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b-RbNd(MoO4)2: spin polarizing
DFT+U

A. H. Reshakab

Using density functional theory plus the Hubbard Hamiltonian (U), we have investigated the spin up ([) and

spin down (Y) electronic band structure, density of states, electronic charge density distribution and

dispersion of the optical properties of microcrystalline b-RbNd(MoO4)2. We have applied U on the 4f

orbital of Nd atoms and 4d orbital of Mo atoms. The calculated electronic band structure indicates that

b-RbNd(MoO4)2 is a direct band gap semiconductor with a spin up ([) energy gap which is lower than

that of the spin down (Y). This is attributed to the different location of Nd-f in the spin up ([) than the

spin down (Y) case. The total valence charge density distribution in the (1 0 0) and (1 0 1) crystallographic

planes for spin up ([) and spin down (Y) were analyzed. The calculated bond distances show good

agreement with the measured ones. The optical properties were investigated to seek deep insight into

the electronic structure. It was found that the b-RbNd(MoO4)2 crystal exhibits negative uniaxial

anisotropy and shows a lossless region and considerable anisotropy.
1. Introduction

The binary molybdates with formula RbLn(MoO4)2, where Ln is
a rare-earth element, are of great interest due to their diverse
crystal structures and various catalytic, ion exchange and
conductivity properties, luminescence, spectroscopic proper-
ties, optical properties and useful electro-physical properties.1–11

The RbLn(MoO4)2 crystals are characterized by an acentric
structure and possess pronounced piezoelectric and nonlinear
optical properties, due to strong distortion of MoO6 octahe-
drons.12–20 Molybdates, with rare-earth ions, are promising
candidates for manufacturing novel tunable optical materials
and self frequency doubling laser medium .21,22 Among these are
the rare-earth containing crystals, particularly b-RbSm(MoO4)2.
Atuchin et al.23,24 have synthesized b-RbSm(MoO4)2 and inves-
tigated its structural properties and chemical bonding. The
crystal structure of b-RbSm(MoO4)2 consists of layers of MoO4

tetrahedrons, corner-sharing with SmO8 square antiprisms.
b-RbSm(MoO4)2 was found in the quasi-binary system
Rb2MoO4Sm2(MoO4)3, with a Rb : Sm ratio of 1 : 1, below the
temperature 890–910 �C.24 Recently Atuchin et al.25 have
prepared a b-RbNd(MoO4)2 microplate using themultistage solid
state synthesis method. They studied the electronic structure
using X-ray photoelectron spectroscopy (XPS) and X-ray emission
spectroscopy (XES). They have also synthesized b-RbNd(MoO4)2
using a solid state reaction at T ¼ 350–600 �C.26,27 The crystal
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structure has been rened using the Rietveld method in the Pbcn
space group. Due to their interesting structural, physical and
chemical properties, the molybdate crystals have become
potential candidates for enormous applications in photo-
chemistry, optical technologies,28–35 laser applications and
electronics.36–41

It is clear that there is a lack of information regarding the
electronic structure, optical properties and the electron charge
density distribution of the microcrystalline b-RbNd(MoO4)2.
Therefore, we thought it worthwhile to perform comprehensive
density functional calculations based on the full potential
method plus the Hubbard Hamiltonian (DFT+U) to investigate
the electronic structure and the electron charge density distri-
bution for the spin up ([) and spin down (Y) states. Further
insight into the electronic structure can be obtained from
calculating and analyzing the spin up ([) and spin down (Y)
optical properties. It has been proven that the rst-principles
calculation is a strong and useful tool for predicting the
crystal structure and its properties from the electron congu-
ration of a material before its synthesis.42–45
2. Details of calculations

Microcrystalline rubidium neodymium dimolybdate, b-
RbNd(MoO4)2, crystallizes in an orthorhombic structure with a
Pbcn space group and cell parameters a ¼ 5.1772(1) �A, b ¼
18.7293(4)�A, c ¼ 8.2774(1)�A and v ¼ 799.76(3)�A3.27 The crystal
structure of the microcrystalline rubidium neodymium dimo-
lybdate consists of complex layers perpendicular to the b-axis of
the unit cell. The complex layers are formed by MoO4 tetrahe-
drons sharing corners with NdO8 square antiprisms as shown in
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) The crystal structure of b-RbNd(MoO4)2; (b) front view;
(c) side view; (d) polyhedra. (e) The total energy as a function of unit
cell volume for both the paramagnetic and ferromagnetic states of
b-RbNd(MoO4)2. It is clear that the paramagnetic state shows the
lower energy indicating that the paramagnetic state is more stable.
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Fig. 1(a)–(d). In Fig. 1(e) we illustrate the total energy as a
function of the unit cell volume for both the paramagnetic and
ferromagnetic states of b-RbNd(MoO4)2. It is clear that the
paramagnetic state shows the lower energy indicating that the
paramagnetic state is more stable. The experimental structural
geometry27 was optimized using the full potential linear
augmented plane wave plus local orbitals (FPLAPW+lo)
method46 within the generalized gradient approximation
(PBE�GGA).47 For oxides and other highly correlated
compounds, local density approximation (LDA) and GGA are
known to fail to give the correct ground state. In these systems,
the electrons are highly localized and the Coulomb repulsion
between the electrons in open shells should be taken into
account. Since there is no exchange correlation functional that
can include this in an orbital independent way, a simpler
approach is to add the Hubbard-like on-site repulsion to the
Kohn–Sham Hamiltonian. This is known as a LDA+U or GGA+U
calculation. There are different ways in which this can be
implemented. In our work, we have used the method of Anisi-
mov et al.48 and Liechtenstein et al.49 where the Coulomb (U)
and exchange (J) parameters are used.

From the obtained relaxed geometry, the ground state
properties were determined using FPLAPW+lo50–53 within
GGA+U (U-Hubbard Hamiltonian). We have applied U on the 4f
orbital of Nd atoms and the 4d orbital of Mo atoms; the U
values are 0.55 Ry and 0.22 Ry respectively. The potential for
the construction of basis functions inside the sphere of the
muffin tin was spherically symmetric, whereas outside the
sphere it was constant. Self-consistency was obtained using
300 k

.
points in the irreducible Brillouin zone (IBZ). The self-

consistent calculations are converged since the total energy
of the system is stable within 0.00001 Ry. The electronic band
structure and the related properties were performed within
600 k

.
points in the IBZ.

3. Results and discussion

The spin up ([) and spin down (Y) electronic band structure of
microcrystalline b-RbNd(MoO4)2 reveals that this compound is
a direct band gap semiconductor as shown in Fig. 2(a) and (b).
The valence band maximum (VBM) and the conduction band
minimum (CBM) are located at the center of the rst BZ for spin
up ([) and spin down (Y) cases. The calculated band gaps are
3.948 eV ([) and 4.017 eV (Y). In these calculations, the zero of
the energy scale is taken at the top of the valence band. It can be
seen that the energy gap of the spin up ([) case is lower than
that of the spin down (Y) case. This is attributed to the location
of Nd-f at around 5.0 eV for the spin up ([) case which pushes
the CBM towards the Fermi level, resulting in a reduction in the
energy gap's value. For the spin down (Y) case, the Nd-f states
are shied towards higher energies by around 1.8 eV with
respect to the position of Nd-f ([), resulting in a shi of the
CBM by around 0.069 eV towards higher energies and hence
increasing the band gap's value of spin down (Y).

The necessary ingredients of the total and atom-resolved
density of states are calculated for the spin up ([) and spin
down (Y) cases as shown in Fig. 3(b)–(f). The total density of
This journal is © The Royal Society of Chemistry 2015
states of the spin down (Y) case exhibits similar features to that
of spin up ([) except that the structure of Nd-f (around 5.0 eV
([)) is merged with the other structures in the energy region
between 5.5 and 7.5 eV (Y), and the CBM (Y) shis towards
higher energies by 0.069 eV. This observation supports the
previous nding from the electronic band structure (Fig. 2(a)
and (b)). The angular momentum character of the various
structures in b-RbNd(MoO4)2 for the spin up ([) and spin down
(Y) states can be obtained from calculating the angular
momentum projected density of states (PDOS). It has been
found that the Rb-p state forms the structure around�7.5 eV for
both spin up and spin down cases (Fig. 3(b)). The structure
extended between �4.0 eV up to the Fermi level mainly origi-
nates from Mo-s/p/d, Nd-s/p/d, O1,2,3,4-p, Rb-s and Nd-f states
for the spin up ([) while for the spin down (Y) case, the same
states are contributing except that the Nd-f state vanishes. The
RSC Adv., 2015, 5, 44960–44968 | 44961



Fig. 2 Calculated electronic band structure of b-RbNd(MoO4)2: (a) spin up ([); (b) spin down (Y).
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structure from the CBM and above mainly originates from an
admixture of Mo-s/p/d, Nd-s/p/d, and Rb-s/p states; these states
contribute equally in the spin up ([) and spin down (Y) cases. It
has been found that O1,2,3,4-p states form the upper VB and
exhibit a signicant contribution in the VB, whereas the Mo-d
state shows a signicant contribution to the lower VB (this
observation is in concordance with previous ndings25).

The spin magnetic moments are calculated for the atom
resolved within the muffin-tin spheres as well as in the inter-
stitial sites as shown in Table 1. The calculated spin magnetic
moments are in accordance with the Slater–Pauling rule.
Calculations show that the magnetic moment of 4f electrons
within the Nd sphere is about 2.988 mB. There exists a strong
hybridization between Nd-d, Rb-d and Mo-d; Mo-p is hybridized
with Nd-p and Rb-s; and the Nd-s state is hybridized with Rb-s
and Nd-p states. The s-states of the four O atoms exhibit
strong hybridization among each other and the same is observed
for the p-states of the four O atoms. It is well-known that the
strong hybridization may cause strong covalent bonding char-
acter. This can be investigated by calculating the valence band's
electronic charge density distribution which helps in deeply
visualizing the chemical bonding character and charge transfer.
The calculated spin polarized total valence charge density
distribution in (1 0 0) and (1 0 1) crystallographic planes for spin
up ([) and spin down (Y) are shown in Fig. 4(a)–(d). The elec-
tronegativity of Rb, Nd, Mo and O atoms according to the Paul-
ing scale are 0.82, 1.14, 2.16 and 3.44, respectively.

The (1 0 0) crystallographic planes for spin up ([) and spin
down (Y) cases show that Mo atoms form strong covalent
bonds with O atoms dependent on the Pauling electronega-
tivity difference between these atoms, while Nd atoms form
partially covalent and mostly ionic bonds with O atoms and Rb
atoms exhibit ionic bond characters. For more details we have
analyzed the spin polarized total valence charge density
distribution in the (1 0 1) crystallographic plane for spin up ([)
44962 | RSC Adv., 2015, 5, 44960–44968
and spin down (Y) cases. This plane conrms the existence of
the partially covalent andmostly ionic bond between Nd–O, the
strong covalent bond between Mo–O and the ionic bond
character of Rb atoms. In all cases, the O atoms are surrounded
by uniform blue spheres (indicating the maximum charge
accumulation) which indicates that some valence electrons are
transferred towards O atoms. The calculated bond distances in
comparison to the measured ones27 are listed in Table 2. Good
agreement is found between the calculated and measured
bond distances indicating the accuracy of the method of
calculation.

For further insight into the spin polarized electronic struc-
ture, the spin polarized optical properties were calculated for
majority spin ([) and minority spin (Y) to ascertain the inu-
ence of the spin polarization on the optical properties.

The dielectric function 3(u) ¼ 31(u) + i32(u) fully describes
the optical properties of any homogeneous medium at all
photon energies. In order to calculate the related dielectric
tensor, the improved tetrahedron scheme54 was applied for the
BZ integration as provided in the WIEN2k package. Since the
microcrystalline rubidium neodymium dimolybdate crystallizes
in an orthorhombic structure, we need three dielectric tensor
components to completely characterize the linear optical
properties. The calculations of these dielectric functions involve
the energy eigenvalues and electron wave functions. These are
natural outputs of band structure calculations. We have per-
formed calculations of the imaginary part of the inter-band
frequency dependent dielectric function.55

The dielectric tensor components 32
xx(u), 32

yy(u) and 32
zz(u)

as shown in Fig. 5(a) exhibit a similar spectral structure for
spin up ([) and spin down (Y) cases except for minor differ-
ences in the peak heights and positions that are attributed to
the differences in the absorption edges, which are 3.948 eV for
spin up and 4.017 eV for spin down. Also the Nd-f states below
the Fermi level (EF) contribute in the spin up case only while
This journal is © The Royal Society of Chemistry 2015



Fig. 3 Calculated total and partial density of states for spin up ([) and spin down (Y).
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they show zero contribution in the spin down case. The loca-
tion and the contribution of Nd-f states above EF have a
signicant inuence for both spin up ([) and spin down (Y)
cases on the desperation of 32

xx(u), 32
yy(u) and 32

zz(u). There
This journal is © The Royal Society of Chemistry 2015
exists a lossless region around 12.5 eV for both spin up and
spin down cases. The three dielectric tensor components
exhibit a considerable anisotropy in the energy region conned
between 4.0 and 12.5 eV. The broadening is taken to be 0.1 eV
RSC Adv., 2015, 5, 44960–44968 | 44963



Table 1 Calculated atom-resolved spin magnetic moment (in mB)

Mo (mB) Nd (mB) Rb (mB) O1 (mB) O2 (mB) O3 (mB) O4 (mB) Interst.(mB)

�0.00011 2.98826 �0.00003 �0.00474 �0.00339 �0.00680 �0.00077 0.17371
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which is traditional for oxide crystals and is typical of the
experimental accuracy needed to bring out all the structures.56

The real part of the dielectric tensor components 31
xx(u), 31

yy(u)
Fig. 4 Calculated electronic charge density distribution: (a) crystallograp
spin down (Y) case; (c) crystallographic plan (1 0 1) for spin up ([) case;

44964 | RSC Adv., 2015, 5, 44960–44968
and 31
zz(u) were calculated with the aid of the Kramers–Kronig

transformation57 and the existence information about 32
xx(u),

32
yy(u) and 32

zz(u). These are illustrated in Fig. 5(b). The real
hic plan (1 0 0) for spin up ([) case; (b) crystallographic plan (1 0 0) for
(d) crystallographic plan (1 0 1) for spin down (Y) case.

This journal is © The Royal Society of Chemistry 2015



Table 2 The calculated inter-atomic distances in comparison with the
measured ones27

Bond

Bond lengths (�A)

Exp. Calc.

Rb–O4 2.71(2) 2.70
Rb–O4 2.96(2) 2.99
Rb–O2 2.95(2) 2.94
Nd–O3 2.44(4) 2.45
Nd–O1 2.42(2) 2.43
Nd–O2 2.48(2) 2.47
Nd–O3 2.74(4) 2.74
Mo–O1 1.74(2) 1.75
Mo–O2 1.72(2) 1.73
Mo–O3 1.85(2) 1.84
Mo–O4 1.74(2) 1.74
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parts conrm the existence of the considerable anisotropy and
the lossless region. We have calculated 31

xx(0), 31
yy(0) and 31

zz(0)
for spin up ([) and spin down (Y). We should emphasize that
31(0) corresponds to the optical dielectric constant, also know
as 3N. This corresponds only to the electron contribution to the
total dielectric constant. The values are listed in Table 3. We
note that the spin up ([) case exhibits larger 31(0) values in
comparison to the spin down (Y) case, which is attributed to
the fact that the energy gap is about 3.948 eV for ([) whereas it
is 4.017 eV for (Y). Therefore, a smaller energy gap yields a
larger 31(0) value. This could be explained on the basis of the
Penn model.58 Penn proposed a relation between 3(0) and Eg,
3(0) z 1 + (ħup/Eg)

2. Eg is some kind of averaged energy gap
which could be related to the real energy gap. It is clear that 3(0)
is inversely proportional to Eg. In addition, we have calculated
the uniaxial anisotropy d3 ¼ [(3k0 � 3t0 )/3tot0 ] for spin up ([) and
spin down (Y) cases as listed in Table 3. These values indicate
the considerable anisotropy; the crystal exhibits negative
uniaxial anisotropy.

Fig. 5(c) exhibits the loss function for spin up ([) and spin
down (Y). It is clear that the lossless region is almost zero along
the energy range up to 9.0 eV. Above 9.0 eV, the lossless region
signicantly increases with increasing photon energy. The
lossless region (9.0–12.5 eV) represents the plasma frequencies
(up). The absorption coefficients for the spin up ([) and spin
down (Y) cases were calculated and are presented in Fig. 5(d). It
is clear that the absorption edge of the majority spin case is
lower than that of the minority spin case. There exist three
absorption regions: two of them exhibit low absorption, the rst
one extends from the fundamental energy band gap up to 6.0 eV
and the second one from 11.0 eV and above, while the region
(6.0 up to 11.0 eV) conned between those two regions, repre-
sents the high absorption region. In those three regions, the
crystal exhibits high transparency for spin up and spin down.
The calculated refractive indices for majority/minority spin are
presented in Fig. 5(e). We have also calculated the refractive
index at zero frequency nxx(0), nyy(0) and nzz(0) as presented in
Table 3. We found that these values are higher for majority spin
than for minority spin. This suggests that the refractive index at
zero frequency is inversely related to the band gap. It conrms
This journal is © The Royal Society of Chemistry 2015
our previous nding that the spin up case possesses a lower
band gap than the spin down.

The reectivity spectra of b-RbNd(MoO4)2 for spin up and
spin down exhibit a low reectivity of about 5.0% at low ener-
gies up to 5.0 eV. This increases to be almost 20% on average
along the whole energy range as illustrated in Fig. 5(f). The
reectivity minima occurs around 12.5 eV conrming the
occurrence of collective plasmon resonance which represents
the lossless regions in concordance with our observations in
Fig. 5(a)–(d). In addition, we have calculated the imaginary and
real parts of the optical conductivity, s(u) of b-RbNd(MoO4)2, for
spin up and spin down cases as shown in Fig. 5(g) and (h). The
optical conductivity of the materials is related to the complex

dielectric function 3ðuÞ ¼ 31ðuÞ þ i32ðuÞ ¼ 1þ 4pisðuÞ
u

: The

imaginary part, s2
xx(u), s2

yy(u) and s2
zz(u) as shown in Fig. 5(g),

exhibit that the investigated material possesses zero optical
conductivity at zero frequencies but it signicantly increases
with increasing photon energy to reach maximum values at
4.0 eV and 7.5 eV. The real part s1

xx(u), s1
yy(u) and s1

zz(u)
exhibit zero optical conductivity up to 3.5 eV, and thereaer the
three components increase to reach maximum values at around
8.0 eV as shown in Fig. 5(h). The imaginary and real parts of the
optical conductivity conrm the existence of the considerable
anisotropy and the lossless region.
4. Conclusions

The spin polarized electronic band structure, total and partial
density of states, chemical bonding and optical properties for
the spin up ([) and spin down (Y) cases of microcrystalline
b-RbNd(MoO4)2 were calculated using the FPLAPW+lo
method within GGA+U. The Hubbard Hamiltonian was
applied on the 4f orbital of Nd atoms and 4d orbital of Mo
atoms. The spin up ([) and spin down (Y) electronic band
structure indicate that b-RbNd(MoO4)2 is a direct band gap
semiconductor with a spin up ([) energy gap that is lower
than that of the spin down (Y). This is attributed to the
location of Nd-f at around 5.0 eV in the spin up ([) case which
pushes the CBM towards the Fermi level resulting in a
reduction in the energy gap's value. For the spin down (Y)
case, the Nd-f states are shied towards higher energies by
around 1.8 eV with respect to the spin up ([) Nd-f position,
resulting in a shi of the CBM by around 0.069 eV towards
higher energies. This leads to an increase in the band gap of
the spin down (Y) case. The calculated energy gap values are
3.948 eV ([) and 4.017 eV (Y). To investigate the characters of
the bonds, the total valence charge density distribution in the
(1 0 0) and (1 0 1) crystallographic planes for spin up ([) and
spin down (Y) were calculated. The bond distances were
calculated and compared to the measured ones and good
agreement was found. To obtain deep insight into the elec-
tronic structure, the spin up ([) and spin down (Y) optical
properties were investigated. The calculated optical proper-
ties show that the b-RbNd(MoO4)2 crystal possesses negative
uniaxial anisotropy and that there exists a lossless region and
considerable anisotropy.
RSC Adv., 2015, 5, 44960–44968 | 44965



Fig. 5 (a) Calculated 32
xx(u) (dark solid curve-black), 32

yy(u) (light dashed curve-red) and 32
zz(u) (light solid curve-blue) spectra for spin up ([) and

spin down (Y). (b) Calculated 31
xx(u) (dark solid curve-black), 31

yy(u) (light dashed curve-red) and 31
zz(u) (light solid curve-blue) spectra for spin up

([) and spin down (Y). (c) Calculated Lxx(u) (dark solid curve-black), Lyy(u) (light dashed curve-red) and Lzz(u) (light solid curve-blue) spectra for
spin up ([) and spin down (Y). (d) Calculated absorption coefficient Ixx(u) (dark solid curve-back), Iyy(u) (light dashed curve-red) and Izz(u) (light
solid curve-blue) spectra for spin up ([) and spin down (Y). The absorption coefficient is given in 104 cm�1. (e) Calculated nxx(u) (dark solid curve-
black), nyy(u) (light dashed curve-red) and nzz(u) (light solid curve-blue) spectra for spin up ([) and spin down (Y). (f) Calculated Rxx(u) (dark solid
curve-black), Ryy(u) (light dashed curve-red) and Rzz(u) (light solid curve-blue) spectra for spin up ([) and spin down (Y). (g) Calculated s2

xx(u)
(dark solid curve-black), s2

yy(u) (light dashed curve-red) and s2
zz(u) (light solid curve-blue) spectra for spin up ([) and spin down (Y).

(h) Calculated s1
xx(u) (dark solid curve-black), s1

yy(u) (light dashed curve-red) and s1
zz(u) (light solid curve-blue) spectra for spin up ([) and spin

down (Y).

44966 | RSC Adv., 2015, 5, 44960–44968 This journal is © The Royal Society of Chemistry 2015
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Table 3 Calculated 31
xx(u), 31

yy(u), 31
zz(u), 3tot1 (u) and d3 at static limit

and l ¼ 450 nm

Components

At static limit At l ¼ 450 nm

Spin up Spin dn Spin up Spin dn

31
xx(u) 2.260 2.218 2.571 2.505

31
yy(u) 2.366 2.330 2.720 2.665

31
zz(u) 2.260 2.220 2.571 2.515

3tot1 (u) 2.295 2.254 2.620 2.561
d3 �0.0461 �0.0492 �0.0568 �0.0605
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