs.

4.1 and 4.2, respectively. The results for Eu5 and O5 are not shown because they are very

similar to those of Eu4 and O4. It is noticed that the bands in the energy range from

−1 to 0 eV are determined by the Eu 4f states. It is exhibited that 4f bands of Eu1 shift

to lower energy as compared with the others, while the O1 2p bands behave oppositely.

When two wave functions overlap, there will be an energy change ∆E separating them.

In the case here, the destabilization at the surface reduces the ∆E between Eu1 4f and

O1 2p orbitals. Therefore, the partial DOSs of the two orbitals shift towards each other.

Using the Kondo-lattice model, Schiller et al. [12] have predicted a surfaces insulator-

metal transition for a 20-layer EuO (100) film, while the one in the center stays insulating.

For comparison with their work, the band structure of the film and the partial Eu 5d
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Figure 4.2: Spin polarized partial Eu 4f DOS for different layers from the surface (Eu1)
to the center of the film (Eu4).
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Figure 4.3: Spin polarized band structure of the EuO thin film (left) and partial Eu 5d
DOS (right) for different layers from the surface (Eu1) to the center of the film (Eu4).
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DOS for different layers are shown in Fig. 4.3. There are two groups of occupied 5d

states. One takes up the range from −5 eV to −2.5 eV, corresponding to O 2p states.

The other one occupies a narrow region below the Fermi level, comprising both Eu 4f

and O 2p states. It is illustrated that the Eu 5d states are never metallic. A very narrow

band gap of about 0.08 eV is observed in the band structure of the EuO thin film. One

can conclude that the 10-layer EuO thin film is still an insulator. This finding contradicts

the prediction of Schiller et al.. We note that these authors have not taken into account

the surfaces atomic relaxation and that their film was twice as thick as the one studied

here.
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Chapter V

Electronic Structure of a Si/EuO

Interface

Silicon crystallizes in the diamond cubic structure and has a lattice constant of 5.418 Å,

which is larger than the one of EuO (5.144 Å) by 5%. For a good matching between

them, in the process of structure building, the average of 5.281 Å is taken for the lattice

constants in the xy plane, while the original values are kept for each unit cell along the

z-axis.

Figure 5.1: Four possible atomic configurations of the Si/EuO interface.
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Due to lack of information about the structure of the Si/EuO interface, different

atomic configurations are considered. Four possible situations are realized in this study

and are shown in Fig. 5.1. In case one, the Si−Eu bond, which is normal to Si (001)

plane, is 2.35 Å long. This value is taken from europium di-silicide [29]. In case three,

the same bond length between Eu and Si is used, but the Eu atom occupies the position

(0.25, 0.25, 0.25) in the unit cell of Si. The structure of case two can be obtained by

exchanging Eu and O in case one. Case four is generated from case three by the same

approach. The bond length between O and Si is taken as 1.70 Å in cases two and four.

Converged results have been obtained for cases two and four, but not for cases one

and three. This indicates that the real situation is not described by the latter cases. This

is a reasonable result because Si−O bonds are more energetically favorable to form than

Eu−Si bonds. Optimizations of the atomic positions have been performed for cases two

and four. The calculation for case four did not converge because of huge atomic forces.

Hence, case four is also excluded. When the O atom occupies the site (0.25, 0.25, 0.25)

of the Si unit cell, the large Eu atoms are so close to other Si atoms that the atomic

force accumulates dramatically. However, the structure optimization for case two gives a

converged result. Therefore the author believes that the interface framework of case two,

in which Si−O bonds of 1.70 Å are normal to the Si (001) plane, is reasonable.

The study is focused on the atoms located in and next to the interface, which are

labeled by the indices “1” and “2”, respectively. The shifts of the atoms after the structure

Table 5.1: Shifts along the z-axis of the atoms at and next to the interface after the
optimization of the atomic positions.

Atom Before optimization After optimization Shift (Å)
Eu1 0.2801 0.2794 0.023
O1 0.2801 0.2831 0.107
Si1 0.2316 0.2327 0.036
Eu2 0.3534 0.3547 0.046
O2 0.3534 0.3524 0.035
Si2 0.1930 0.1956 0.091
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Figure 5.2: Partial DOS of the 2p orbitals for bulk Si (top) and for Si atoms in the
interface (Si1) and in the adjacent layer (Si2) (bottom).

optimization are provided in Table 5.1. Eu and O show an opposite behavior: Eu moves

towards to the interface because it faces an intersticial formed by Si atoms so that it has

a free space to move in. However, O moves off the interface, causing a lower total energy.

It has been observed that Si moves along the same direction as O, but the bond between

Si and O is extended. The large shift of Si2 results from the free space next to it. The

movements of Eu2 and O2 are affected by the Eu and O atoms in the interface.

To compare the DOS of Si in and near the interface to bulk Si, the partial DOS of

the bulk Si 2p states is shown in Fig. 5.2. Si1 is located in the interface and shows a

significantly different DOS as compared to bulk Si. The states in the energy range from

−7 to −5 eV are enhanced because covalent bonds form between Si and O. The DOS

of Si2, which is in the layer next to the interface, resembles the bulk result since the

interface does not have a strong influence on Si2. The most important change for both

Si1 and Si2 is that the band gap vanishes. In addition, no clear spin splitting is observed

in the DOS. The magnetic moments of Si1 (0.003 µB) and Si2 (0.005 µB) are so small

that can be neglected. Si atoms thus are hardly not spin polarized by the EuO. The
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Figure 5.3: Top: partial O 2p and Eu 5d DOS in the interface (Eu1 and O1) and in the
adjacent layer (Eu2 and O2). Bottom: partial Eu 4f DOS in the interface (Eu1) and in
the layer next to the interface (Eu2).

anticipation [17] of spin injection into Si therefore is not realized.

DOSs for Eu and O are depicted in Fig. 5.3. The 2p states of O1 shift to lower energy

because of the formation of Si−O covalent bonds. The metallic states are contributed

by both O and Si. Since the interaction between Eu and O reduced in the interface,

the 4f states of Eu1 shift to lower energy. This is similar to the situation at the surface

discussed in Chapter 4. The DOSs of Eu2 and O2 nearly occupy the same energy range

as for the bulk material. This fact denotes that the interface has little effect on Eu and

O atoms in other layers. The magnetic moment of Eu obtained in this calculation is 6.6

µB, which is in line with the value measured by experiments [16, 30].
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Chapter VI

Conclusion

The electronic structures of different forms of EuO, including pure EuO, O deficient

EuO, Gd-doped EuO, EuO thin films, and Si/EuO interfaces, have been investigated,

attempting to explain experiments by DFT calculations and to predict properties of

EuO.

The results of calculations with the pure GGA exchange-correlation functional are

in conflict to the fundamental properties of EuO at low temperature. Thus, correction

approaches, like on-site Coulomb interaction and spin orbital coupling, should be included

in the calculations to improve the outcome. Only GGA+SIC and GGA+SIC+SO can

fulfill the requirements. Considering the efficiency of calculations, the GGA+SIC+SO

approach is not employed since it does not have a significant effect on the results as

compared to GGA+SIC.

The calculations have demonstrated that EuO undergoes an IMT under high hydro-

static pressure, which agree with the experiments. The band structure shows that the Eu

5d states shift to lower energy and touch the Fermi level, but there is still a gap between

the Eu 4f and 5d bands, which could result in half-metallicity of EuO. In addition, EuO

always orders ferromagnetically under different magnitude of hydrostatic and uniaxial

pressure. This indicates that the FM phase is very stable in EuO. IMTs have also been

found for O deficient EuO and Gd-doped EuO. The number of bands at the Fermi level
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increases as the concentration of impurities increases. The additional bands come from

the O vacancies or Gd 5d orbitals.

Also, a EuO(100) thin film and a Si/EuO interface have been simulated. The calcu-

lations for a 10-layer EuO thin film clarify that the thin film is insulating with a very

narrow band gap of about 0.08 eV. There is no metallicity found in any layers. On the

contrary, the electronic structure of the Si/EuO interface exhibits metallicity due to the

2p states of O and Si and the 5d states of Eu in and around the interface. This result

predicts that conductivity, which should be attribute to the Si/EuO interface, can be

detected in a perfect (not O deficient) EuO thin film grown on a Si substrate. In the real

situation, O deficiency, which cannot be avoided in the preparation process, may also

contribute to the conductivity if the concentration reaches a certain threshold.

It would be interesting to study if the electronic properties of the film change with the

thickness. In addition, other materials, such as GaAs, YAlO3, and GaN, are also used

as substrates for EuO thin films. An investigation of interfaces between EuO and these

materials by the theoretical tools employed here is expected to be equally fruitful.
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