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ABSTRACT

Novel stable ultra-thin phases of europium oxide are investigated by means of state-of-the-art first principles calculations. Total energy calculations show that single
layers of EuO, and Eu(OH), can be stabilized in an octahedrally coordinated (1T) atomic structure. However, phonon calculations reveal that although both
structures are energetically feasible, only the 1T-EuO, phase has dynamical stability. The phonon spectrum of 1T-EuO, displays three Raman active modes; a non-
degenerate out-of-plane A;; mode at 353.5 cm™! and two doubly-degenerate in-plane E; modes at 304.3 cm™'. Furthermore, magnetic ground state and electronic
band dispersion calculations show that the single layer EuO, is a metal with net magnetic moment of 5,5 per unitcell resulting in a half-metallic ferrimagnetic
behavior. Moreover, robustness of the half-metallic ferrimagnetic characteristics of EuO, is confirmed by the application of electric field and charging. Single layer
1T-EuO,, with its stable ultra-thin structure and half-metallic ferrimagnetic feature, is a promising novel material for nanoscale electronic and spintronic

applications.

1. Introduction

Layered materials, that have been studied for more than a century
[1], become one of the main focuses of scientific research after the
synthesis of graphene by Novoselov et al. [2] Following studies on the
layered materials have revealed the existence of novel ultra-thin crys-
tals with extraordinary optical, electrical, mechanical and thermal
properties [3-8]. Among ultra-thin materials, transition metal dichal-
cogenides (TMDs) have gained much attention by scientific community
due to their tunable band gap [9,10], low exciton binding energies
compared to their bulk form [11-16], field-induced transport with high
on-off ratios [17], valley-selective circular dichroism [18-20], and high
photovoltaic response properties [21,22]. To overcome the challenges
in nanodevice technology, search for novel ultra-thin materials with
different functionalities and tunable characteristics is still in progress.

Bulk rare earth compounds have been widely used as high-perfor-
mance luminescent devices, magnets, catalysts, and functional mate-
rials [23]. In addition to their 4f electrons originated unique properties
in bulk form, Ln-based crystals show more exotic characteristics when
their size is reduced down to nanoscale. Tarnuzzer et al. showed that
cerium oxide nanoparticles are promising materials for tumor treatment
applications in which ceria protects biological systems instead of tumor
cells from radiation damage [24]. Geng et al. reported that the anion-
exchanged rare-earth hydroxides display RE** emission making them
suitable for optoelectronic device applications [25]. In another study
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Lee et al. demonstrated the potential of uniform nanocrystalline cerium
oxide on practical detection in environmental toxicology for biological
applications [26]. Furthermore, Poudret et al. reported the hydro-
thermally synthesized new lanthanide hydroxyhalides [27].

Among the lanthanide elements, Eu(IIl) has been the most widely
studied one owing to its multiphoton up-conversion properties. There
are widespread potential applications for Eu(IlI), ranging from color
displays to biomedical sensors [28-32]. Hudry et al. reported the first
nonaqueous approaches used for the synthesis of ultrasmall europium
oxide nanoplatelets which are deeply affected by hidden parameters
[33]. Also it was claimed that the formation of such wontless poly-
crystalline form of europium oxide causes an influential impact on the
resulting crystal field which is directly related to the photo-
luminescence properties. Furthermore, Hu et al. reported a successful
synthesis method for well-defined Eu hydroxide nanosheets which are
promising materials thanks to their unilamellar morphology and pho-
toluminescence (PL) properties for optical devices [34].

Although nanoscale structures of Eu have been widely studied by
many groups, there is a lack of literature on its 2D ultra-thin forms.
Motivated by recent advances in synthesis techniques and experimental
results demonstrating the possibility of octahedral bonding of Eu atoms
inside the Y(OH)3 crystals [43], in this study we investigate the struc-
tural, phononic, electronic, and magnetic properties of pristine single
layer 1T phase of EuO, and Eu(OH), by using density functional theory
(DFT) based calculations.
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The paper is organized as follows. Our computational approach is
given in Section 2. Ground state structural and vibrational properties of
single layer EuO, and fully hydrogenated single layer EuO, are dis-
cussed in Section 3 together with the electronic, magnetic properties
and effect of charging and electric field of single layer EuO,. Section 4 is
devoted to conclusions of our results.

2. Computational methodology

To investigate the structural, vibrational, electronic and magnetic
properties of single layer EuO, and Eu(OH),, theoretical calculations
were carried out in the framework of DFT by using Vienna ab initio
Simulation Package (VASP) [35,36]. The calculations were performed
by using the projector augmented wave (PAW) potentials as im-
plemented in VASP [37,38].

Generalized gradient approximation of the Perdew-Burke-Ernzerhof
(GGA-PBE) functional was used for the exchange-correlation energy
[39]. The charge transfer between individual atoms was analyzed by
the Bader technique [40]. The DFT + U method described by Dudarev
was used in order to take into account strong correlations between d-
orbitals of Eu atoms [41]. In this method, the effective U parameter,
which is defined as the difference between the on-site Coulomb para-
meter and the exchange parameter, Uy = U—J, was taken to be 6 eV.

For plane-wave basis set, kinetic energy cutoff was taken to be
500 eV for all the calculations. The total energy difference between the
sequential steps as a convergence criterion for ionic relaxations was set
to 10~° eV. In the unit cell, the total force was reduced to value less than
10~* eV/A. Spin-polarized calculations were performed in all cases and
Gaussian smearing of 0.01 eV was used for the electronic density of
states calculations.

The cohesive energy per atom E,, was calculated using the formula

ECuh = z natom(i)Eatum(i) - Esyxtem /ntotal
i (€))]

where Egpom(;) is isolated single atom energy of the i atom, while i
stands for the number of all atoms for the same species, 1, represents
the total number of atoms, and r4em(;) shows the numbers of the same
kind of atoms in the primitive unit cell, respectively. Additionally,
dynamical stability of single layer EuO, and Eu(OH), crystals were
investigated via phonon band dispersions calculated by using the
PHONOPY code [42].

3. Results and discussion
3.1. Structural properties and dynamical stability

As demonstrated by the recent studies [43], Eu doping in hydro-
xides such as Y(OH); leads to formation of octahedrally bonded euro-
pium oxides. Such stable octahedral coordination resembles the 1T
phase of TMDs. Therefore, we first examine the stability of possible
EuO, and Eu(OH), crystal structures via total energy and phonon cal-
culations.

Total energy calculations show that both single layers of EuO, and
Eu(OH), structures can be optimized in 1T phase that belongs to P3m1
space group with the hexagonal Bravais lattice (see Fig. 1(a) and (b)). In
EuO, structure each Eu atom binds to six O atoms with a bond length of
2.34 A and the optimized lattice parameters are a = b = 3.68 A. On the
other hand, in Eu(OH), structure Eu-O bond length is 2.60 A, while the
O-H bond length is found to be 0.97 A and the optimized lattice con-
stants are a = b = 3.75A. Bader charge analysis shows that each O
atom receives 1.0 e/atom from Eu atom in EuO, while in Eu(OH), H
and Eu atoms donate 0.5 and 1.7 e to each O atom.

The stability of 1T-EuO, and 1T-Eu(OH), with respect to other
europium phases can be deduced from the cohesive energy per atom. As
shown in Fig. 1(c), both structures have cohesive energy indicating
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Fig. 1. Top view, side view of (a) EuO,, (b) Eu(OH), from top to bottom, re-
spectively. (c) Cohesive energies per atom of single layer EuO,, single layer Eu
(OH),, Eu(OH),, EuO-1(Pm-3m), EuO-2(Fm-3m), Eu,O3(P-3m1), and
EuO,(P4/nmm). (* stands for single layers) Calculated (d)-(e) X-ray diffracto-
grams and ()-(g) STM images.

their stability and their energy are comparable to other most stable
europium oxides.

In addition, calculated X-ray diffractograms of single layers EuO,
and Eu(OH), are presented at the bottom panel of Fig. 1(d) and (e),
respectively. For the single layer EuO,, there are four intense signals at
5.5%,11.0°, 17.0°, and 22.5° 26 degrees. However, in the presence of H
atoms, three additional signals having lower intensities appear at 19.0°,
23.0°,16.0° and the main signals originated from 1T-EuO, are shifted to
the lower 20 degrees (4.0°, 10.0°, 13.0°, 16.0°) with higher intensities.
When we compare the peaks of two single layers that appear at 20
degrees above 25.0°, it is obvious that although the XRD signals of single
layer 1T-EuO, are more intense, the number of the signals are less in
number. Therefore, the H atoms lead to additional signals, the red shift,
and the increase in the intensity for the main signals that are obtained
at 20 degrees below 25.0°.

Furthermore, the scanning tunneling microscopy (STM) simulations
of EuO, and Eu(OH), are performed in order to obtain the surface
images at the atomic level and presented in Fig. 1(f) and (g), respec-
tively. As seen in Fig. 1(f), Eu atoms appear as bright spots in 1T-EuO,
crystal. However, neighboring O atoms which are at top of the EuO,
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Fig. 2. Phonon band dispersions of (a) EuO,, (b) Eu(OH),. The eigen-
frequencies for Raman and Infrared-active modes, and the corresponding vi-
brational motion of the individual atoms are shown at the bottom panel for
EuO, structure.

surface come into sight as shady white spots. In the case of 1T-Eu(OH),,
since the surface H atoms bind to top of oxygen atoms, the distance
between the tip and the europium atoms increases. Therefore, H atoms
appear as brighter spots than Eu atoms. The shady white and bright
spots form a hexagonal shape consistent with the structures for both
EuO, and Eu(OH),.

The energy optimization calculations predicting the total energy,
cohesive energy or formation energy of a given structure at OK are
insufficient for determination of their dynamical stability. Therefore,
we examine dynamical stabilities of both single layers via phonon band
dispersions through the whole BZ. Vibrational spectrum of single layer
1T-EuO, (see Fig. 2(a)) is composed of nine phonon branches at the
I'-point; three acoustic and six optical. The decomposition of the vi-
bration representation of optical modes at the T point is
Lop. = 2B, + Ay, + 2E; + Ay Additionally, LA and TA acoustic bran-
ches have an almost linear dispersion. Near the T point the out-of-plane
flexural (ZA) vibration mode is found to exhibit negative frequencies
due to insufficient FFT-grid. Therefore, by fitting the out-of-plane
flexural (ZA) mode near the I' point the imaginary frequencies are
corrected. As given at the bottom panel of Fig. 2, there are three Raman
active modes one of which is non-degenerate out-of-plane mode while
the other two are doubly-degenerate in-plane vibrational modes. As a
result, 1T phase of single layer EuO, is a dynamicaly stable crystal with
its strong Eu-O bonds leading to high frequency phonon modes as single
layer MoSe,[44-46].

In addition, as seen in Fig. 2(b), in the case of 1T-Eu(OH), two
optical phonons having frequency of 3777.3 cm™! are originated from
the H-O bond stretching. Analysis of lattice dynamics shows that single
layer 1T-Eu(OH), has the out-of-plane flexural (ZA) vibration mode
lying at the negative frequency regime in the BZ. The restoring forces
are nonexistent for ZA optical mode due to the full hydrogenation of
EuO, which leads to weakening of the Eu-O bonds and charge im-
balance on Eu and O atoms. It appears that while the 1T phase of Eu
(OH), corresponds to a stable structure in terms of total energy opti-
mization calculations.

Therefore, the rest of the paper is devoted to investigation of elec-
tronic and magnetic properties of single layer 1T-EuO».

3.2. Electronic and magnetic properties

Ground state crystal structure of 1T-EuO, is formed by
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Fig. 3. Electronic band structure and atom-spin decomposed electronic density
of states of EuO; (inset; Top and side views of spin up-down charge density of
EuO,. The blue lobes correspond to the minority while the yellow lobes cor-
respond to the majority spin density).

hybridization of two unpaired Eu-4f orbital electrons with the two half-
filled O-p orbitals and resulting charge distribution leads to 7 (1) un-
paired electron on Eu (O) atoms. Magnetic charge density (p,,, = £4-
py) shown in Fig. 3, reveals that in single layer 1T-EuO, crystal Eu
atoms with 7,5 and O atoms with 1,5 are antiferromagnetically coupled
and opposing magnetic moments unequal at the sublattices result in a
5, net magnetic moment per unitcell. Apparently, single layer 1T-EuO,
crystal is a ferrimagnetic material.

Additionally, as shown in Fig. 3, the electronic band dispersion and
electronic density of states reveal that single layer 1T-EuO, structure
shows half-metallic behavior. While it is a semiconductor with 4.5 eV
band gap for minority spin components, metallic behavior originates
from majority spin states crossing the Fermi level. Two crossing bands
at the vicinity of the Fermi level result in three Dirac-cone like dis-
persions in between M-K, K-T and at the K high symmetry point. As seen
from the partial density of states presented in Fig. 3, majority spin states
around the Fermi level stem from Eu-f and O-p orbitals.

Up to here, freestanding form of single layer 1T-EuO, crystal is
considered. However, surface induced effects such as strain and char-
ging may lead to slight distortion in the atomic arrangement which
directly determines the electronic structure of the material. Therefore,
examination of the robustness of the half-metallic ferrimagnetic beha-
vior is of importance.

In order to investigate the effect of external field on the electronic
properties of 1T-EuO,, we consider an out-of-plane electric field
varying between +0.3 eV/A. Firstly, it is seen from the charge density
analysis that the applied electric field slightly breaks the charge sym-
metry on the uppermost and lowermost O atoms. As shown in Fig. 4,
such charge imbalance in the out-of-plane direction leads to significant
splittings in electronic bands formed by O-p, states. Apparently, despite
the E-field induced splittings around the Fermi level, 1T-EuO, main-
tains its halfmetallic ferrimagnetic behavior.

As an external effect, charging is an effective strategy to tune the
electronic properties of a material and it can be applied by a substrate
or an electronic gate. In order to investigate the effect of charging on its
electronic band dispersion, +0.05 and +0.10 e charging per unitcell
applied to the single layer 1T-EuO,. It is seen that while added/re-
moved charges mostly affects the charge distribution on O atoms,
charging has a negligible effect on Eu atoms. Structurally, only the
thickness of the single layer structure is modified by charging. Here it is
found that the higher the amount of charging the larger the thickness.
As shown the right panel of Fig. 4, while charging has no effect on the
dispersion of electronic states in BZ, it directly determines the Fermi
level by band filling or emptying. It worths to be noted that due to the
robust electronic band structure of the single layer 1T-EuO, half-
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Fig. 4. Electronic band dispersions under electric field (left panel) and charging
(right panel).

metallic ferrimagnetic character survives even under higher charging
cases.

4. Conclusions

In summary, structural, vibrational and electronic properties of
single layer 1T-EuO, and 1T-Eu(OH), were investigated by means of
first principles calculations. While according to total energy calcula-
tions both crystal structures are energetically favorable phases, phonon
calculations revealed that only the single layer of 1T-EuO, is dynami-
cally stable. Additionally, structural fingerprints of both structures were
predicted from calculated X-ray diffractograms and STM images. It was
also showed that 1T-EuO, structure has two prominent peaks (at 304.3
and 353.5 cm™!) in the Raman spectrum.

Electronic band structure calculations revealed that dynamically
sTable 1T-EuO, structure is a half-metallic ferrimagnet. Robustness of
the unique electronic behavior was also examined under external out-
of-plane electric field and charging. With its dynamically stable, ultra-
thin atomic structure, and robust half-metallic ferrimagnetic electronic
nature, 1T-EuO, may become an important candidate for spintronics
applications.
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