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ABSTRACT

We explored the influence of the inclusion of spin polarization on the energy band gap of B-
RbSm(Mo0Qy,),. Calculations explored that the appearance of Sm-4f states at the conduction band min-
imum (CBM) of the spin-up case causes a significant influence on ground state properties of f-
RbSm(Mo0Q4),. The total and partial densities of states confirm the existence of Sm-4f states in the CBM of
the spin-up case. The partial densities of states exhibit a strong hybridization between some states which
may lead to the formation of covalent bonds. The valence band maximum (VBM) and the CBM are located
at the center of first Brillouin zone (T"), resulting in a direct band gap for both of majority spin (1) and
minority spin (| ). The values of the band gap are 3.01 eV (1) and 3.78 eV (| ). The all-electron full po-
tential linear augmented plane wave (FPLAPW+lo) method within the generalized gradient approxi-
mation plus the Hubbard Hamiltonian (GGA+U) were used. We have applied U on 4f orbital of Sm atoms
and 4d orbital of Mo atoms. We have taken a careful look at the electronic charge density distribution to
visualize the charge transfer and the chemical bonding characters. The calculated bond lengths show
very good agreements with the measured ones. The optical properties were calculated to seek a deep
insight into the electronic structure. It has been found that below A = 450 nm B-RbSm(Mo04,), exhibits a
positive uniaxial anisotropy, while at A = 450 nm and above, the crystal exhibits a negative uniaxial
anisotropy.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

known properties of a given material designed for the fabrication of
highly efficient electronic and spintronics devices and even to

The magnetic semiconductors are very promising materials for
optoelectronic and spintronics applications [1-5]. Different mag-
netic semiconductors compounds have been intensively studied
theoretically as well as experimentally to design efficient devices
like super smart diodes, super smart memory chips, spin valves and
spin field effect transistors [6—14]. It is essential to explain the
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predict different properties of hypothetical materials.

Due to their interesting structural, physical, chemical, lumi-
nescent and spectroscopic properties, the molybdate crystals have
become potential candidates for enormous application in photo-
chemistry, optical technologies [15—22], laser applications and
electronics [23—28]. Among them the rare-earth containing crys-
tals particularly B-RbSm(MoO4),. Recently, Atuchin et al. [29,30]
have synthesized f-RbSm(Mo0Q4), and investigated the chemical
bonding, structural and vibrational properties. They found that the
crystal structure of rubidium samarium dimolybdate consists of
layers of MoOQ4 tetrahedrons corner-sharing with SmOg square
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antiprisms. The rubidium samarium dimolybdate was found in
quasi-binary system Rb;Mo04Sm;y(Mo004); with Rb:Sm of 1:1
below the temperature 890-910° C [30]. The earlier reported f < o
phase transition at T ~ 860—910 °C was not verified [30]. It has been
reported that the electronic structure properties of f-RbSm(MoQO4)
remains unknown [30]. This motivated us to perform a first prin-
ciple calculation for -RbSm(Mo0O4); based on density functional
theory (DFT) to investigate the electronic band structure. In our
previous work [31] we have performed calculation on -
RbNd(Mo0y4); which show that the band gap differences between
spin-up/down cases is about 0.067 eV, therefore, the system show
no favorable spin channel. It is interested to highlight that in B-
RbNd(Mo04); the conduction band minimum (CBM) for spin-up/
down is formed by Mo-d states. In the current work we are inter-
ested in replacing Nd by Sm to investigate the influence of this
replacement on the band structure. Since Sm possesses higher
electronegativity than Nd, we expected that replacing Nd by Sm
will lead to a shift of Sm-4f band of the spin-up case towards lower

02

Sm

¢ o1 Rb
W

Asymmetric unit along a-axis

Fig. 1. The crystal structure of f-RbSm(MoO4),.
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energies [32]. Such a shift will cause significant influence on the
electronic band structure and hence the optical properties.

To the best of our knowledge there is lack of information about
the electronic structure, optical properties and the electron charge
density distribution of the $-RbSm(MoQy4),. Also, there is no spin
polarization calculation for B-RbSm(MoOg4), in the literature.
Therefore, as a natural extension to existence information, a
detailed depiction of the structural, electronic, and optical prop-
erties using full potential method is timely and would bring us
important insights in understanding the band structure and optical
properties. Hence it is very important to use the all-electron full-
potential linear augmented plane wave (FPLAPW+lo) method plus
Hubbard Hamiltonian to investigate the spin polarized electronic
band structure, density of states, the electron charge density dis-
tribution and the optical properties. In the recent years, due to the
improvement of the computational technologies, it has been
proven that the first-principles calculation is a strong and useful
tool to predict the crystal structure and its properties related to the
electron configuration of a material before its synthesis [33—36].

2. Details of calculation

It has been reported that B-RbSm(MoO4); crystallized in
orthorhombic symmetry of Pbcn space group. B-RbSm(MoQOy);
consists of eight formula per unit cell [29]. The reported lattice
parameters are a = 5.1431(2) A, b = 18.8195(7) A and ¢ = 8.1641(3)
A [29]. The crystal structure of the orthorhombic B-RbSm(MoO4),
consists of complex layers. These layers are formed by MoO4 tet-
rahedrons shared by corners with Smg square antiprisms as shown
in Fig. 1. The following states are considered as valence electrons,
(4s® 4p®5s1), (552 5p° 4% 65%), (4d° 5s1) and (2s% 2p?) for Rb, Sm, Mo
and O, respectively. We have used the experimental crystallo-
graphic data reported by Atuchin et al. [29] as starting point of
these calculations. Using the full potential linear augmented plane
wave (FPLAPW-+lo) method as implemented in WIEN2k package
[37] within the generalized gradient approximation (PBE4+GGA)
[38], the experimental structural geometry was optimized. The
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Fig. 2. Calculated electronic band structure of B-RbSm(Mo04),; (a) spin-up case; (b) spin-down case.
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Fig. 3. Calculated total and partial densities of states for spin-up/down.
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Table 1

Calculated atom-resolved spin magnetic moments (in uB).
Mo (uB) Sm (uB) Rb (uB) 01 (uB) 02 (uB) 03 (uB) 04 (uB) Interst. (UB)
0.00068 4.96346 —0.00005 —0.00714 —0.00489 —0.00782 —0.00084 0.30672

atomic positions were relaxed by minimizing the forces acting on
each atom; we assume that the structure is totally relaxed when the
forces on each atom reach values less than 1 mRy/a.u. From the
obtained, relaxed geometry the electronic structure, the chemical
bonding, electronic charge density and the optical properties have
been determined using FPLAPW+lo [39—41] within GGA+U, where
U is the Hubbard Hamiltonian. We have applied U on 4f orbital of
Sm atoms and 4d orbital of Mo atoms, the U values are 6.0 eV and
3.0 eV respectively [30]. As there are no experimental measure-
ments of U for this compound, we have decided to perform cal-
culations for various values of U and keeping the J parameter fixed
at 0.05 Ry because U increases with increasing nuclear charge and
valence state, whereas ] is almost independent of the number of nd
(nf) electrons. The main motivation for taking different U values is
to find which U value gives the best fit to the measured energy gap.
We take the full relativistic effects for core states and use the scalar
relativistic approximation for the valence states. More details
regarding the use of different values of U are found elsewhere [42].
The details of the spin polarized FPLAPW+lo method are presented
elsewhere [43]. 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 [43]. The total and
partial density of states (DOS) were calculated by means of the
modified tetrahedron method [44]. The input data required for
calculating the DOS are the energy eigenvalues and eigenfunctions
which are the natural outputs of a band structure calculation. The
total DOS and partial DOS are calculated for a large energy range
(—8.0 eV up to 16.0 eV). The states below the Fermi energy (Ef) are
the valence states and states above Er are the conduction states.
Hence, we obtain DOS for both valence and conduction band states.

Self-consistency is 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 per-

formed within 600 k points in the IBZ.

3. Results and discussion
3.1. Spin polarized electronic band structure and density of states

The calculated spin-polarized electronic band structure of f-
RbSm(MoQ4); for majority spin (1) and minority spin (|) are
illustrated in Fig. 2(a) and (b). For both cases the zero of the energy
scale is taken at the top of the valence band. The valence band
maximum (VBM) and the CBM are located at the center of the first
BZ, resulting in a direct band gap for both of majority spin (1) and
minority spin (| ). The values of the band gap are 3.01 eV (1) and
3.78 eV (|). It is clear that in the majority spin, the bands around
3.0 eV belong to Sm-4f orbital which govern the CBM. These bands
vanish in minority spin case (| ) to lead to an increase of the band
gap and the CBM is formed by Mo-4d orbitals. It is clear that the
majority spin (1) state contains more electrons than the minority
spin (| ) state.

In order to have better insight into the electronic structure, we
have presented and explained the necessary ingredients of the
calculated total and atom-resolved density of states as shown in
Fig. 3(a)—(g). Fig. 3(a) presents the total density of states (TDOS) for

the majority and minority spin which explored the differences
between the two cases, as it is clear both structures are similar
expect that the majority spin exhibit extra structure which belongs
to Sm-4f orbital. This orbital form the CBM for (1) while Mo-4d
orbital forms the CBM of (|) in agreement with the previous
observation from the electronic band structure (Fig. 2). This finding
confirms our expectation that replacing Nd by Sm leads to a shift of
Sm-4f bands of spin-up case towards lower energies, resulting in a
reduction of the spin-up band gap and shows that the spin-up case
of B-RbSm(Mo0y); is a favorable spin channel.

From the angular momentum projected density of states (PDOS)
we are able to identify the angular momentum character of the
various structures. The structure around —8.0 eV belongs to Rb-4p
state for (1) and (| ). The structure extend from —3.0 eV up to Fermi
level (Eg) is mainly originated from Sm-4f, Mo-4d states, with small
contributions from Mo-5s/4p, Sm-6s/5p/4d, Rb-5s/3d and O-2s/2p
states for (1) case. Whereas for (| ) case, the same states contribute
except the Sm-4f state that exhibits zero contribution. The energy
region above E is very broad. For the (1) case, this region extend
between 3.01 eV and above whereas for (|) case, it is between
3.78 eV and above. In both cases (majority and minority spin) the
energy region above Ef is formed by Mo-5s/4p/4d, Sm-6s/5p/4d,
Rb-5s/3d and O-2s/2p states. The spin magnetic moments are
calculated for the atom resolved within the muffin-tin spheres as
well as in the interstitial sites as shown in Table 1. The calculated
spin magnetic moments are in accordance with Slater-Pauling rule.
Calculations show that the magnetic moment of 4f electrons within
Sm sphere is about 4.963 uB. Fig. 3(f) show that the 2s-state of the
four O atoms hybridized strongly among each other along the
whole energy range for spin up/down; they also hybridized with
Rb-5s state (Fig. 3e) in the energy region form 4.5 eV and above. The
hybridization may lead to the formation of partial covalent bonds
between O and Rb atoms depending on the degree of the hybridi-
zation. The 2p-states of the four O atoms hybridize strongly among
each other along the whole energy range for spin up/down as
shown in Fig. 3(g). The PDOS helps to identify the bonds characters
between the atoms. To support this observation, we have taken a
careful look at the valence band's electronic charge density distri-
bution to visualize the charge transfer and the chemical bonding
characters. Fig. 4(a—d) illustrated the calculated total valence
charge density distribution in (1 0 0) and (1 0 1) crystallographic
planes for spin-up and spin-down cases. According to Pauling scale,
the electro-negativity of Rb, Sm, Mo and O atoms are 0.82, 1.17, 2.16
and 3.44, respectively. Therefore, due to the electro-negativity
differences between the atoms, some valence electrons are trans-
ferred towards O atoms as it is clear that the O atoms are sur-
rounded by uniform blue spheres (indicate the maximum charge
accumulation). For both cases (spin up/down), Rb, Mo and Sm
atoms form partial covalent bonds with O atoms. It is clear from (1
0 0) and (1 0 1) crystallographic planes that all atoms are sur-
rounding by a uniform spherical charge and Rb, Sm and Mo atoms
share their outer shells with O atoms to form partially covalent and
mostly ionic bonds. The calculated bond lengths are listed in Table 2
and compared to the measured bonds distance at room tempera-
ture [29]; good agreement was found. It is clear that Mo atom form
the shortest bonds with O atoms. The bond lengths and the two
crystallographic planes explore the anisotropy of f-RbSm(Mo0O4),
for the majority spin (1) and minority spin (| ).
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Fig. 4. Calculated electronic charge density distribution; (a) crystallographic plan (1 0 0) for spin-up case; (d) crystallographic plan (1 0 0) for spin-down case; (c) crystallographic
plan (1 0 1) for spin-up case; (d) crystallographic plan (1 0 1) for spin-down case.

3.2. Linear optical properties the imaginary part of the optical dielectric function were calculated

for spin-up and spin-down to ascertain the influence of the spin
Deep insight into the electronic structure can be obtained from polarization on the optical properties as shown in Fig. 5(a). It has

calculating and analyzing the optical properties. The dispersion of been noted that the first critical points (the absorption edges) for the
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Table 2
The calculated inter-atomic distances in comparison with the measured ones at
room temperature [29].

Bond Bond Lengths (A)

Exp. Calc.
Rb—O1 2.75(2) 274
Rb—02 3.03(4) 3.04
Rb—03 2.98(2) 299
Rb—04 2.75(2) 274
Sm—01 2.35(4) 334
Sm-02 231(3) 232
Sm-03 261(4) 2,60
Sm—04 2.44(4) 245
Mo—01 1.82(3) 1.83
Mo—02 1.74(2) 1.75
Mo—03 1.83(2) 1.82
Mo—04 1.70(2) 171

three compounds *(w), €5’ (») and £5(w) of the imaginary part of
the optical dielectric function along the polarizations directions [1
00],[010]and [001]arelocated at 3.01 eV (3.78 eV) for the spin-up
(spin-down). Overall the optical spectral structures of spin-up/down
are similar except for minor differences in spin-up case that are
attributed to the difference in energy gap values and the existence of
Sm-4f extra structure around —4.0 eV below Er and the position of
Sm-4f around +3.01 eV above Er. This causes significant influence on
the optical properties. The first spectral structure occurs due to the
transitions between the states just below and above Eg. Therefore,
Sm-4f state (around 3.01 eV) cause significant influence on the op-
tical properties for the spin-up case in comparison to the spin-down
case. The spectral structure confined between 6.0 and 9.0 eV is due to

5 Energy (6V) 10 15 -100
(b)

Fig. 5. (a). Calculated £§*(w) (dark solid curve-black color online),} (o

2 Energy (eV) L L

the optical transitions from Sm-6s/5p/4f, Mo-5s/4p/4d and O-2s/2p
states to Sm-5p/4d, Mo-4p/4d, Rb-5s and O-2s/2p states. This
spectral structure clearly illustrates the influence of the existence of
Sm-4f extra structure in spin-up case only. The three optical tensor
components exhibit a considerable anisotropy. The last structure
(9.0 up to 13.5 eV) exhibits the lossless regions. We have used the
Kramers-Kronig transformation [45] to obtain the real parts of the
optical dielectric functions. The calculated real parts along the po-
larizations directions [1 0 0], [0 1 0] and [0 O 1] are presented in
Fig. 5(b). We can see that the structure confined between 6.0 and
9.0 eV exhibit minor differences in spin-up case than that of spin-
down case in concordance with our observation from the imagi-
nary part (Fig. 5(a)). The values of £%*(0), £/ (0) ande#(0) are calcu-
lated for the spin-up and spin-down cases. Also, we have calculated
the values of & (w), &Y (w) ande®(w) at A = 400, 450 and 800 nm.
These values are presented in Table 3. We note that a smaller energy
gapyields alarger &1 (0) value. This could be explained on the basis of
the Penn model [46]. Penn proposed a relation between ¢(0) and Eg,

e(0)=1+ (h(J)P/Eg)Z. Eg is some kind of averaged energy gap which
could be related to the real energy gap. It is clear that £(0) depends on
1 /Eé. Hence, a larger E; yields a smaller ¢(0). Therefore, the values of

&X(w), &Y (w) ande#(w) for the spin-down case are smaller than
those for of spin-up case. In addition, We have calculated the uni-
axial anisotropyde = [(ell — ef) /€] [47,48] for spin-up and spin-
down cases at the static limit, A = 400, 450, and 800 nm. These
values are listed in Table 3, indicating the existence of a considerable
anisotropy. It is clear that below A = 450 nm, f-RbSm(Mo004), ex-
hibits positive uniaxial anisotropy while at A = 450 nm and above,
the crystal exhibits negative uniaxial anisotropy, in good agreement

0 15
©

0 5 Energy (V) 15
®

(light dashed curve-red color online) and ¢ (w) (light solid curve-blue color online) spectra for spin-up/

)
down (b). Calculated £}*(w) (dark solid curve-black color online), g’l'y (w) (light dashed curve-red color online) and £%(w) (light solid curve-blue color online) spectra for spin-up/
down; (c). Calculated [¥(w) (dark solid curve-black color online), LYY () (light dashed curve-red color online) and L% (w) (light solid curve-blue color online) spectra for spin-up/
down; (d) Calculated absorption coefficient [**(w) (dark solid curve-black color online), Y () (light dashed curve-red color online) and I?*(w) (light solid curve-blue color online)
spectrum. The absorption coefficient in 104 sec™"; (e). Calculated R**(w) (dark solid curve-black color online), R¥Y () (light dashed curve-red color online) and R% (w) (light solid
curve-blue color online) spectra for spin-up/down; (f). Calculated n**(w) (dark solid curve-black color online), n¥¥ () (light dashed curve-red color online) and n?(w) (light solid
curve-blue color online) spectra for spin-up/down. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3

Calculated (), & (w), £ (w), £ (w), de, 1 (w), Y (w), N%(w), ks, hwl’, and hwF at static limit, A = 400, 450, and 800 nm. hw¥, hwl’, and hwZ are calculated in eV.
Components At static limit At A = 400 nm At A = 450 nm At A = 800 nm

Spin-up Spin- down Spin-up Spin- down Spin- up Spin- down Spin-up Spin- down

& (w) 2.403 2.327 3.081 2.846 2.850 2.689 2.512 2421
g’l’y(w) 2425 2.361 3.045 2.868 2.832 2.716 2.528 2454
e (w) 2.374 2312 3.060 2.853 2.815 2.687 2482 2.408
eﬁ"[(w) 240 2.333 3.062 2.855 2.832 2.697 2.507 2427
de 0.0166 0.0137 0.0083 0.0050 —0.0093 —0.0085 —0.0027 -0.0162
n**(w) 1.549 1.526 1.754 1.891 1.688 1.639 1.584 1.556
Y (w) 1.557 1.536 1.746 1.883 1.682 1.648 1.589 1.568
n#(w) 1.540 1.520 1.745 1.882 1.677 1.639 1.573 1.550
hwz" 8.340 8.503 8.340 8.503 8.340 8.503 8.340 8.503
hw%')y 9.102 9.047 9.102 9.047 9.102 9.047 9.102 9.047
hw# 10.027 13.401 10.027 13.401 10.027 13.401 10.027 13.401

with the previous work [30]. There are other features in the optical
spectrum, such as plasmon oscillations, which are associated with
inter-band transitions. The plasmon maximum is usually the most
intense feature in the spectrum and this is at energy where £*(w),
s’l’y (w) ande¥ (w) crosses zero which is associated with the existence
of plasma oscillations. The plasma frequency (energy) is calculated
and presented in Table 3.

The loss function of B-RbSm(Mo0Q4), as function of photon en-
ergy is illustrated in Fig. 5(c). We can see that the spectral structure
of [*(w), IYY (w) andL#(w) is almost zero along the energy range up
to 9.0 eV. Then a rapid increase occurs at higher energies which
represent the plasma frequencies (wp) and confirm the existence of
the lossless regions in concordance with our observation in Fig. 5(a)
and (b).

The absorption coefficients as shown in Fig. 5(d) exhibit that the
absorption edge of spin-up case is lower than that of spin-down
case, confirming that the spin-up case possess a smaller energy
gap as compared to the spin-down case. The absorption spectral
structure shows three absorption regions; the low absorption re-
gion extends from the fundamental energy band gap up to 6.0 eV;
the high absorption region (6.0 up to 11.0 eV); and another low
absorption region from 11.0 eV and above. f-RbSm(Mo0Q4); exhibits
low reflectivity almost 20% along the whole energy range as illus-
trated in Fig. 5(e). The reflectivity minima occur around 12.0 eV
confirming the occurrence of collective plasmon resonance which
represents the lossless regions.

In addition, we have calculated the refractive indices n**(w),
Y (w) and n“(w) for spin-up and spin-down as shown in Fig. 5(f).
The values of the refractive indices at the static limit, A = 400 nm,
A =450 nm and A = 850 nm, are listed in Table 3. The calculated
values of n**(w), Y (w) and n%(w) at A = 400 nm show reasonable
agreement with the previous work [30] obtained by using LDA-+U.
The refractive indices have direct relation with the energy band gap
(n = /e) therefore, we can estimated the value of the energy band
gap from calculated values of the refractive indices.

4. Conclusions

The all-electron full potential linear augmented plane wave
(FPLAPW+lo) method and the generalized gradient approximation
plus the Hubbard Hamiltonian (GGA+U) were used to calculated
the spin polarized electronic band structure, density of states, the
chemical bonding and the optical properties of f-RbSm(MoQO,).
We have applied U on 4f orbital of Sm atoms and 4d orbital of Mo
atoms. Calculations show that B-RbSm(Mo04); is a direct band gap
semiconductor for spin-up and spin-down cases. The spin-up case
exhibits a smaller band gap than that obtained from the spin-down

case; that is attributed to the appearance of Sm-4f states on the
conduction band minimum of the spin-up case. We have calculated
total valence charge density distribution in (1 0 0) and (1 0 1)
crystallographic planes for spin-up and spin-down cases. The
calculated bond lengths show very good agreements with the
measured one. The optical properties show there exists a lossless
region and considerable anisotropy. It has been found that the §-
RbSm(Mo0Oy); crystal exhibits positive uniaxial anisotropy below
A = 450 nm and negative uniaxial anisotropy above A = 450 nm, in
agreement with previous work of Atuchin et al. The good agree-
ment with experimental data indicates the accuracy of the method
used here.
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