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Experimental and theoretical studies of the electronic structure of Pr,LiRuOg (PLR), Nd,LiIRuOg (NLR) and
Sm,LiIRuOg (SLR) crystals are reported. The linear optical properties of these compounds have been
investigated using density functional theory calculations. The optical anisotropy in these compounds is
revealed from their computed optical properties, such as their complex dielectric functions and
refractive indices. The calculations show that SLR has a relatively large birefringence (An = 0.06)
compared to NLR and PLR, which is important for mid-infrared nonlinear optical applications. We
propose that the O 2p to Ru 4d transition is primarily responsible for the origin of optical activity in these
materials while the origin of the optical anisotropy in these materials results from the asymmetrically
oriented Ru—O bonds in the RuOg octahedra of the unit cell. The evolution of the Ru 3d core-level
signals as obtained from the X-ray photoemission spectroscopy measurements provide confirmation of
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1. Introduction

The structural and the physical properties of double perovskite
oxides with the general formula A,BB'Og and distinct transition
metal ions at the B and B’ sites have been an active area of
research because of the diverse physical properties and struc-
tural chemistry exhibited by this family of oxides." Recently, the
electronic properties of mixed-metal oxides containing ruthe-
nium, particularly those which adopt the perovskite structure,
have gained tremendous interest. This interest has been stim-
ulated due to developments in a number of fields such as
colossal magnetoresistance** and superconductivity.* Complex
oxides with ruthenium show diverse properties, for example,
rutile type RuO, is a normal metal and the density of states
(DOS) obtained from band structure calculations is in good
agreement with its photoemission spectra.® Bi;Ru,0- is a Pauli-
paramagnetic metal whereas pyrochlore-type Y,Ru,0; is an
insulator and exhibits a local-moment behaviour.® Further,
Sr,RuO, has attracted interest due to its unusual electronic and
magnetic properties such as non-s-wave superconductivity,”
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a dynamic increment in the electron correlations as we move from PLR and NLR to SLR.

orbital ordering in La,Ru,O;, (ref. 8) and non-Fermi-liquid
behaviour in La RuO,0.° STRUO; is a rare example of a 4d
ferromagnet (7. = 165 K)." This change in the electronic
behaviour has been attributed to the change in the electron-
electron correlation as suggested by Kim et al.* The conclusion
has been made based on the fits of the experimental core level
X-ray photoemission (XP) spectra. Recently, Makowski et al.
have reported the structural and magnetic properties of the
Ln,LiRuOg double perovskites where Ln = Pr, Nd, Sm, Eu, Gd,
Tb using synchrotron X-ray, neutron powder diffraction, and
magnetic susceptibility measurements for the first time.”
Beyond this, not much is known about these materials. The
motivation behind this paper is twofold. Firstly, we want to
study the linear optical properties of these materials and see if
these materials are birefringent. Birefringent materials are very
important and interesting in optical communications and laser
industry as they can modulate the polarization of light and are
vital crystalline materials in producing optical devices such as
optical isolators, circulators, polarization beam splitters and
photo storage devices.***” The birefringence value of a material
can be obtained by measuring the refractive index by using the
minimum deviation method. However, large size crystals of
good optical quality are needed which is very difficult to
synthesize. Hence density functional theory (DFT) calculations
play a very important role to predict the birefringence value
which is very significant in choosing optical materials with
suitable birefringence.'”*® Additionally, birefringence is neces-
sary for phase matching conditions during the optical second
harmonic experiments." Secondly, we have made an attempt to
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understand the electronic structure of these materials using XP
spectroscopy and DFT calculations. A detailed theoretical
understanding of the intrinsic physical properties of these
materials will be very significant not only for fundamental
research but also for technological applications.

2. Experiment

A,LiRuOg (A = Pr, Nd, Sm) compounds have been synthesized
by the solid-state reaction method. For the synthesis of
A,LiRuOg, the reagent grades of Pr,O; (Sigma Aldrich), Sm,0;
(Alfa Aesar), Nd,O3 (Alfa Aesar) (prefired at 1000 °C for 12 h),
RuO, (Alfa Aesar) (pre-fired at 450 °C for 12 h) and 20 mol%
excess of Li,CO; (Loba Chemie) (pre-fired at 80 °C for 12 h) are
taken in stoichiometric ratio and mixed in the acetone medium.
The resultant mixture is then dried and calcined at 980 °C for
12 h and brought to room temperature by cooling at the rate of
100 °C h™". The material is then mixed again in the acetone
medium with an additional 20 mol% excess of Li,CO; and then
finally heated at 980 °C for 12 h (cooled at the rate of 100 °C h™).
The excess Li,CO; has been added because of the volatilization of
Li and is essential for the preparation of pure samples."”” The
calcined powders are pelletized into discs (8 mm diameter and
1.5 mm thickness) using polyvinyl alcohol as a binder. These
discs are then sintered at 1080 °C for 10 h and cooled to room
temperature at the rate of 1 °C min~". The X-ray diffraction
(XRD) pattern of the synthesized samples have been taken at the
room temperature using Rigaku Miniflex-II X-ray powder
diffractometer in the 26 range from 10° to 80° by scanning at
0.02° per step. The Rietveld refinement of the XRD pattern has
been carried out using FULLPROF** method. In the refinement
process, the background is fitted with sixth order polynomial,
while the peak shapes are described by pseudo-Voigt profiles.
During the refinement, scale factor, zero correction, back-
ground, half width parameters, lattice parameters, positional
coordinates and isotropic thermal parameters (B;s,) are varied.
No correlation between the positional and the thermal param-
eters are observed during refinement and as such, it is possible
to refine all the parameters together. XP core-level spectra are
taken with an Omicron Multiprobe (Omicron Nanotechnology
GmbH., UK) spectrometer fitted with an EA125 hemispherical
analyzer. A monochromated 1486.7 eV X-ray source operated at
150 W has been used for the experiments. The analyzer pass
energy is kept fixed at 40 eV for all the scans. As the samples are
insulating in nature, a low energy electron gun (SL 1000, Omi-
cron) with a large spot size has been used to neutralize the
samples. The potential of the electron gun is kept fixed at —3 eV
for all the samples with respect to the ground. The binding
energy (BE) has been determined with reference to the C 1s line
at 284.8 eV.

3. Computational details

In this study, two computational methods within the framework
of density functional theory (DFT) have been used in a comple-
mentary manner. The structural optimization and dielectric
tensor are obtained by using the projector augmented wave
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(PAW)**** method as implemented in the VASP.>® The electronic
structure and the optical properties have been calculated using
WIEN 2k code.** For more details on computational parameters
see Section S1 in ESL.{

4. Results and discussion

4.1. Structural study

The stability of A,LiRuOg to a first approximation is determined
by the ratio of A-O, Li-O, Ru-O bond lengths, which can be
expressed as the tolerance factor given by

Rs + Ro

Ri; + Rru
ﬂ(%#‘RO)

Ty =

where Ry, Ro, Ry, and Ry, denote the ionic radii of A, O, Li and
Ru ions respectively. The tolerance factor calculated using the
ionic radius of Pr (1.179 A), Nd (1.27 A), Sm (1.24 A), Li (0.76 A),
Ru (0.62 A) and O (1.4 A) are found to be 0.87, 0.90 and 0.89 for
PLR, NLR and SLR respectively. Usually a cubic perovskite
structure is obtained for Ty close to unity, whereas it can be
lower symmetrical structure (orthorhombic, monoclinic) for
lower value of tolerance factor. This value of the tolerance factor
suggests that the room temperature crystal structure of
A,LiRuOg should have a lower symmetry than cubic structure.
The distortion from the ideal cubic double perovskite structure
is a result of the tilting of the LiOs and RuOg octahedra, while
maintaining their corner-sharing connectivity. This is
commonly observed for compositions that include an A-cation
which is too small to fill the 12-fold coordination site and
would result in reduced eight-fold coordination environment.
To verify the same, we have performed the Rietveld refinement
of the room-temperature XRD patterns of A,LiRuOg¢ using the
Fullprof software.>® The XRD patterns of A,LiRuOg are shown in
Fig. 1. A good agreement between the observed (symbols) and
refined (lines) data suggests that the compounds are crystal-
lized in the monoclinic perovskite structure with space group
P2,4/n. As both the A-O and (Li, Ru)-O bond lengths are limited
to a narrow range; for a double perovskite structure, the only
way to accommodate smaller A-cations is by distorting the Li-
O-Ru bond angles. This feature of the rotated octahedron,
common among all P2,/n ordered double perovskites, requires
that the (Li, Ru)-Os octahedrons have different tilt angles as
a result of the differences in the size and the distortion of the
two polyhedron. Consequently, the § angle of a monoclinic unit
cell can be viewed as a measure of the structural distortion. The
lattice parameters, atomic positions, reliability factors, bond
lengths and bond angles for the different constituent ions are
listed in (Table S4 and Table S5 respectively in ESIf). In these
materials Pr, Nd and Sm have co-ordination number 8 instead
of 12. The co-ordination number of these cations has been
reduced because some of the anions move too far away from the
A-cation for lower symmetry double perovskite oxides (DPOs)
due to the octahedral tilting which causes the first coordination
sphere about the A cation to change. It has been proposed by
Woodward? that any anion more than 3.00 A away from the A-
cation of DPOs may be considered to be outside the

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Rietveld refinement plot of A,LIRuOg at room temperature. The experimental points are represented by circles and the solid line
represents the simulated XRD data. The vertical marks in the middle show the positions calculated for Bragg reflection. The trace at the bottom
(green line) is the plot of the difference between the observed and the calculated pattern.

coordination sphere. A schematic presentation of the A,LiRuQOg
cell is shown in Fig. S1 in ESL{ with the distribution of ions at
crystallographic positions 4e for A ions, 2d for Li ions, 2c for Ru
ions and 4e for O ions as given in Table S4 in ESI.T Each Li and
Ru ions are surrounded by six O ions, constituting LiOs and
RuOg octahedra, respectively.

4.2.
states

Spin polarized electronic band structure and density of

The spin-polarized band structures of A,LiRuOg (A = Pr, Nd, Sm)
compounds along the high-symmetry directions in the Brillouin
zone are shown in Fig. 2, where similarities in the energy bands
are evident. For the clarity of the figures, the energy bands in the
region from —6 eV to 6 eV are shown in Fig. 2(a)-(c). In these
calculations, the zero of the energy scale is taken at the top of
the valence band (VB). It is clear that the spin-up/down chan-
nels of PLR possesses an indirect energy band gap as the
valence band maximum (VBM) is located at the I' symmetry
point of the Brillouin zone (BZ) for spin up/down, while the
conduction band minimum (CBM) is situated at the R symmetry
point for spin up (1) and at the I' point for spin down (). NLR
also possesses an indirect energy band gap as the VBM is
located at the I symmetry point for spin up (1) and X symmetry
point for spin down (), while the CBM is located at the X
symmetry point for spin up (1) and I' symmetry point for spin
down (] ). SLR however shows a direct band gap as the VBM is
located at the I' symmetry point of the Brillouin zone (BZ) for
both spin up (1)/down (] ) whereas the CBM is situated at the I’
symmetry point of the Brillouin zone (BZ) for both spin up
(1)/down (|). The spin-polarized electronic band structure of
A,LiRuOg¢ (A = Pr, Nd, Sm) reveals that all the compounds are
insulators. The calculated band gaps are 3.1 eV (1) and 1.6 eV
({)for PLR,3.12eV(1)and 1.7 eV (]) for NLR and 2.2 eV (1) and
1.8 eV () for SLR. It is observed that the energy gap of spin

This journal is © The Royal Society of Chemistry 2017

down () is noticeably lower than that of spin up (1). This is
attributed to the fact that the location of Ru d states at the lower
part of the conduction band (CB) for the spin down () pushes
the CBM towards the Fermi level (Eg) resulting in the reduced
energy gap value for all these compounds. However, for the spin
up (1), the Ru d states as well as A f states are shifted towards
higher energies resulting in the increased spin up (1) band gap.

The calculated DOS for the investigated compounds are
shown in Fig. 3(a)-(c), which are helpful in identifying the
character of band states at different energy levels. In the case of
PLR, in the up-spin channel (shown by 1 in [Fig. 3(a)]) the VB
and the CB is mainly dominated by Pr f and Ru d states
hybridized with O p and Li p states. The existence of Pr f states
in the upper VB and lower CB have a significant effect on the
energy band gap dispersion. The Ru d states lie near the Er in
the energy range from —1.4 eV to 0 eV and in the lower part of
the VB from —4.5 eV to —5.1 eV, while the remaining states of
VB are dominated by O p character. In the down spin channel
(shown by | in [Fig. 3(a)]), the VB is mainly dominated by O p
and Li p orbitals. Since the valency of Pr ion in PLR compound
is +3 ([Xe]4f?), its energy states in the spin up channel are
partially filled up and lies in the VB region whereas the energy
states of Pr ion in the down spin channel (shown by | in
[Fig. 3(a)]), are completely empty and lies in the CB region. In
the case of NLR, from the partial density of states (PDOS) plots,
one can see that there exists a strong hybridization between the
Ru d states and the O p states in the up-spin channel (1) from
—1 eV up to Er. In the VB the contribution of Nd 4f states lies in
between the energy range from —1.3 eV to —2.9 eV hybridized
with the O p states. The CB in the up-spin channel is mainly
composed of Ru d states and Nd f states. In the down spin
channel (shown by (|) in [Fig. 3(b)]), the VB is mainly composed
of O p and Li s states. The band extending from 4 to 5.9 eV in the
CB is mainly occupied by the anti-bonding states of Nd 4f. There
is no contribution of Nd 4f states in the down spin channel,

RSC Adv., 2017, 7, 43531-43539 | 43533
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Fig. 2 Band structure of (a) PLR (b) NLR and (c) SLR within GGA + U.
Bands in black (red) indicate the spin up (down) channel.

which is in conformity with the electronic configuration of Nd**
([Xe]4f®) in NLR. The spin up channel of Nd (1) is not
completely filled up, so some part of Nd states lies in the VB
while the spin down channel is completely empty and lies in the
CB. For SLR, in the up-spin channel (shown by (1) in [Fig. 3(c)]),
the VB consists mainly of Sm f, Ru d and O p orbitals. The states
near the Er have contributions mainly from Ru d states
hybridized with O p states. The Sm f states lie in the energy
region from —3.8 eV to —5 eV and are strongly localized. The CB
in the up-spin channel is mainly composed of the anti-bonding
states of Ru d and Sm f in the energy region from 3.3 eV to 4.2 eV
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Fig. 3 Total DOS and Partial DOS of (a) PLR (b) NLR and (c) SLR using
GGA + U.

and 2.1 to 2.6 eV respectively. The VB in the down spin channel
(shown by (] ) in [Fig. 3(c)]), is mainly composed of O p and Li p
states. Since the valency of Sm ion in SLR is +3 ([Xe]4f°), it
contains five electrons in the spin up channel so the major part
of the Sm states lies in the VB while the spin down channel is
completely empty and lies in the CB.

This journal is © The Royal Society of Chemistry 2017
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4.3. Linear optical properties

The investigated compound crystallizes in the monoclinic
phase with P2,/n space group. This symmetry group has two
dominant components of the dielectric tensor. These dielectric
functions are &,/(w) and e,% (w), corresponding to the electric
field direction parallel and perpendicular to the crystallo-
graphic ¢ axis respectively (see Section S2 in ESIt). The calcu-
lated dispersive part ¢ (w) and the absorptive part ¢,(w) of the
complex dielectric function ¢(w) of A,LiRuOg as a function of the
photon energy are shown in Fig. 4(a)—(f). The imaginary part of
the dielectric function illustrates the optical transition mecha-
nism. The structures observed in the optical spectra originate
from the transitions between the occupied and the unoccupied
electronic energy states. The solid red and black lines in Fig. 4
represent the result along the ¢'(w) and ¢l(w) polarization
direction respectively. It can be seen from Fig. 4(b), (d) and (f)
that the threshold energy for ¢,(w) occurs at around 1.6, 1.7 and
1.8 eV for peak A of PLR, NLR and SLR respectively. This point is
I',-T'. splitting which gives the threshold for optical transitions
between the highest VB and the lowest CB. This is known as the
fundamental absorption edge. Beyond these points, the curve
increases rapidly. This is because of the fact that the number of
transitions from the VB to the CB which contributes toward
&y(w) curve increases rapidly. The peaks appearing in the
imaginary part of the dielectric function are labelled as A, B and
C. It should be stated that for the interpretation of a structure
(peak) in the optical spectra of the systems, it does not seem
realistic to give a single transition assignment resembling the
energy of the peak since numerous transitions between the
occupied and the unoccupied energy bands for a particular
structure can be satisfied. In the case of PLR, the peak A mainly
corresponds to the transitions from Ru d states lying at the top
of the VB to the Pr f states in the CB. The peak B arises due to the
transitions between the middle region of O 2p in the VB and Ru
d states in the CB. The peak C originates due to the transitions
from the semi-core Ru d states to Pr f states as well as from the
lowermost O 2p states in the VB to the Ru d states in the CB. For
SLR, the transitions from the topmost Ru d states to Sm f states
are responsible for the peak A whereas the peak B corresponds
to the transitions from the O 2p states lying in the middle of the
VB to Ru d states in the CB. The peak C arises due to the tran-
sitions from Ru d states lying at the semi-core region to Sm f
states in the CB and also for the transitions between the O 2p
states at the lowermost VB to Ru d states. Similarly, for NLR, the
peak A may be due to the transitions from Ru d to Nd f, the peak
B due to the transitions from O 2p to Ru d states and the peak C
due to the transitions from semi-core Ru d states to Nd f states
(may also be due to the O 2p in the lowermost VB to Ru d states).
It is clear from Fig. 4 that there is a considerable anisotropy
between &, (w) and &,(w) for A,LiRuO; compounds [see
Fig. 4(a), (c) and (e)]. In the low-frequency limit (w — 0); the
magnitude of the dielectric response ¢;(0) corresponds to the
static optical dielectric constant (&y). The calculated static values
of the dielectric function ;- (0) and &,(0) for these compounds
are given in Table S6 in ESLt The obtained values indicate
a considerable anisotropy*® of the dielectric function for these

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Real ¢(w) and imaginary ex(w) parts of the complex dielectric
constant of (a and b) PLR (c and d) NLR and (e and f) SLR.

compounds. The uniaxial anisotropy is calculated using the
following expression

[6e = (o — eo™)/el™
and is found to be 0.02, 0.01 and 0.03 for PLR, NLR and SLR

respectively indicating a considerable anisotropy*® of the

RSC Adv., 2017, 7, 43531-43539 | 43535
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dielectric function in these compounds. The optical dielectric
constant is obtained from the average value of the &,(0) resolved
along the crystal axes and is given in Table S6 in ESI.{ The
refractive index of these compounds along the different polar-
ization directions have been calculated and is shown in Fig. S2,t
which indicates the optically anisotropic nature of these
compounds in the low energy range. For lower energies,
refractive index values are almost constant and as the energy
increases they attain a maximum value (near the absorption
edge) and exhibit a decreasing tendency for higher energy
values. We have also calculated the birefringence of these
compounds which is the difference between the extraordinary
and the ordinary refraction indices, An(w) = nl(w) — nt(w),
where nl(w) is the index of refraction for an electric field
oriented along the c-axis and n" () is the index of refraction for
an electric field perpendicular to the c-axis. Fig. 5 shows the
birefringence An(w) dispersion for A,LiRuOs compounds. It is
clear that the birefringence is important only in the non-
absorbing spectral range, which is below the energy gap. As
we notice from Fig. S2,T these compounds show a considerable
anisotropy between n'(w) and n/(w), as a consequence, they
possess a large birefringence An(w). The birefringence can be
calculated from the linear response functions from which the
anisotropy of the index of refraction is determined. We have
found that these crystals possess a positive birefringence at zero
energy equal to about 0.05, 0.03 and 0.06 for PLR, NLR, and SLR
respectively. The birefringence is an important parameter to
fulfil the phase-matching condition.?” Since the birefringence of
SLR is large to obtain a phase matching for second harmonic
generation, hence it can be used as a frequency doubling
crystal.”® From the above analysis, it is clear that the calculated
linear optical properties show a considerable anisotropy
between the components along the polarization directions [100]
and [001]. The strong hybridization of the Ru 4d orbitals with
the O 2p states indicates the relatively strong covalent bonds
between Ru and O. It is clear that the RuOg octahedra has a big
influence on the electronic structure and hence on the optical
properties of these materials. Thus, we propose that the RuOg
octahedral groups are the main contributors to the optical
anisotropy. We further propose that the major optical transi-
tions would involve Ru 4d states and O 2p states. In A,LiRuOg

SmZLiRuO A
——Nd,LiRuO
—— Pr,LiRuO;

Energy (eV)

Fig. 5 The calculated birefringence An(w).
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compounds, the density of RuOg octahedra is different in the
crystallographic c-direction with respect to the a and b direc-
tions. Such anisotropic structural feature has been reported to
result in anisotropic physical properties such as electrical
conductivity.*® Thus, it is plausible that the orientation differ-
ences among the RuOg octahedra lead to the different transition
behaviour from O 2p to Ru 4d states, which is the primary factor
responsible for the optical activity of A,LiRuOs compounds,
rendering anisotropic optical behaviour.*

4.4. X-ray photoemission spectroscopy study

Fig. 6 shows the XP spectrum of A,LiRuOg in the energy window
of 0 to 1200 eV. The profile of the XP spectra are identified and
indexed. The curve fitting of A 3d and Ru 3d core level peaks are
performed to isolate the contribution of the various species to
the total signal envelope. The high-resolution core-level spec-
trum of Ru 3d is shown in Fig. 7. The XP data for each spectrum
has been normalized (zero-clipping) and plotted. The Ru 3d
spectrum is complex and could be best fitted using a function
with three sets of doublets which have been assigned as
screened, unscreened and multiplet peaks.** The six compo-
nents are necessary to obtain a fit of good quality. These
features have been observed in many other ruthenates and
shown to be associated with different final state effects in
photoemission process arising due to the screening of core hole
by valence electrons.**** Thus, we have fitted the experimental
spectrum with three pairs of spin orbit peaks using XPSPEAK
software.*® The Shirley method®” is used to subtract the back-
ground and then the experimental spectra are numerically fitted
using the sum of the Lorentzian-Gaussian model. A typical peak
fit performed on the compounds is depicted in Fig. 7.

The fitting parameters are given in Table 1. The spin orbit
separation between the two Ru 3d peaks as shown in Table 1
corresponds well to the expected value of 4.17 eV.*® It is
observed that the full-width at half-maximum (FWHM) of the
Ru 3dj, components is always larger than the Ru 3ds.,
components. The comparison between Ru 3d spectra in these
materials reveals that the degree of localized character for Ru is
different for PLR, NLR, and SLR. Panaccione et al.*' suggested
that with the increase of U i.e., electron correlation the intensity
of the screened peak decreases. Similar results have been

< s © 5
) 2 PR
MWW‘\J@ = . £ &
5 " Y
] =z © /: ] o
Mmmwm o T = PaNY-: < 2 s
™ mm.JL 2 = ‘“/E £.2 S5
= SO S, O S, N \;
El =
= 3 ]
z fE ® . :
8 2= - FRTge P
P N ‘M - < |2 . B Z\ B
g e & oz lgd TS
Z WWMMW 2 242 =2 \2
=1 e s - AN

1000 800 600 400 200 0
Binding energy (eV)

1200

Fig. 6 XP spectra of (a) PLR, (b) NLR and (c) SLR.
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obtained for the Ru 3d evolution as we move from PLR to SLR.
The U value is in the order of Sm > Nd > Pr (Table S1t), so
accordingly the screened peak intensity is in the order of Pr > Nd
> Sm (Table 1).

The core-level XP spectra of Pr 3d, Nd 3d and Sm 3d of the
investigated compounds are shown in Fig. 8. Each of the spectra
is split into two components due to the spin-orbit interaction
having a lower J (= — s) value component in the higher energy
side and a higher J (= + s) component in the lower energy side.
The high intensity peaks at 932.93 and 953.47 eV in PLR, 981.6
and 1004.1 eV in NLR and 1082 eV and 1109 eV in SLR corre-
spond to the A 3ds), and A 3d;, levels. This splitting is equal to
20.5,22.5 and 27 eV for Pr, Nd, and Sm respectively. In addition
to this, the Pr 3d and Nd 3d profiles show interesting features
and are fitted to locate the positions of the main and the
screened peaks. At the low-binding-energy side of the main
lines of the 3ds/, and 3d5/,, the peaks at 928.43 and 948.77 eV for
PLR and 977.75 and 999.69 eV for NLR are observed which is
known to account for the screened Pr 3d°4f* and Nd 3d°4f* final
states.*>*® It is observed from Fig. 8 that the intensity of the
screened peaks is less than that of the 3d main peaks. The
origin of these peaks can be attributed to life time effects and
the exchange interaction between the 3d hole and the partially
filled 4f shell of Pr** and Nd*" ion.** It has been observed that
the screened peaks are well separated from the main 3d peaks
in the case of PLR and NLR, however, no significant peaks are
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observed in SLR. Hillerbrecht and Fuggle** found similar results
for LnPd; (Ln = La, Ce, Pr, Nd, and Sm) compounds. According
to Hillerbrecht et al. the observation of these screened peaks is
due to the hybridization of 4f levels with the extended CB
states®** in LnPd; (Ln = La, Ce, Pr, Nd, and Sm). Further, based
on the XP spectroscopy of these compounds they have
concluded that the hybridization in LnPd; decreases in the
order La > Ce > Pr > Nd > Sm. So, this may be the reason that no
screened peaks have been observed for SLR.

In order to verify the electronic structure calculations
experimentally, we have performed the VB-XP spectroscopy
measurements of these compounds. The VB-XP spectrum of
PLR, NLR and SLR are shown in Fig. 9(a)-(c) respectively (solid
red lines). We have generated the VB spectrum of PLR, NLR and
SLR using the calculated DOS in a standard way by adding the
partial DOS of Pr 4f, Nd 4f, Sm 4f, Li p, Ru 4d and O 2p
(multiplied with their respective photo-emission cross-section
for 1486.6 eV) weighted by the atomic cross sections for
photon scattering.** The added DOS is convoluted with a Lor-
entzian of 0.55 eV, 0.86 eV and 0.9 eV FWHM for PLR, NLR and
SLR respectively. The calculated VB-DOS spectrum is compared
with the experimental XP VB spectra, as shown in Fig. 9. The VB
spectra of these materials from the Fermi level (Eg) to ~2.5 eV
below it mainly consists of Ru 4d states and the contribution of
O 2p states lies from below ~2.5 €V to ~12 eV below Eg. In order
to align the major peak obtained theoretically with the experi-
mental XP spectra, the theoretical DOS has been shifted. This

Table 1 Experimentally determined binding energies and the fit parameters for A;LiIRuOg

Doublet Doublet FWHM  Doublet

Material Peak BE (eV) FWHM (eV) separation (eV) BE (eV) FWHM (eV) separation(eV) BE (eV) (eV) separation (eV)
PLR Ru 3ds, 282.1 1.251 4 283.31 1.152 4.066 284.39 1.357 4.332

Ru3d;, 286.1 1.670 287.376  1.247 288.722  1.806
NLR Ru 3ds, 282.067 1.337 4.07 283.14 1.13 4.07 284.122  1.538 4.26

Ru 3d;, 286.141 1.440 287.21 1.19 288.379 2.064
SLR Ru 3ds, 282.2 1.38 4.1 283.227 1.229 4.04 284.533 1.438 4.33

Ru 3d;, 286.304 1.4444 287.264 1.238 288.864 1.563

This journal is © The Royal Society of Chemistry 2017
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Fig.9 The XP spectrum in the valence band region are compared with
the theoretically calculated spectrum for (a) PLR, (b) NLR and (c) SLR.

shift has been performed because, in the experiment, the energy
zero is taken as the “middle of the gap”, while, in theory, it is
taken at the top of the VB.*® Further, according to Ong et al.,*
there may be a “homogeneous charging” problem for insulators
which can shift the entire spectrum rigidly without any distor-
tion of broadening and without changing the relative positions
of the various spectroscopic features. The calculated DOS for all
of the studied materials show sharper peaks than the experi-
mental spectrum, which may be due to the fact that in the DFT
calculations the lifetime broadening is not taken into account.

4.5. Dielectric tensor

The contribution of the electronic and the ionic dielectric
constant has been calculated from the Born effective charges
(BECs) of the constituent atoms of the system. The calculated
electronic and ionic parts of static dielectric tensor for A,LiRuOg
are given in section S3 in ESI.T The calculated dielectric tensors
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for all these materials are anisotropic reflecting the low-
symmetric structure. The average value of the electronic and
the ionic dielectric constant is found to be 6.86 and 19 for PLR,
5.97 and 23.2 for NLR, 5.73 and 17.1 for SLR respectively. The
obtained results clearly indicate that the dielectric constant
value is dominated by the ionic component. Thus, the total
static dielectric constant value obtained by summing up the
mode contributions and the electronic dielectric constant are
25.86, 29.2 and 22.8 for PLR, NLR and SLR respectively.

5. Conclusion

The double perovskite A,LiRuOg (A = Pr, Nd, Sm) compounds
have been synthesized by the solid-state reaction method. The
Rietveld refinement of the XRD data indicates that the room-
temperature crystal structure of A,LiRuOg is monoclinic with
the space group P2,/n, which contains an ordered array of
alternate LiOg and RuOg octahedra. The calculated bond
distances and bond angles show good agreement with the
experimental data. The optical properties of these materials
have been predicted by the first-principles calculations and all
these crystals exhibit positive uniaxial anisotropy. The observed
anisotropy in these materials primarily arises from the asym-
metrically oriented Ru-O bonds in RuOg octahedra in the unit
cell. The interband contributions to ¢,(w) of these materials are
explained using the band structures. The evolution of Ru 3d
spectra in these materials suggests that the electron-correlation
strength is minimum in PLR and maximum in SLR among these
materials. The VB-XP spectra are obtained and compared with
the calculated DOS spectra in the VB region. It has been
established that the O 2p states hybridize with the Ru d states
and occupy the VB maximum. The calculated dielectric constant
values are dominated by the ionic component. The orienta-
tionally averaged dielectric constant has been calculated and is
found to be the highest for NLR among these materials which
suggests that NLR may be used as a high dielectric constant
material for microwave applications.
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