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Ab initio LSDA+U Study of Optical Properties of RVO4 (R = Eu, Ho, Lu) Compounds
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A first principles investigation at the pressure 7 GPa of the optical properties of RVO4 (R= Eu, 
Ho, Lu) orthovanadates in the framework of the density functional theory (DFT) using the linearized-
augmented plane-wave method is reported in order to predict new optical materials fo r continuous-
wave lasers. The electronic structure of all orthovanadates is studied in zircon-type structure. DFT+U 
(Hubbard parameter found to be 8eV) calculations predict an antiferromagnetic and nonmagnetic 
insulating ground states -at ambient conditions- for (EuVO4, HoVO4) and LuVO4, respectively. The 
results show that these vanadates can be good candidates for laser-host materials, and indicate the 
possibility of material design to optimize the laser-host materials. The rare-earth ion-doped crystals 
could enhance the laser performances and improve the isolation characteristic of the optical isolators.
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1. Introduction

Besides to be used in a number of applications as 
thermophosphors, cathodoluminescent materials, scintillators,1 
lithium ion batteries, photocatalysis materials,2 as alternative 
green technologies through applications like photocatalytic 
hydrogen production3 (and potential applications in renewable 
energy4), the orthovanadates RVO4 (Ris a rare earth 
trivalent element), exhibiting properties like luminescence, 
chemical stability, and non-toxicity,5 have lately appeared as 
promising optical materials for birefringent solid-state laser 
applications6,7 as laser-host materials for continuous-wave 
lasers8,9 and biomedical applications as nanoparticles.10RVO4 
compounds acting as direct-gap semiconductors (SCs) 
under compression, exhibit wide optical transparency and 
large birefringence, being potential candidates for optical 
isolators, circulators beam displacers and components for 
polarizing optics.11 Most of RVO4 crystallize in a tetragonal 
zircon-type structure (space group:I41/amd, Z=4) at room 
temperature,1-8 (with 42m as symmetry of the R sites)12 that 
consists of isolated VO4tetrahedra which surround theR 
atom to form RO8 triangular dodecahedra (i.e., Vanadium 
is tetrahedrally coordinated while the trivalent R cation is 
coordinated to eight oxygen atoms forming a bidisphenoid).13

In solid-state physics, antiferromagnetic phase transition 
due to the magnetic moments of the rare-earth ions14 and 
structural phase transition due to the Jahn-Teller (JT) effect 
at low temperatures15 have been studied for RVO4. R zircons 
are known to be archetype JT compounds, a number of 

which (Dy, Tb, Tm, Tb)VO4 exhibit spontaneous tetragonal 
-orthorhombic transitions.16 Like other ABO4 oxides, intensive 
studies have been carried out on the structural evolution 
of RVO4 compounds under high-pressure (HP) in order to 
understand their mechanical properties and HP structural 
phase transitions; it was found that compression is an efficient 
tool to improve understanding the main physical properties 
of vanadates.17,18

D. Errandonea et al.19 performed room temperature angle-
dispersive x-ray diffraction measurements on zircon-type 
EuVO4 and LuVO4 under pressure ≤27 GPa, and reported 
the occurrence of two post-zircon phase transitions near 8 
and 21 GPa, respectively. Alka B Garg et al.20 performed 
such measurements and ab-initio calculations (with fully 
agreement) on HoVO4 ≤28 GPa under quasi-hydrostatic 
conditions and reported that an irreversible zircon-scheelite 
transition was found at 8.2 GPa. On another hand and due 
to the importance of RVO4 crystals growth with good and 
large dimensions, several methods have been reported, like 
the Czochralski process, slow cooling from solution, top-
seeded solution growth, laser-heated pedestal growth method, 
floating-zone (FZ) method and micro-FZ method.21-26 For 
example, the importance of YVO4 (Y: Yttrium) originates 
from the fact that though Nd lasers was marginal for decades 
because of serious problems encountered during the growth 
of YVO4 crystals by the costly Czochralski method,27 but 
the increasing demand for compact, low cost devices has 
raised the interest for single crystal fibers whose advantage 
is that they can be successfully used for the construction 
of high efficiency miniature lasers with single mode 
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emission.16 Moreover, integrated optical isolators ensure 
a stable emission of SC lasers in which the nonreciprocity 
of the magneto-optical (MO) effects plays a key role in the 
isolation process.28-30 MO effects, indeed, can be enhanced 
by incorporating one-dimensional SC photonic crystals 
integrating lasers & isolators, so as high-performance low-
cost devices may be realized.31 In this trend, doped (Y, Gd)
VO4 have been largely studied as near-IR laser materials due 
to their higher cross sections, polarized emissions and larger 
Nd3+ incorporation.16,32 So, in what way are RVO4 of interest 
for continuous-wave lasers and optical isolators? Although 
the optical properties of some of these orthovanadates have 
been extensively studied, aimed at their application to optical 
devices, in the form of fluorescent materials, polarizers 
and laser hosts, there is no first principles studies of optical 
properties, to the best of our knowledge, of orthovanadates 
EuVO4, HoVO4 and LuVO4 reported yet. Describing the 
medium response to an applied electromagnetic radiation 
within the framework of linear response theory, the optical 
properties of a material change or affect the characteristics of 
light passing through it by modifying its propagation vector or 
intensity. Important relations between the real and imaginary 
parts of the complex response functions are given first by 
Kramers33-34 and Kronig.35,36 Experimentally, convenient 
optical measurements involve passing monochromatic 
light through a thin sample, and measuring the transmitted 
intensity as a function of wavelength, by using a simple 
spectrophotometer.37

The optical properties, described in terms of the optical 
dielectric function, are of great importance to design and 
analysize optoelectronic devices such as light sources and 
detectors.38 At all photon energies E = ħω (ω is the frequency) 
the imaginary part ɛ2(ω), which is an essential quantity 
indicating the various interband transitions in a SC, of the 
complex dielectric function ɛ(ω)= ɛ1(ω) + i ɛ2(ω), is strongly 
related to the joint density of states and optical matrix 
elements,38 and the real part ɛ1(ω) is derived from ɛ2(ω). 
There are two contributions to ε(ω), interband and intraband 
transitions. We neglect the indirect interband transitions 
which involve scattering of phonons and are expected to 
give a small contribution to ε(ω).39Our purpose here, is to 
report the optical properties of the three vanadates in the light 
of ab initio calculations under a fixed pressure of ~7 GPa, 
in order to facilitate a much deeper understanding of these 
properties for the whole family of vanadates. The paper is 
organized as follows: After a theoretical approach overview 
given in Section 2, results and discussions are presented in 
Section 3, and then a conclusion is provided in Section 4.

2. Computational Method

The calculations are based on the DFT implemented in 
the WIEN2k code.40 The atoms were represented by hybrid 
full-potential (FP) linear augmented plane-wave plus local 

orbitals (L/APW+lo) method,41 where wave functions, charge 
density and potential are expanded in spherical harmonics 
within no overlapping muffin-tin (MT) spheres, and plane 
waves are used in the remaining interstitial region of the unit 
cell. In this code, core and valence states are treated differently. 
Core states are treated within a multiconfiguration relativistic 
Dirac-Fock approach, while valence states are treated in a 
scalar relativistic approach. Exchange-correlation energy 
was calculated using DFT+U approach, processed by the 
local spin density approximation (LSDA).42 The analysis is 
done to ensure the total energy convergence in terms of the 
variational cutoff-energy parameter. On an other hand, we 
have used an appropriate set of k points to compute the total 
energy. The standard built-in basis functions were applied 
with the valence configurations of (Eu: 5s2 5p6 4f7 5d1 6s2), 
(Ho: 5s2 5p6 4f11 5d1 6s2), (Lu: 5s2 5p6 4f14 5d1 6s2), (V: 3s2 
3p6 3d3 4s2) and (O: 2s2 2p4). Total energy were minimized 
using a set of 150, 163 and 163 k-points in the irreducible 
sector of the Brillouin zone for the orthovanadates EuVO4, 
HoVO4 and LuVO4 respectively and a value of 7Ry for the 
cutoff energy was used. Values of 2.5 Bohr for rare earth 
elements, 1.6 Bohr for Vanadium and 1.45 Bohr for Oxygen 
have been adopted as MT radii. The plane wave cut off 
parameters RMT.Kmax and Gmax are taken to be respectively 7 
and 12 for optimization and analyzing various properties of 
all vanadates; l- maximum (lmax) value of 12 is considered. 
To calculate the exchange-correlation energy describing the 
strong on-site correlation between the 4f electrons, we added 
the above-mentioned effective Coulomb interaction U, so 
that U in an atom corresponds to of the unscreened Slater 
integrals (F0).

43 The effective U (Ueff) can be estimated by 
constraint DFT calculations, where some valence electrons 
are selectively treated as core electrons to switch off any 
hybridization with other electrons. Due to screening, Ueff 
in solids is much smaller than F0 for atoms. The number of 
electrons in this non-hybridizing f-shell was varied and Feff

0 
was then calculated from43

where ɛ4f↑ stands for the 4f spin-up eigenvalue of rare 
earth atoms. An U of 8 eV should ensures the strong Coulomb 
repulsion (a correlation effect) between f-electrons pushing 
these states far from the Fermi level (EF) and the degeneracy 
between different f orbits would be lifted.

Optical properties of the materials are determinated by 
the complex dielectric function ɛ(ω). It's well known that 
all optical properties of the medium are depicted well by 
the frequency dependent dielectric function and that using 
LDA to the DFT usually leads to underestimate the energy 
bandgap (Eg) and lattice constant in SCs. This underestimation 
is mainly due to the fact that the LDA functional is based on 
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simple model assumption which is not sufficiently flexible for 
accurate reproduction of the exchange correlation energy and 
its charge derivative. To avoid this shortcoming, a scissors 
operation with a rigid upward shift of the conduction band has 
been used to correct Eg that LDA underestimates, although 
the DFT has proven to be one of the most accurate theories 
for the computation of the electronic structure of solids.44-49

3. Results and Discussion

The electronic properties of a SC are primarily determined 
by intraband transitions, which describe the transport of carriers 
in real space. Optical properties are meanwhile connected 
with these interband transitions, so as a strict separation is 
impossible. Hence, the optical and electronic SC properties 
are intimately related and should be discussed jointly.50 Fig. 
1 shows that ɛ2(ω) is characterized by a single peak structure 
(beyond Eg) for EuVO4 and HoVO4 (under 7 GPa, ɛ2

xx): E1= 
3.898 and 4.067 eV respectively, and a two peak structure 
for LuVO4 (under 7 GPa,ɛ2

zz): (E1, E2)=3.977, 4.909 eV. 
In order to well understand optical transitions phenomena 
in our SC vanadates, we give in Table 1 the peaks of the 
dielectric function ε2(ω), static optical parameters ε1(0) and 

refractive indices nzz at 5.67eV near up limit of an energy 
range experimentally exploited, compared to the available 
data in literature.

3.1 Refractive index and extinction coefficient

The two most important optical properties of the material 
are its refractive index n and extinction coefficient (or 
attenuation index)k. n, the most interesting optical constant, 
depends in general on the wavelength of the electromagnetic 
wave, through dispersion relations denoting frequency or 
wavelength dependence of n and k. In materials where 
an electromagnetic wave can lose its energy during its 
propagation, the refractive index becomes complex (N). Real 
and imaginary parts of N (n; k, respectively37, are usually 
used for the propagation and dissipation of electromagnetic 
waves in a medium.51) Given the material parameters such as 
ɛ(ω), the conductivity σ1, and the permeability µ1 denoting 
the charge of the electric and magnetic fields and current 
when matter is present, N as a response function describing 
optical properties of the medium is defined as follows51

            (1)

where n and k are completely determined by σ1, µ1, and ε1 
51

            (2)

These two important relations contain all the information 
on the electromagnetic wave propagation in the material. ε1, 
µ1, and σ1 are given in terms of n and k:

            (3)

and the complex refractive index, given in eq.(1), can 
be written :

            (4)

Figure 1. Imaginary part of εxx, εzz of EuVO4, HoVO4 and LuVO4, 
under 0 and 7 GPa. 

Table 1. Calculation of the peaks in the dielectric function ε2(ω), static optical parameters ε1(0), refractive indices n, and available data 
from literature, for EuVO4, HoVO4 and LuVO4 (under 7GPa).

Compound E0
xx(eV)E0

zz E1
xx(eV)E1

zz E2
xx(eV)E2

zz ε1
xx(0) ε1

zz(0) n

EuVO4 2.871a2.898a 3.898a3.933a –    – 12.13a17.63a 2.18a

Exp/th.works –    – –    – –    – –    – ~2–2.3b

HoVO4 2.816a3.062a 4.071a4.091a –    – 9.71a7.72a 2.15a

Exp/th.works –    – –    – –    – –    – ~2–2.3b

LuVO4 2.653a2.955a 4.001a3.977a –  4.909a 10.01a10.19a 1.96a

Exp/th.works –    – –    – –    – –    – ~2–2.3b

a This work, n is given at 5.67 eV according to zz;
b The large n that exhibit RVO4 from Ref. [52].
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As mentioned above, the refractive index n(ω) of a 
SC is a very important physical parameter related to the 
microscopic atomic interactions; its knowledge turns out 
to be of fundamental importance in optoelectronics.39 The 
crystal can be considered as a collection a of electric charges, 
and n(ω) will then be related to the local polarization of 
these quantities. It can be described in terms of the complex 
dielectric function as39

            (5)

with regard to k:

            (6)

In Fig. 2, we present n (7 GPa) over a range experimentally 
exploited ≤ 6 eV, where the dispersion is normal. Experimentaly, 
RVO4 exhibit large refractive indices (~2-2.3), a birefringence 
~0.22, and effectively no IR absorption (1.5-2.5µm).(52) 
Here according to zz, a common photon energy around 5.7 
eV corresponds to a refractive index about 2.

3.2 Reflectivity

Although measuring experimentally the reflectivity 
(R) of a radiation incident normally on a semi-infinite slab 
of an absorbing material is easy,53-55 a direct calculation of 
such optical constant can be alternatively obtained by the 
Kramers-Kronig analysis of data.33-36 It's more essential 
noting here that absolute reflectivities should be known 
accurately. This approach has largely been used when the 
reflection spectrum is more complex, as in the ultraviolet 
region, and R is related N to by eq.(7). In analogy with the 
situation of a nonabsorbing medium where n = ε1/2 (both n 
and ε are real), in an absorbing medium the same relation can 
be used with both N and ε complex, where n is the ordinary 
index of refraction and k is the extinction coefficient. The 

optical reflectivity R(ω) in the special configuration of normal 
inci dence can be expressed as

            (7)

For a dielectric material without losses, k→0; the 
normal-incidence reflectivity is solely deter mined by the 
refractive index n:

            (8)

and it can approach unity if n is large. This other very 
important parameter (inferred from n) characterizes the 
reflective energy part of the interface of a solid, and depends 
on an incident photon energy. Main peaks in R(ω) spectrum 
are corresponding to interband transitions.37 Fig. 3 shows the 
behavior of R(ω) in dependance on the photon energy for the 
three compounds. Corresponding to interband transitions the 
main peaks in R(ω) spectrum are respectively 71.16, 75.65 
and 68.95% at 1.565, 1.809 and 1.701 eV, for EuVO4, HoVO4 
and LuVO4 (under 7 GPa, according to xx) and decreases by 
increasing energy. According to zz, a photon energy ~5.7eV 
yields a reflectivity of 0.16, implying k of the same order 
corresponding to an absorption coefficient (given in more 
details below) larger than 2.5×105 cm‒1.

3.3 Optical conductivity

Complex dielectric constants i i4
1

1
1 2f f ~

rv
f f= + = +  

and optical conductivities i1 2v v v= +  are related to each 
other through

            (9)

We have calculated σ(ω) over an energy range ≤15eV. 
In Fig. 4, we show the σ(ω) spectra where several peaks 
corresponding to the bulk plasmon exitations, caused by 
electrons crossing from the valence to the conduction band, 
are represented. Values of σ(ω) in the high energy range 
(beyond 5 eV) and the low energy range (0.484-4.34 eV) 
are corresponding to interband and intraband transitions, 
respectively. There is a single sharp peak in the low energy 
range and several small ones in the high energy range for all 
RVO4 compounds. The main peaks positions are localized 
at 1.511, 1.264 and 1.236 eV (0 GPa) and 1.201, 1.257 and 
1.286 eV (under 7 GPa, according to xx) for EuVO4, HoVO4 
and LuVO4, respectively.

3.4 Electron energy loss function

The electron energy-loss function, L(ω), describes an 
interaction by which energy is lost by a fast moving electron 
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under 0 and 7 GPa.
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travelling throughout the material. Interactions may include 
phonon excitation, interband and intraband transitions, plasmon 
excitations, inner shell ionizations and Cerenkov radiations. If both 
parts of σ(ω) are such as σ1 >>|σ2|, R →1. L(ω) of fast electrons 
moving in the medium, usually large at the plasma frequency, is 56

            (10)

This function is the basic parameter measured by the 
electron loss spectroscopy. The most prominent peak in L(ω) 
is identified as the plasmon peak, signaling the energy of 
collective excitations of the electronic charge density in the 
crystal. As displayed in Fig. 5, the highest peak positions for 
Lxx(ω) were calculated at 2.308, 2.519 and 2.298 eV (7 GPa), 
and 2.445, 2.256 and 2.117 eV (0 GPa), respectively for EuVO4, 
HoVO4 and LuVO4. The sharp maximum in L(ω) is refered to 
an existence of plasma oscillations. In comparison to the other 

physical quantities, the main peaks of L(ω) are clear and allow 
a good distinction between both 0 GPa and 7 GPa spectra.

3.5 Absorption coefficient

The absorption related to the transitions between the 
occupied and unoccupied states is caused by excitations 
due to the interaction of photons and electrons. Optical 
absorption is due to the interband and intraband transitions 
(Drude term).57 The peaks position in absorption spectrum 
corresponds to peaks of ε2(ω). Using both parts of ɛ(ω), the 
optical absorption coefficient α(ω) that characterizes such 
phenomenon, is defined as the light energy absorbed in unit 
length per unit incident energy57

            (11)

Figure 3. Reflectivity Rxx, Rzz of EuVO4, HoVO4 and LuVO4, 
under 0 and 7 GPa.

Figure 4. Optical conductivity σxx, σzz of EuVO4, HoVO4 and 
LuVO4, under 0 and 7 GPa.
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Figure 6. Absorption coefficient αxx , αzz of EuVO4, HoVO4 , LuVO4, 
under 0 and 7 GPa.
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where c and λ are respectively the velocity and wavelength 
of light in the vacuum. The light incident on R(VO4) active 
layers may cause excitation of the ground state electrons 
from the valence band to the conduction band or from one 
subband to a higher sub-band, where the required energy is 
supplied by photons and the light is then absorbed.58

Fig. 6 shows that at low energies (≤ 26.7, 29.48 and 
32.46 eV for EuVO4, HoVO4 and LuVO4, respectively), the 
contributions of the absorption spectra may be related to the 
transition between energy levels in bands which are very close 
to each other, and thus leads to the broadening of such spectra. 
Zero absorption αxx and αzz are observed for photons possessing 
energies below Eg for all RVO4, while first oscillations at ~1.31 
eV, due to interband transitions, are apparent related to the 
peaks 81.63×104, 55.72×104 and 51.87×104 cm(‒1) respectively 
for EuVO4, HoVO4 and LuVO4 (7GPa, according to zz). 
Beyond first peaks, other ones appear and could be due to 
the R atoms nature. At higher energies, the absorption due to 
valance-to-conduction band transitions, is very acute and thus 
leads to very sharp spectra. As Fig. 6 shows, several αzz peaks 
appear beyond the above tops of low energies for all RVO4, 
witch is expected to show a significant interest in the design 
of solar cells on a wide range of wavelengths.

4. Conclusion

In this work we presented an ab initio calculation 
using the FP-LAPW method, in the framework of DFT, 
to compute ε(ω) and other optical parameters of our three 
RVO4 compounds. The predicted RVO4 active layers show 
powerfully better performances, such as nxx and nzz at the 
origin. We can say that the zircon type structure of these 
RVO4 vanadates may not only be an attractive alternative to 
the other structures (in particular their counterparts induced 
by phase transitions under pressure) for designing devices 
operating by intersub-band transitions such as laser-host 
materials but also an efficient way of computing the ε(ω)-
related parameters. Our main results show that:

 ε2(ω) for EuVO4, HoVO4 behaves similarly with a 
slight shift and single peak toward high energies 
under 7 GPa, while for LuVO4 there are two main 
optical transitions, witch is of great interet for 
optoelectronics, at 3.977 and 4.894 eV, but under 
0 GPa. We mention that ε(ω) has a quite different 
behavior for RVO4.

 nxx and nzz have nonlinear dispersion in high energies 
range. A large effect of R atoms on RVO4 facet 
reflectivities is shown at low energies and high 
pressure.

 σzz have similar behaviors in low energies (≤ 4.67eV); 
from 8.3 eV there are several peaks whose the first 
one is common for all RVO4, then σ decreases 
with energy increasing which could be due to the 
difference between the R cations.

 α(ω) exhibit behaviors totally different, as strongest 
peaks beyond 26.7 eV and regularly up-shifted 
energy ranges, for EuVO4, HoVO4 and LuVO4 
respectively.

Conflict of interest: The authors declare that no conflict 
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