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First principles study of ferroelectric hexagonal
compounds RInOz (R = Dy, Er, and Ho): electronic
structure, optical and dielectric properties

Yifei Yu,? Na Lin, €2 *3 Haoyuan Wang,? Ran Xu,® Hao Ren 2 € and Xian Zhao*?

The 4f-shell electrons of rare-earth ion R have a certain influence on both the electrical and optical
properties of RInOs. We have studied the electronic structures, optical and dielectric properties of
hexagonal compounds RInOz (R = Dy, Ho, and Er) by performing first principles calculations. After
optimization, the lattice parameters are in great agreement with the experiment with an error within 1%.
Band structure calculations reveal decreasing band gaps with the increase of atomic number, yielding
the highest conductivity for ErlnOs, which has the smallest band gap in the present study. We have
calculated the density of states of RInOs and characterized the displacement of In and O. The dielectric
properties and ionic contribution have been calculated and a detailed comparison has been made on the
dielectric function including the static dielectric tensor. The absorption coefficient, the reflectivity, the
refractive index, the conductivity and the electron energy-loss spectrum of hexagonal DylnO3z, HolnOs

rsc.li/rsc-advances

1 Introduction

A group of materials with hexagonal ABO;-type structure have
been extensively invoked for their geometric multiferroic char-
acteristics and potential applications in capacitors, FRAM
storage, computer memory and other multifunctional
devices." Research on these materials mainly pays attention to
the correlation between ferromagnetism and ferroelectricity,
however, rarely does a study exist on their optical and dielectric
properties which are also important to explore. It is worth
noting that there are some ABO; perovskites reflecting superior
dielectric properties>® which have potential applications in
manufacturing dielectric devices. People can control the
dielectric and optical properties of the perovskite structures by
selecting appropriate A and B cations due to the fact that
physical properties of ABO; perovskite depend on the mass and
ionic radius of the A and B cations.

Among the ABO; perovskite structures, RMnOj; (R = rare-earth
element) has been widely studied due to its excellent ferroelectric
and dielectric properties,”** and hexagonal RInO; with the space
group of P6zcm is isomorphic to the hexagonal RMnO;."* If we
replace Mn®" ions with non-transition metal In** ions, the
dielectric and optical properties of the RInO; perovskite system
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and DyInOs have been calculated and analyzed.

are only contributed by the 4f-shell electrons of the rare-earth
ions R*",'*** which makes it much more straightforward to
study the optical and dielectric properties of RInO; than in
RMnO;. Studies have shown that the spontaneous polarization of
hexagonal RInO; increases with the increase of the atomic
number of rare-earth elements.”” In order to explore the dielectric
and optical properties as a function of the atomic number of rare-
earth elements, in present study we have chosen Dy, Ho and Er
with increasing atomic number. Moreover, the hexagonal DyInO;
and HoInO; are stable at normal pressure and temperature but
transform to 6% denser pseudohexagonal orthorhombic phases
at 20 kbar, 1000 °C,* while the properties of ErInO; have not yet
been confirmed. In this work, we have performed first principles
calculations on the electronic structure, optical and dielectric
properties of hexagonal RInO; (R = Dy, Ho, and Er) and further
discussed their potentials in the preparation of high quality
multifunctional devices.

2 Computational details

All calculations in present paper are based on density functional
theory (DFT) with Perdew-Burke-Ernzerhof (PBE) of the gener-
alized gradient approximation (GGA)** functional for the
exchange-correlation function, implemented in Vienna Ab initio
Simulation Package (VASP)**?° by solving the Kohn-Sham equa-
tion and corrected the results by the GW method of quasi-particle
approximation. The specific Kohn-Sham equation is as follows,

{-3+[r() s m]fo () =a0() @
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where V(7) 4+ wuy. (1) = Vege(r) is the effective potential and ¢; is
the eigenvalue of the Kohn-Sham equation. We employ the
projector augmented-wave (PAW) method to describe the
interaction of ions and electrons. The cut-off energy in the
plane-wave expansion has been set to 450 eV, which had been
accurately proved to ensure the well-converged total energy.”” In
order to obtain the well-polymerized geometrical configura-
tions, we fully relaxed the hexagonal structures witha 5 x 5 x 2
k-point mesh grid and 8 x 8 x 3 for the subsequent calculations
of properties. Convergences of energy and force have been
respectively set to 0.01 meV per cell and —0.02 eV A™*. We have
also employed the density functional perturbation theory
(DFPT) with a linear response method implemented in the
Cambridge Serial Total Energy (CASTEP)*® code in the calcula-
tions for optical and dielectric properties. The calculated lattice
parameters of RInO; (R = Dy, Ho, Er) has been determined to be
a=hb=6.357 A, c = 12.404 A, which are in great agreement with
the experimental value of a = b = 6.300 A and ¢ = 12.300 A,>®
with an error within 1%, indicating the accuracy of present
calculations.

3 Results and discussion

3.1 Electronic structure of hexagonal DyInO;, HoInO; and
ErInO;

The optimized geometrical configurations for hexagonal RInO;
is shown in Fig. 1(a), containing 6 rare-earth (R) atoms, 18
oxygen (O) atoms and 6 indium (In) atoms. A 2 x 2 x 1 super-
cell of RInO; has been made for a better understanding, as
shown in Fig. 1(b). We can see that the structure of RInO; along
c-axis direction is formed by the alternating bonding of In and O
atoms with hexagonal structure, and the bond length of In-O is
2.11 A. Therefore, hexagonal RInO; has been proved to be quite
stable which lays the foundation for further study on its optical
and dielectric properties.

The calculated band structure of hexagonal RInO; (R = Dy,
Ho, Er) is shown in Fig. 2. We position the Fermi level corre-
sponding to the top of the valence band at zero energy and
marked with dotted line. From Fig. 2 we can see that hexagonal
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RInO; are indirect band gap crystals with band-gap values
respectively to be 1.90 eV, 1.85 eV and 1.80 eV for DyInOj3,
HoInO; and ErInOj;, which reveals decreasing band gaps with
the increase of atomic number. The smaller the band gap, the
easier it is for the electron to be excited by the valence band to
the conduction band, and the higher the conductivity. Among
three crystals in present study, DyInO; which has the largest
band gap will give the smallest conductivity, whereas ErInO;
which has the smallest band gap yields highest conductivity.
Fig. 3 shows the total density of states (TDOS) and the partial
density of states (PDOS) of unit-cell hexagonal DyInO3z;, HoInO3
and ErInO;. Due to the similarity between these three crystals
and the properties of the lanthanides compound, it's not diffi-
cult to observe from Fig. 3(a), (c) and (e) that the curves of total
density of states of DyInO;, HoInO; and ErInO; are roughly
similar and there only exist minor different density peak in the
energy range from —27 to —20 eV. In addition to observing the
overall state density distribution, we also plot the distribution of
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Fig. 2 Band structure of hexagonal DylnO3, HolnOz and ErlnO3 along
the high symmetry direction. The Fermi level is positioned at zero
energy and marked with dotted line.

Fig. 1
hexagonal RInO3 along c-axis.

This journal is © The Royal Society of Chemistry 2020

(a) Optimized structure of hexagonal RInOs (R = Dy, Er, Ho). (b) Quadrilateral arrangement of a 2 x 2 x 1 super-cell of optimized
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Fig. 3 The total and partial density of states of hexagonal DyInOs (a), HolnOs (c) and ErlnOs (e) in the energy range from —27 to 7 eV and the
enlarged map of DyInOs (b), HolnOs (d) and ErInOs (f) in energy range from —7 to 7 eV.

density of states near the valence band maximum (VBM) and
the conduction band minimum (CBM), that is, in the energy
range from —7 to 7 eV, as collected in Fig. 3(b), (d) and (f). From
Fig. 3(b), we can see in the energy range from —7 to 0 €V the
VBM of DyInO; mainly contributed by O 2p states, together with
a part of contribution from In 4d states. Since the electronic
contribution of Dy to partial density of states is less than 0.5 eV,
therefore, we do not take the contribution of Dy into account. In
the energy range from 0 to 7 eV, the CBM of DyInO; is mainly

4082 | RSC Adv, 2020, 10, 4080-4086

contributed by In 4d states, together with a small contribution
from O 2p states. The density of In is much larger than the
density of O in the contribution to the VBM, which indicates
that a large part of the electrons of O transfer from the valence
band to the conduction band and hybridize with Ti 3d elec-
trons. For the case where the contribution of different atomic
orbitals to the conduction band and the valence band of RInO3,
we can see similar situations in Fig. 3(d) and (f). The VBM and
the CBM of these three structures are mainly contributed by O

This journal is © The Royal Society of Chemistry 2020
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and In, while the contribution of the lanthanides to the total
density of states is not significant. This indicates that the band
structure properties of hexagonal DyInO;, HoInO; and ErInO;
are mainly provided by the strong bonding of In and O whereas
lanthanides show limited effects.

3.2 Dielectric properties of hexagonal DyInO;, HoInO; and
ErInO;

We calculate the optical properties of hexagonal DyInO;, HoInO;
and ErInOj; by calculating the static dielectric function &(w),

é(w) = &1(w) + iex(w) (2)

where ¢,(w) is the real part and ¢,(w) is the imaginary part of the
static dielectric function. The real part ¢;(w) is characterized by
the spontaneous polarization of the dielectric under an applied
electric field, while the imaginary part ¢,(w) is characterized by
the loss of the dielectric and we can further calculate the optical
properties of RInO; through imaginary parts.

Fig. 4(a) shows the real part curves of the static dielectric
function of hexagonal DyInO;, HoInO; and ErInO; and we can
see that the static dielectric constants of these three crystals are
all 4.53. The real part curves all reach the maximum when the
photon energy reaches 2.24 eV. As shown in Fig. 4(b), the cor-
responding imaginary part curves of the dielectric function of
DyInO;, HoInO; and ErInO; show an increasing pattern in the
energy range from 0 to 10.4 eV and decrease from 10.4 eV to
24.3 eV. All three systems under study give similar imaginary
part curves, only with mutual shifts on peaks located in the
energy range from 20 eV to 40 eV. It can be seen from Fig. 4(b)
that the imaginary part function at 10.1 eV is much stronger
than other dielectric function peaks, which corresponds to the
transition of electrons from the O 2s valence band to the 4d
conduction band of these three rare-earth elements. The peak at
high energy (at around 28.0 eV) should be originated from the
transition of electrons from the O 2p valence band to the 4d
conduction band of rare-earth elements. The imaginary part
function of DyInO; at 10.1 eV is slightly stronger than that of the
other two materials. As the energy increases, the peaks show
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Fig. 4 The real part (a) and the imaginary part (b) of the static dielectric function of hexagonal DylnO=, HolnOz and ErlnOs.
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a blue-shift from DyInO; to HoInO; and to ErInOj, which is
consistent with the trend of the reflectivity curves of these three
materials in Fig. 6(a) shown below.

3.3 Optical properties of hexagonal DyInO;, HoInO; and
ErInO;

We calculated the real part ¢;(w) and the imaginary part ¢,(w)
respectively of dielectric function of hexagonal RInO; in Per-
dew-Burke-Ernzerhof method by VASP and calculate the
absorption spectrum coefficient o(w),***

1

2

a(w) = V20 | Ve (w) + e2(w) — & (w) (3)

Fig. 5(a) shows the absorption spectra of unit-cell hexagonal
DyInO3, HoInO; and ErInO; along the directions of XX, YY and ZZ
respectively in the energy range from 0 to 60 eV. We can see from
Fig. 5(a) that the absorption spectra of all three crystals are all
very similar in the energy range from 0 to 25 eV. In the energy
range from 25 to 30 eV, the absorption intensity of ErInO; at the
absorption peak along the XX direction is significantly larger than
that of HoInO3, and the absorption intensity of DyInO; is the
smallest among these three compounds, while their absorption
intensity along the ZZ direction is equivalent. The absorption
spectrum of DyInO; shows a distinct absorption peak at an
energy of around 43 eV along all directions of XX, YY and ZZ,
which is absent in the absorption spectra of both ErInO; and
HoInO;. The total absorption averaged over all three directions
has been displayed in Fig. 5(b), from which we can see all three
crystals show an absorption peak located at around 11 eV. Visible
differences start to appear in the second peak region at around
30 eV. The three materials show very slight differences in peak
intensities. A blue-shift of the peak can be observed with the
decrease of atomic number of R. In addition, only DyInO; has
a distinct absorption peak at the energy of around 43 eV.

We calculate the reflectivity R(w) and refractive index n(w) of
all three crystals under study according to the imaginary part of
the dielectric function,

0 10 20 30 40 50 60
Photon energy(eV)

(b)
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Fig. 5 Absorption spectra of hexagonal DylnOs, HolnOs and ErlnOs
absorption spectra (b) in energy range from 0 to 60 eV.

2

R(w) = ‘\/sl(w) +ie(w) — 1 )
Ve (w) +ig(w) + 1
n(w) = \i@{[elzw) + 822(0))]% + el(w)}i )

Fig. 6(a) shows the reflectivity of hexagonal DyInO3, HoInO3
and ErInO;, from which we can see that the strongest peak
locates at around 10 eV. A similar trend as the absorption
spectra can be found for the second peak which shows a shift
with the increase of atomic number of R. Again, only DyInO;
has a reflectance peak at the energy of around 45 eV, the same as
observed in the absorption spectra. In the energy range from
0 to 6 eV and 12 to 32 eV, the reflectivity curve of hexagonal
RINnO; is lower than 0.2, showing that these three structures are
transparent for photons in these energy ranges.

Fig. 6(b) shows the refractive index of unit-cell hexagonal
DyInOj3, HoInO; and ErInOj;. The refractive peak in the energy
range from 0 to 10 eV arise from the transition from the O 2p to
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In 5s states, while a relatively small refractive peak at an energy
of around 26 eV corresponds to the transition from the In 5p
states to the conduction band. We can see from the figure that
the static refractive index of DyInO;, HoInO; and ErInO; are
calculated to be 2.130, 2.127 and 2.124 respectively, which are in
good consistency with the trend in the dielectric constant curve
as shown in Fig. 4(a). The high refractive index of DyInOs,
HoInO; and ErInO; appearing in the low energy range reflect
a high band gap,**® which is consistent with the band structure
calculations.

We calculate the electron energy loss function L(w) and
molar extinction coefficient k(w) of hexagonal DyInO;, HoInO;
and ErInO; according to the imaginary part of the dielectric
function,

&(w)
Lw) = e2(w) + 162 (w) ©
ko) = s {let@) et -a@f )
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Fig. 6 The reflectivity (a) and refractive index (b) of hexagonal DyInOs, HolnOz and ErlnOs.
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Fig. 7 The electron energy loss spectrum (a) and molar extinction coefficient (b) of hexagonal DyInOs, HolnOz and ErInOs.

Fig. 7(a) shows the electron energy loss spectrum of hexag-
onal DyInO;, HoInO; and ErInO;. The electron energy loss
spectrum is the inelastic scattering of the incident electron
beam in DyInOjz;, HoInO; and ErInO;, and explores the elec-
tronic structure of them. We can see from Fig. 7(a) that there are
5 weak peaks in the electron energy loss spectrum of DyInOs;,
HoInO; and ErInO; in the energy range from 14 to 21 eV. At an
energy of around 33 eV, they both have a narrow and sharp peak
and the ordering of the energy loss function is DyInO; > HoInO3
> ErInO;. The peaks of DyInO3, HoInO; and ErInO; occur at the
energy of 32.2 eV, 33.0 eV and 33.5 eV respectively, which are
related to the decrease of refractive index of DyInO3z;, HoInOj3
and ErInO; as shown in Fig. 6(b). It indicates that the unit-cell
of hexagonal DyInOs;, HoInO; and ErInO; can be used as
effective optical storage materials at the energy of around 33 eV.

Molar extinction coefficient, also known as molar absorp-
tivity, refers to the extinction coefficient at a concentration of
1 mol L *. When the unit of concentration is expressed ing L ",
the molar absorptivity k() is numerically equal to the product
of the extinction coefficient and the molecular weight (M) of the
substance,

k(w) = a(w)M (8)

Fig. 7(b) shows the molar extinction coefficient of unit-cell
hexagonal DyInO;, HoInO; and ErInO;. We can see the extinc-
tion peaks of DyInO3, HoInO; and ErInO; are the same as their
absorption peaks at the energy of around 30 eV. However, unlike
the trend of the absorption spectrum, the extinction peaks
appearing at around 12 eV are larger than the extinction peak at
30 eV, which is also in good consistency with the trend of the
reflectivity curves as shown in Fig. 6(a).

4 Conclusions

In this paper, we have studied the electronic structure, the
optical and dielectric properties of hexagonal DyInO;, HoInO3
and DyInOj; by performing first principles studies. After opti-
mization, the lattice parameters are in great agreement with the

This journal is © The Royal Society of Chemistry 2020

experimental values within an error of 1%. Our calculation has
determined that the three hexagonal RInOj; in present study are
indirect band gap crystals with band-gap values decreasing with
the increase of atomic number. DOS calculations indicate that
the electronic properties of hexagonal DyInO;, HoInO; and
ErInO; are mainly provided by the strong bonding of In and O
whereas lanthanides show limited effect. The dielectric prop-
erties and ionic contribution are calculated and a comparison
has been made on the dielectric function including the static
dielectric tensor. We have also calculated the absorption coef-
ficient, the reflectivity, the refractive index, the conductivity and
the electron energy-loss spectrum of hexagonal DyInO3z, HoInO;
and DyInOj;. The present study reveals that the dependence of
the optical and dielectric properties of RInO; on the rare-earth
atomic number is not evident, which also can be a useful
guideline in the manufacture of multifunctional devices based
on RInO;.
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