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In this study, the effect of nitrogen substitution in wolframite-type ScTaO4 was investigated using
DOI:00.0000/000000000¢ density-functional theory calculations. First, structural and mechanical properties, as well as the dy-
namical stability of ScTaO,4 were examined deeply for the ambient-pressure structure. Subsequently,
we studied how lattice vibrations are affected by hydrostatic pressure and determined the elastic
moduli of ScTaOy4. The results of our study show that the monoclinic structure of ScTaOy is rigid
and non-compressible. In addition, band-structure calculations show that ScTaO4 has a wide direct
band-gap of 4.04 €V, which in turn leads to a possible tuning of electronic properties. We have found
that this task can be conducted by partially substituting oxygen atoms in the unit cell with nitrogen
atoms. Both band-structure calculations and charge-density analyses revealed a narrowing in the
band gap caused by the presence of nitrogen atoms, which act as a shallow acceptor state, resulting
in weak repulsive interactions and structural distortions in both Sc and Ta coordination polyhedra;

reducing the crystal symmetry from monoclinic to triclinic.

1 Introduction

Among the broad group of ternary oxide compounds, doped and
undoped MTOQ, trivalent-metal niobates and tantalates (M =
trivalent metal and T = Nb or Ta) are materials with unique and
practical properties which favor their use in new green-energy
technologies, such as solar cells, solar collectors, and solar fuel re-
actors. For instance, InTaO4 and InNbO4 have been investigated
as efficient photocatalytic materials?. Their photocatalytic activ-
ity is mainly due to their band-gap values and conduction/valence
band levels. However, although the chemical stability of MTOy4
materials is beneficial for many functionalities?, their poor aque-
ous solubility and high crystallization temperatures limit the op-
portunity for soft-chemical routes, as well as frustrate solid-state
processing@. Nevertheless, despite these difficulties, one way to
overcome them is to tailor their properties for specific applica-
tions. Building nanoparticles or thin films of these materials by
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soft chemistry would provide an opportunity for producing them
in the amounts required by industry. In this way, applications
such as lithium batteries, solid oxide fuel cells, or light-emitting
diodes can be assessed. Furthermore, due to their high solubil-
ity in water, their reactivity can be an easy tool to engineer their
functionalities®/

In contrast to common rare-earth tantalates, the investigations
into wolframite-type ScTaO,4 (space group: P2/c, Z = 2) are very
limited. Few experiments
pound finding that the material is paramagnetic with a mono-
clinic structure at zero kelvin but transforms to a ferroelectric
phase at a temperature of 280 KZ. It is also known that ScTaOy
is highly resistant to corrosion at high-temperature. In contrast
with these few experimental studies, a detailed theoretical inves-
tigation of its stability and bonding properties is still lacking.

have been performed in this com-

On the other hand, recently, Pei et al. ™ conducted experi-
ments to investigate the possibility of tuning the properties of the
wolframite-type ScTaO4 for water-splitting derived applications.
It was discovered that such functionality can be improved by sub-
stituting a small fraction of oxygen atoms with nitrogen atoms,
which can cause a significant change in the electronic properties.
However, detailed information about the percentage of nitrogen
substitution was not revealed. These authors hypothesize that
their observations could be related to a narrowing of the band
gap caused by the chemical substitution of oxygen by nitrogen.

From the theoretical viewpoint, the hypothesis sounds reason-

Journal Name, [year], [vol.], 1 |1



Dalton Transactions

Fig. 1 Crystallographic representation of the 2x2x2 supercell and the conventional unit-cell of ScTaOy.

able because N3~ has one electron less than O>~ and because of
the lower binding energy of the 2p states in N in comparison to
the in O 2p states12, However, the insertion of nitrogen in the
anionic sub-lattice of the oxide causes the formation of new elec-
tronic states that usually fall inside the band gap, not far from the
valence band maximum?2. The additional electron of nitrogen
can then act as a shallow acceptor state, able to trigger the onset
of a p-type behavior. In this context, it would be interesting to
deeply investigate the effect of nitrogen substitution in ScTaO,.
Therefore, in the present paper, we intend to analyze in detail the
dynamical and mechanical stability as well as the electronic prop-
erties of this compound to better understand the behavior shown
in the experiments reported by Pei et al ™ To do this task, we
will use the state-of-art density-functional theory (DFT) calcula-
tions based on the full potential-linearized augmented plane wave
(FP - LAPW) method™3.

This article is outlined as follows: The computational details
are briefly summarized in the following Section[2] The results are
divided into two subsections containing the analysis of ScTaO4
and N-substituted ScTaO4. The paper ends with the main conclu-
sions of our work.

2 Computational details

Due to our success in treating the d orbital of the scandium atom
in other oxides!, we have carried out the present calculation by
means of a full-potential linearized augmented plane wave (FP-
LAPW) implemented in the WIEN2K package. The generalized-
gradient approximation (GGA) was used for the description of the
exchange-correlation energy within the PBEsol prescription.
We optimized the Fourier expanded charge density (G,,,,) and the
expansion of the non-spherical potential (1,,,,,) parameters, which
were found to be 14 (Ry)!/2 and 10 respectively. The wave func-
tions in the interstitial region were expanded into plane waves
with a cutoff of Ry .K;x = 8. We used very dense meshes, with
N; = max(1.30 x |b;| +0.5) defining the number of subdivisions
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along each reciprocal lattice vector b;. As a final consideration,
the energy separation between the core states and the valence
states was taken as -6 Rydberg, and the self-consistent calcula-
tions were judged to have converged to a tolerance of less than
10~* Ry. Additionally, in order to accurately determine the correct
band-gap energy for the substituted ScTaO4 compound, we used
the Hubbard correction U within the DFT+U method6. This
empirical correction allows us to overcome the systematic under-
estimation of the band gap by traditional exchange functionals
Furthermore, lattice-dynamics calculations were performed by
means of PHONOPY1Z open-source package interfaced to WIEN2K
code. This code uses the direct force constant approach (or su-
percell method)X8122. In order to obtain the phonon dispersion
curves along with the high-symmetry directions of the Brillouin
zone (BZ), we used (2 x 2 x 2) supercells. Integration of the
phonon frequencies with a large number of k-points ( 14 x 14 x
14 grid) yielded the phonon density of states (PDOS).

To analyze the covalent and ionic bonding character in our ma-
terials, we used the Non-covalent Interactions Index (NCI) as de-
scriptor2%21 which is calculated using the reduced density gra-
dient of the electron density (p), where the density varies gradu-
ally. This characterization was carried out within the framework
of QTAIM, as defined by

1 |Vp|

NCI=s= 2(3m2)1/3 p4/3

€3]

The 4/3 density exponent guarantees that s is a dimensionless
quantity. The properties of s(r) isosurfaces are determined by
their critical points . The significance of the NCI isosurface
is based on the sign of Hessian’s second eigenvalue (A,) multi-
plied by the electron density of p. If the result is negative, the
attractions are judged attractive and the isosurface is colored in
blue. However, if it is positive, the attractions are judged repul-
sive, and the corresponding domains are colored in red. In the
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Table 1 Unit-cell parameters (a, b, ¢, and f angle) and volume at ambient conditions and the bulk modulus and its first pressure derivative of
wolframite-type ScTaOy according to our calculations (Calc) and previous experiments (Expt). The later™2/2% are included for comparison.

a® A A wA) ByGPa) By  B()
This work (Calc-PBEsol)  4.806 5.689 5.110 139.64 180 3.00 91.46
Expt’Z 4.807 5.662 5.112 139.09 - - 91.37
Expt® 4.807 5.662 5.112 139.08 - - 91.62
Expt? 4801 5.673 5.113 139.20 - - 91.55
Expt24 4.809 5670 5.118 139.55 - - 91.80

case of (A;) xp is close to zero, weak interactions like van der
Waals interactions or hydrogen bonds are invoked, and the iso-
surfaces are depicted in green.

3 Results and Discussion

Table 2 Calculated atomic coordinates of monoclinic wolframite-type
ScTaOy4 (space group P2/c) at ambient pressure compared with results
from experiments24 which are given between brackets. The Wyckoff po-
sitions are also given.

atom X y z
3.1 Properties of ScTaO, and its stability Sc(2f) 0.5 (0.5) 0.32382 (0.322)  0.25 (0.25)
We accurately relaxed the unit cell of the crystal structure of Ta(2e) 0 (0) 0.82364 (0.826)  0.25 (0.25)
ScTaO4 using spin-polarized calculations. This is because we ex- O1(4g)  0.21726 (0.213)  0.10765 (0.102)  0.43400 (0.438)
0,(4g) 0.26596 (0.265) 0.38374 (0.383) 0.90539 (0.902)

pect magnetization when substituting an oxygen atom for a nitro-
gen atom. We have considered five structures, the conventional
cell (shown in Figure 1) to simulate nitrogen substitution of oxy-
gen of 0% (0 N plus 8 O atoms in the unit cell), 12.5% (1 N plus
7 0 atoms), 25% (2N plus 6 O atoms), and 50% (4 N plus 4 O
atoms). Further, a 2x2x2 supercell (see Figure [1) has been re-
quired to simulate a 1.56% N substitution of oxygen (1 N plus 63
O atoms in the cell). Notice that there are two non-equivalent
oxygen sites (See Table [1). However, we found that consider-
ing substitution of oxygen by nitrogen in either one or the other
site leads to the same results. We will first discuss results from
pristine ScTaO4. The aim of this task is to prove the structural,
dynamic, and mechanical properties of the studied compound. In
the monoclinic structure, the atomic positions, the three lattice
parameters, and the 8 angle have been optimized. Our results
are summarized in Tables [1l and [2] As it can be seen in the ta-
bles, the GGA-PBEsol calculations describe reasonably the crystal
structure of wolframite-type ScTaOy.

In order to explore the response of ScTaO, to hydrostatic pres-
sure, we have fit the calculated energy-volume (E,V) curve with
a third-order Birch-Murnaghan equation of state (E0S)22. The
obtained equilibrium volume (Vj), bulk modulus (By), and its
derivative (B{)) are listed in Tablem The calculated bulk modulus,
180 GPa, is around 20 % smaller obtained from acoustic velocity
measurements in polycrystalline ScTa042%; By = 227 GPa. We be-
lieve our result is the most accurate because it is within the values
predicted by crystal chemistry for wolframite-type tantalates2Z.,
Another argument in favor of our calculated bulk modulus is that
it is very similar to that of isomorphic InTaOy4, with By = 171-179
GPa?8 and fergusonite-type YTaO4 with By = 128-183 GPa2230,
Anyway, in spite of the small differences in the value of the bulk
modulus, our and the previous study2® support that ScTaO, is
much less compressible than wolframite-type tungstates, molyb-
dates, and vanadates2Z.

Next, we analyze the dynamical properties. The frequencies
of the normal modes have also been obtained from the diagonal-
ization of the dynamical matrix. The phonon dispersion curve

and phonon density of states (DOS) are plotted in Figure [2| As
the plot does not show any imaginary mode, we can state the dy-
namical stability of ScTaO, in the wolframite structure at ambient
conditions. Similar results have been obtained from calculations
carried out under a hydrostatic pressure of 5 GPa, supporting the
dynamical stability of such compound up to this pressure. We
have also calculated the active frequencies of Raman (R) and in-
frared (IR) modes and the corresponding mode-symmetry assign-
ment.

Group-theory considerations of the wolframite structure yield
23 optical modes and 3 acoustic modes at the center of the Bril-
louin zone (I-point). All the phonon branches are displayed in
Figure [2| The obtained mode frequencies of optical modes and
the symmetry assignment are summarized in Table |3| The anal-
ysis of the zone center phonons gives the following mechanical
decomposition: I' = 84, + 84, + 10B¢ 4 10By. Tycoustic = Au + 2By,
whereas, I'yic = 844(R) +7A,(IR) + 10B,(R) + 8B, (IR).

In a previous study, only twelve of the Raman-active modes
have been measured2®, Their frequencies are compared with
our calculations in Table [3| Calculations and experiments agree
within 10 % which is typical for DFT calculations in ternary
oxides?83l,  Interestingly the distribution of Raman modes in
ScTaO, resembles that of InTa0427. In particular, that are three
high-frequency Raman modes and four high-frequency IR modes,
with wavenumbers higher than 600 cm~! that are "isolated" from
the rest of the modes. In wolframite-type compounds, as a first
approximation, the vibrational modes can be classified as inter-
nal and external modes with respect to the TaOg octahedra2Z.
The internal modes correspond to normal motions of atoms inside
the TaOg4 octahedra, while the external modes involve motions of
them as rigid units against the Sc atoms.

The phonon frequencies of the internal modes are higher than
those of the external modes. In particular, from our calculations,
we can state that the two Raman modes of ScTaO,4 with the high-
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Fig. 2 (a) Phonon dispersion (left) and phonon density of states (DOS) curves (rigth) of ScTaO4 at zero pressure. The partial densities of states
(PDOS) projected onto Sc, Ta, O1 and O2 are also presented with green, red, blue, and black colors, respectively. (b) and (c) representation give
respectively the phonon eigenvectors of asymmetric B; and symmetric A, modes in the TaOg octahedron.

Table 3 Calculated Raman (R) and infrared (IR) frequencies (w) at 0 GPa (in cm™!), linear pressure coefficients (dw/dP) (in cm~!/GPa) and Griineisen

parameter (y), dimensionless. Raman frequencies are compared with experimental frequencies (@,,) reported by Cheng et al.20,

Raman IR
Mode o dw/dP Y Oxp | Mode 0] dw/dP Y
B;(R) | 113.2 0.54 0.86 120 | B,(R) | 172.1 -2.81 -2.94
A,(R) | 126.2 0.22 0.31 | 140 | B,(IR) | 211.5 | -0.76 | -0.65
B;(R) | 160.2 0.18 0.20 180 | B,(IR) | 224.5 -0.64 -0.51
Bg(R) | 189.3 | -0.19 | -0.18 | 200 | A,(IR) | 231.9 1.78 1.38
B;(R) | 223.8 0.77 0.62 | 240 | B,(IR) | 284.5 5.19 3.28
A,(R) | 262.3 | -0.49 | -0.34 A,(IR) | 286.5 0.33 0.21
A,(R) | 285.2 2.34 1.48 A,(R) | 325.9 0.13 0.07
B;(R) | 287.3 0.69 0.43 | 300 | B,(IR) | 350.9 4.55 2.34
B¢;(R) | 356.4 3.66 1.85 A,(R) | 411.3 4.95 2.17
A (R) | 359.1 3.14 1.57 | 380 | B,(IR) | 447.5 6.89 2.77
B;(R) | 392.7 5.66 2.60 B,(IR) | 479.2 3.65 1.37
Ag(R) | 415.4 2.59 1.12 | 430 | A,(R) | 531.9 4.90 1.66
B;(R) | 472.3 4.09 1.56 | 500 | B,(IR) | 600.7 5.73 1.72
Ag(R) | 511.3 4.08 1.44 530 | A,(IR) | 605.7 5.62 1.67
B;(R) | 618.5 5.99 1.74 A,(R) | 766.4 4.37 1.03
A,(R) | 621.0 4.70 1.36
B;(R) | 655.8 6.13 1.68 | 650
A,(R) | 816.9 5.32 1.17 | 842
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est frequencies (one A, and B,) can be associated with internal
symmetric and asymmetric stretching vibrations of the TaOg oc-
tahedron. The atomic movements associated to these two modes
can be seen in Fig. [2 Notice that the A, mode has a very similar
frequency in ScTaOy (817 cm~!) and InTaOy (804 cm~"1)28: both
modes have also a similar pressure coefficient (5.32 cm~!/GPa
and 4.95 cm~!/GPa, respectively). These observations are fully
consistent with the assignment of the highest frequency Raman
mode to an internal stretching vibration of the TaOg octahedron.
From our calculations we have also concluded that the move-
ments of oxygen atoms dominate most of the vibrations at fre-
quencies above 400 cm~!. We have also computed the vibra-
tional modes at high-pressure up to a pressure of 5 GPa. We
have found that all modes follow a linear behavior with pres-
sure. The calculated pressure coefficients are provided in Table
together with the corresponding mode Griineisen parameters
Y = (Byo/®)x(dew/dP), which describe the effect that changing
the volume of a crystal lattice has on its vibrational properties.
Griineisen parameters have been computed using By = 180 GPa.
We have found that, as expected, most modes harden under com-
pression. However, there are five modes (three IR and two Ra-
man) with negative pressure coefficients. All of them are external
modes. In particular, one IR mode, the B, mode with wavenum-
ber 172.1 ecm~!, undergoes an important softening under com-
pression. The existence of this mode suggests that crystal instabil-
ities are expected to develop beyond 5 GPa, triggering a structural
phase transition2.

Next, we deal with the calculations of elastic stiffness (C;;).
Their analysis provides information about bonding characteris-
tics, mechanical and structural stability, and elastic moduli. By di-
agonalizing the C;; matrix, which has thirteen elements different
than zero, we have evaluated the Born stability criteria®3 which
enables us to determine the elastic stability of the crystal. For a
monoclinic system, they are: 34135l

C11 > 0,Cp >0,C33 > 0,C44 > 0,Cs55 > 0,Cq6 > 0,

(C11 +Cx+C334+2C1p +2C13 +2C3;) > 0,

(C33Css5 — C35) > 0,(CagCo6 — Cig) > 0,

(Cx2+C33 —2C3) >0,

[sz(Csacss —C35) +2C23Cp5C35 — C33Cs5 — C§5C33] >0,
2[C15C25(C33C12 — C13Ca3) + C15C35(C22C13 — C12Ca3) +

C25C35(C11C23 — C12C13)]

—[CF5(C2aC33 — C33) + G35 (C11 C33 — C3) +

C35(C11Can — Chy)] + Cs5(C11CpaCs3 — €11 C33 — CnCiy —
C33C +2C12C13C23) > 0

The calculated elastic constants are given in Table [4] It is to
be noticed that the mechanical stability conditions involving the

Dalton Transactions

Fig. 3 Directional dependence of the linear compressibility of ScTaO4 at
ambient pressure. Units of axes are 1073 GPa~!.

elastic constants in the above-given equations are all satisfied.
Thus, the wolframite structure is mechanically stable. In the Ta-
ble E{ it observed that Cy;, Cy;, and Cj; are larger than other
elastic constants. This indicates that axial compression requires
larger forces than shear and tensile deformations. From the elas-
tic constants, we can use ELATE t00l3¢ to calculate the bulk (K),
Young (E), and shear (G) moduli within the Voigt (V)BZl, Reuss
(R), and Hill (H)lﬁI approximations. We have found that K >
E > G in agreement with our previous conclusion. The obtained
values for the bulk modulus agree with the value obtained from
the Birch-Murnaghan EOS (180 GPa). On the other hand, the
bulk modulus is much larger than the shear modulus. According
to Pugh’s criteria?, the ratio B/G can be regarded as an index
of the elastic characteristics of materials. The critical B/G value
for ductile and brittle materials is 1.75. In our case, B/G > 2.27,
which indicates that ScTaOy4 is ductile.

The compound also shows a clear anisotropy along the b di-
rection. The linear compressibility is estimated at 1.76 x 1073
GPa~!, which stipulates that the compound is sensible to the
directional compression along the b axis. A plot of the direc-
tional dependence of the linear compressibility is presented in
Figure |3| confirms this tendency. This conclusion is compatible
with results obtained from high-pressure X-ray diffraction (XRD)
in wolframite-type InTaO4|m. Further, the fact that Cy; and Cy; +
C1» > C33 indicates that the bonding force and tensile modulus of
elasticity are greater in the (001) direction along the c-axis. This
indicates that the shear strain is easier than the linear compres-
sion along the a and c crystallographic axes4l,

To conclude the description of ScTaOy4 at ambient pressure, we
will next discuss the electronic properties of ScTaO4. Optical-
absorption experiments has been done in wolframite-type InTaOy4
compound. The reported band-gap energy is 3.79 (5) eV. For
ScTaO,; we have determined the band-gap energy from band
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Table 4 Calculated elastic constants (C;; in GPa) of wolframite-type ScNbO4. Bulk modulus (K), Young modulus (E) and shear modulus (G) calculated

using the Voigt (V), Reuss (R), and Hill (H) approximations. Units are GPa.

Ci Ci2 Ci3 Cis C» Crs Cos Cs3 Css Caq Cys Css Ce6
264.18 134.28 137.51 5.17 237.00 95.81 -14.63 295.55 19.20 70.98 -15.16 93.22 66.77
Ky Kr Ky Ey Er En Gy Gp Gy
170.22 167.78 169.00 195.74 183.56 189.67 74.80 69.65 72.23

Energy (eV)

NG N4\
™
e

= ;% = I8
ST T
e

Z C2 Y2 " Local DOS (states/eV)

Fig. 4 Right: Band structure and left : density of states of spin (up)
and spin (down) for ScTaOy4 pristine compound.

structure calculations. The band structure is provided in Fig-
ure [4, which also includes the electronic DOS. A quick glance
at the figure reveals that the ScTaOy4 has a direct band gap in the
I' point. The band gap is estimated to be 4.04 €V, which is similar
to the value found for InTaOy4. Further, from the UV-vis diffuse re-
flectance spectra measured by Pei et al.11/in N-substituted ScTaOy4
it can be extrapolated that in ScTaO,4 the conduction-band mini-
mum (CBM), and valence-band maximum (VBM) are located be-
tween around ~-0.18 and ~ 3.75 €V, respectively. Thus, a value
of 3.95 eV is estimated for the band-gap energy, which agrees with
our finding. In our calculations, the band structure shows a para-
magnetic behavior, with a dense electronic level near the Fermi
level. The analysis of orbital occupation at ambient pressure has
also been done using the electronic partial DOS (see Figure [4).
In the plot of the electronic DOS, we have taken care to show the
contribution of orbital projection in the range of -5 to 6 €V. Be-
cause ScTaOy is of the d° type, we can see that the majority of the
orbitals near the Fermi level are governed primarily by p orbitals
from oxygen atoms. However, we can also note a non-negligible
hybridization of these states with the electron of Ta-d orbitals.

3.2 The effect of nitrogen substitution in the properties of
ScTaOy4
After having analyzed the stability and the vibrational. mechani-
cal, and electronic properties of pristine ScTaO,4, we will now deal
with the effect of the partial nitrogen substitution of the oxygen
atoms. To figure out the effect of this substitution, we plotted
in Figure [5| the partial density of states of 0%, 1.56%, 12.5%,
25%, and 50% nitrogen substitution. The effect of substitution

6| Journal Name, [year], [vol.], 1

on the band gap is sizeable. The plot depicts an accumulation of
2p orbitals of nitrogen atoms below the Fermi level. In fact, the
nitrogen atoms substituting oxygen atoms behave as impurities
in the diamagnetic oxide matrix, bringing about a spin magnetic
moment which may in principle originates collective magnetic
properties in pristine ScTaO4. Furthermore, at a concentration
of 25%, the 2p nitrogen level overlaps with the Fermi level due
to Hund’s rule coupling®?. Additionally, we have found an in-
crease in the magnetic moment from 0.5 to 1.5 up when going
from 1.56% to 50% nitrogen substitution by the use of PBEsol+U
method. The most stable configuration of this compound is found
with spin polarization, indicating that this solution is more sta-
ble than the non-spin-polarized. Note that such identification is
important because the structural and electronic properties are dif-
ferent. Further analysis is required to identify the magnetic struc-
ture with the minima energy by analyzing different spin config-
urations. Fortunately, this has a minor impact on the structural
and electronic properties given the similar energy of different spin
configurations.

By introducing a Hubbard correction (U), we can shift these or-
bitals beyond the Fermi level (see Figure[6). Here, we have used
a value of U = 4.57 eV for Sc-d1%, and for each concentration of
nitrogen substitution, we have varied the U from 1.2 to 2 eV for
the N-2p atom3. Notably, the attempt to apply such a correction
leads to varying the position of 2p-N states of the minority spin
channel into the valence band. With the aid of this correction,
our GGA-PBEsol+U calculations estimate band-gap values of E,
= 2.75, 2.50, 2.0, 1.75, and 1.4 €V, respectively, in good agree-
ment with the experimental evidence reported by Pei et al.1L.
Thus, the delocalization of N orbitals is the main cause of the
band-gap reduction in N-substituted ScTaOy.

On general grounds, the changes in the electronic band struc-
ture are in fact accompanied by a small increase in the unit-
cell volume (compared to ScTaO,4) and a distortion of the crystal
structure which during optimization reduces the symmetry from
monoclinic to triclinic. In Table we provide the unit-cell param-
eters obtained for different percentages of N substitution.

To understand the distortion of the crystal structure, we will
discuss, as an example, the ScTaO4N (25% N) structure to dis-
cuss the possible origins of the structural distortion. We have an-
alyzed the changes in structural, bonding, and vibrational prop-
erties. The spin density, electron localization function (ELF), and
a reduced gradient of the electron density (s) have been used to
test the possibility of the electronic origin of distortion. All these
approaches are based on the topology of electron density2244,
Figures[7|(a),[7] (b) and[7] (c) depict three-dimensional isosurfaces
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Fig. 5 Spin-resolved partial electronic DOS for the ScTaO;_;N,. The plots correspond to (a) 0.0%, (b) 1.56%, (c) 12.5%, (d) 25%, and (e) 50% of

nitrogen substitution.
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Fig. 6 Partial density of state of the Ta, O, and N atoms. In the upper
plot, we show the spin-down channel without the DFT+U correction and
at the bottom with the U correction. The plot is done for a concentration
of 25% of nitrogen substitution, here U= 1.7 &V

Table 5 Calculated lattice parameters, angles, and unit-cell volume of
optimized ScTaO4_N, compounds. The a, b, ¢ parameters are in (A)
and volume in (A%). N/O gives the percent of oxygen atoms substituted
by nitrogen.

N/O a b c o B Y volume
1.56% 4.84 5.75 5.15 90.01 91.31 90.15 143.29
12.5% 4.86 5.73 5.16 90.11 90.71 90.89 143.56
25% 486 5.76 5.13 90.56 89.82 91.77 143.53
50% 487 584 5.06 90.00 92.51 90.00 143.77

of spin density, ELF, and the reduced gradient s. The three plots
clearly show that the substitution of the oxygen atom by the ni-
trogen induces an excess of electrons on the N atoms. The sub-
stitution of an O atom by another anion with an extra electron,
such as the nitrogen atom in the d°-ScTaO4 compound, involves
the movement of the Ta and Sc cations from the center of their
coordination octahedra toward the N3~ donor atom, changing
the symmetry of the crystal structure from P2/c to P1. The re-
duced gradient plot shows that the additional electron gives rise
to strong repulsive interactions, showing in the red isosurface45.
The spin density and ELF isosurface gathered in both Figures[7|(a),
b) indicate that the extra electron is stronger in Sc-N bonds
than in Ta-N bonds.

Assuming that the substitution mechanism involves the forma-
tion of new bands close to the Fermi level, the result indicates
the possibility of spontaneous hybridization between N- and O-
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Table 6 Calculated (@) Raman (R) and infrared (IR) modes of triclinic

ScTaOs3N structure (25% N ScTaOy). 0
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Ag(R) 174.0 Ay(R) 198.9 Fig. 8 Phonon dispersion and phonon density of states curves of P1
Ag(R) 204.6 A, (IR) 217.9 ScTaOs3N structure. The partial DoS (PDoS) projected onto Sc, Ta, O
Ag(R) 219.3 A,(IR) 275.2 and N are also presented with green, red, blue, and orange respectively.

A,(R) 262.3 A,(IR) 289.2
A,(R) 265.4 A,(IR) 295.5
A,(R) 312.9 A,(IR) 318.8

A,(R) 353.3 A, (IR) 391.3 2p and Ta-d bands that leads to the different symmetry charac-
A, (R) 378.5 A, (IR) 4375 ters. Therefore, a hybridization of this type would correspond
A,(R) 393.8 A,(IR) 482.8 to a charge density that breaks the monoclinic lattice symmetry.
A;(R) 456.6 A,(IR) 498.9 Due to the fact that the electronic instability could trigger struc-
A, (R) 486.0 A,(IR) 589.6 tural instabilities, we calculated the phonon dispersion of the N
A, (R) 602.8 A, (IR) 604.2 substituted structure. The phonon dispersion of the triclinic dis-
A;(R) 608.5 A,(IR) 761.6 torted structure (P1) is shown in Figure [8} The plot shows that
A,(R) 648.2 the triclinic structure is dynamically stable. Thus, the transfor-
A;(R) 800.5 mation toward the new ground state and energetically favored
A, (R) 862.1 structure results from a weak structural distortion which accom-

modates the excess of charge of N. The triclinic structure point
group is C;(-1) and also has 36 modes with the mechanical de-
composition : Tyeousric = 18Ag + 18A,, in which Tucousric = 3A4
and Iy = 18A, + 15A,. The infrared and Raman modes of
the P1 structure are gathered in Table@ Interestingly the phonon
distribution is very similar for N-substituted and pristine ScTaOj.
In particular, the internal high-frequency modes of the TaOg oc-
tahedron are little affected by N substitution. This is consistent
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with the fact that the triclinic structure is a gradual distortion of
wolframite.

4 Conclusions

We have performed a density-functional study of ScTaO4. The
crystal structure, as well as the mechanical, vibrational, and elec-
tronic properties, have been characterized. A comparison with
experimental evidence supports our conclusions. In particular,
we have found that ScTaOy is an incompressible material with a
direct band-gap energy of 4.04 €V. In addition, we have reported
all Raman- and IR-active modes and their symmetry and pressure
coefficients. Subsequently, in an attempt to disclose the effect
of nitrogen substitution shown by the experiments conducted re-
cently by Pei et al. L, we have used five structures with different
levels of substitution of oxygen by nitrogen. The results show that
the nitrogen atoms substituting oxygen atoms play the role of a
hole acceptor near the Fermi level. The extended electron distri-
bution of the N3~ anion generates these states. Furthermore, to
shift the 2p N states beyond the Fermi level, we used a Hubbard
correction, which allowed us to approach the experimental band
gap found by Pei et al.1L. A bonding analysis has shown that the
nitrogen substitution creates a distortion that originates from a
change in electronic population in both the Ta and Sc octahedral
units. This later enhances the repulsive distortion in the unit cell,
resulting in a subtle monoclinic-triclinic structural distortion.
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