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1 Introduction

In this report, we present optical-response calcula-
tions of materials using first-principles calculation
software RESPACK [1]. Ab initio optical-response
calculations have been performed for a long time,
and have contributed to the understanding of ma-
terials through quantitative comparisons between
theoretical and experimental spectra.
since the calculation is heavier than normal band

However,

calculations, it was often performed for small sys-
tems containing a small number of atoms. In recent
years, with advances in computers and the spread
of open software, the calculation has become pos-
sible even for large systems. RESPACK is one of
such software and is increasingly being used to un-
derstand the optical response of complex and large
systems. In this report, we would like to introduce
some recent results of the optical response calcula-
tions using RESPACK.

2 Method

In this section, we briefly describe a calculation de-
tail. The symmetric dielectric function [2] can be
written with using the polarization function as
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where xgg/(q,w) is the Fourier transform of the
polarization function, and the explicit expression
can be found in Ref. [1]. q and w are wavevector in
the Brillouin zone and frequency, respectively, and
G is reciprocal vector. €2 is the volume of the unit
cell.

The optical response is related to q ~ 0, and in
the calculation of egg/(q,w), the head component
which corresponds to the G = G’ = 0 component
in the g — 0 limit must be treated carefully. For

the head component, we calculate the following [3]
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Here, the last term results from the intraband tran-
sition, and § is a smearing factor. wy; is the bare
plasma frequency calculated via the Fermi-surface
integral as
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where Ep is the Fermi energy determined in the
density functional band calculation, and p}, , is the
diagonal element of the transition-moment matrix
with respect to the bands as
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with z, being the Cartesian coordinate. On the
above evaluation, we ignore the contribution from
the non-local part of the pseudopotential, V. We
note that, in the optical response, the non-local
pseudopotential contribution may sometimes man-
ifest itself as a significant effect, especially for the
transition metals [4].

The optical properties such as the macroscopic
dielectric function ey (w), the real part of the opti-
cal conductivity o(w), and the reflectance spectrum
R(w) are calculated from the inverse of the matrix
eca (q,w) in Egs.(1) and (2) as
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respectively.
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3 Results and Discussions

Below, we show some applications of RESPACK.
We performed ab initio density function calcula-
tions using QUANTUM ESPRESSO [5, 6] in which
the wave functions were expanded on a plane-wave
basis. We employed norm-conserving pseudopoten-
tials, and the generalized-gradient approximation
for the exchange-correlation energy. The cutoff en-
ergies for the wave function and charge density are
100 Ry and 400 Ry, respectively. The calculation
condition of the optical calculations is as follows:
The energy cutoff for the polarization function was
set to 10 Ry. The total number of bands considered
in the polarization calculation was determined to
cover unoccupied states up to 10-15 eV above Ep.
The details of the k-point sampling vary depending
on the system, so we will describe it in each section
of materials.

3.1 WC

The first example is tungsten carbide WC. Re-
cently, we found that the WC can be a good can-
didate for solar selective absorber [7]. Sunlight ab-
sorption and its efficient use of energy is an im-
portant topic and is being actively studied world-
wide. The sunlight energy range is from 0.5 to 4.1
eV, and the important problem is to find materi-
als that can selectively absorb light in this energy
range. As a basis for the material design, we fo-
cus on plasma excitations, especially in a low en-
ergy [8]. The plasma excitation is the collective ex-
citation of electrons in metals, and some materials
have the plasma excitation with an excitation en-
ergy of 0.1-1.0 eV around the cutoff of the sunlight
energy. The WC is one of the main components in
a TiCN-based cermet widely used as a cutting tool.
Through the ab initio electronic-structure analysis
for the wasted TiCN-based cermet, we found that
the WC has a low-energy plasma excitation of 0.6
eV exactly corresponding to the sunlight cutoff [7].

Figure 1(a) is our calculated band structures (red
solid curves) of the WC being a hexagonal closed
pack (hcp) structure and containing 2 atoms in the
unit cell. The k-point sampling is 32 x 32 x 32. A
spin-orbit interaction (SOI) of tungsten is known to
be nearly 0.4 eV, then we calculated the SOI band
structure and compared it with that without the
SOI (black solid curves). The SOI can bring about
a splitting of the low-energy bands, but the effect
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Figure 1: (a) Comparison between ab initio density
functional band structure of WC with (red solid
curves) and without (black solid curves) the SOIL
The energy zero is the Fermi level.
of the WC are plotted along the high symmetry
points in the Brillouin zone, where I'= (0, 0, 0), M
=(1/2,0,0),K=(1/3,1/3,0), A= (0,0, 1/2), L
= (-1/2,0, 1/2), and H = (1/3, 1/3, 1/2), where
the coordinates are represented in terms of basic
vectors of the reciprocal lattice of the hcp lattice.
(b) Comparison of experimental (red-solid line) and
ab initio (blue-solid line) reflectance spectra with
a smearing of 0.01 eV. We also show an ab initio
result (blue dashed line) with smearing of 0.1 eV.
In the figure, the bright orange shadow represents
the spectral range of sunlight, and the gray shadow
represents the range of radiation.

Dispersions

is basically small. Figure 1(b) is the comparison of
the experimental (red-solid line) and our calculated
ab initio (blue-solid line) reflectance spectra with
a smearing of 0.01 eV. The WC sample was pre-
pared as a polycrystalline obtained with the spark
plasma sintering (SPS) method. The spectrum
with the SOI was calculated with the spinor ver-
sion of RESPACK [9]. We see a clear plasma edge
around 0.6 eV (2.0 ym) corresponding to the cutoff
energy of the sunlight spectrum. Around the low-
energy (0.1-0.5 eV), we see the lowering of the ex-
perimental reflectance compared with the theoret-
ical spectrum, which would be due to the multiple
scattering in the pores on the polycrystalline WC
surface. To consider this point, we calculated an ab
initio reflection spectra with a smearing factor of
0.1 eV, denoted by the blue-dashed line, where the
smearing size qualitatively represents the strength
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of scattering by impurities. As can be seen by com-
paring the result with the smearing factor of 0.01
eV, increasing the smearing broadens the spectrum.

il W5 W
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Figure 2: (a) Reflectance property of the WC sys-
tem including anti-reflection coating (ARC). (b) Ab
initio reflectance of SiOy as ARC and (¢) WC as
solar absorption film. (d) A film-interference sim-
ulation result with the ab initio inputs.

We next discuss the discrepancy in the high en-
ergy region (0.6-4.0 eV). In this region, the re-
flectance is large as ~ 0.5, which must be reduced
for the preferable solar absorption. The figure of
merit n for the solar absorption of the bulk WC
was estimated as 0.48 [7], which is not so high and
the origin is the high reflectance in the region of 0.6-
4.0 eV. In this case, anti-reflection coating (ARC) is
effective to suppress the higher-energy reflectance
[Fig. 2(a)]. To evaluate the suppression effect by
the ARC, we perform a film-interference simulation
with insulator SiOs for the ARC.

The calculation proceeds as follows: We first con-
sider a reflection coeflicient of Air and ARC as

— Narc(M)
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where Na;, and Narc () are reflective index of Air
and ARC, respectively. The A is the wavelength of
light. Similarly, a reflection coefficient of WC and

ARC is given as
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with Nwc(A) being a reflective index of the WC.
By using these quantities, the reflectance spectrum
of the total system is calculated as

(9)
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Here darc is a thickness of ARC. We note that
all the parameters can be calculated from first-
principles.

Figure 2 summarizes the results about the WC
system. The panels (b) and (c) display ab initio
reflectance spectra of the bulk SiO5 as an ARC and
WC as a solar absorber, respectively. With these ab
initio data , the reflectance spectrum of the total
ARC/WC system is obtained in Fig. 2(d), where
we found a significant improvement of 7 from 0.48
to 0.64.

3.2 Interface system

The second example is the transition-metal oxide
SrVOs (SVO). SVO is a famous strongly corre-
lated metal and an important benchmark in study-
ing electronic correlations in materials. We found
that the SVO also exhibits the low-energy plasma
excitation of 1.6 eV [8] somewhat higher than the
solar absorption range. We found that, based on
ab initio calculations, by depositing SVO films on
SrTiO3 (STO) substrate, the plasma excitation en-
ergy can be reduced from 1.6 to 0.7 eV. Thus, the
STO/SVO system is a fascinating system as the so-
lar absorbing device. Here, we show the electronic
structure and reflectance spectrum of the interface
system of the STO/SVO hetero structure.

Figure 3 shows our structure models to be ana-
lyzed, where we consider a multilayer model con-
sisting of SVO and STO blocks [panel (a)] and a
symmetric slab model [(b)]. The slab model in-
cludes a vacuum region with 20 A, and has a mirror
symmetry with respect to the central TiOs plane.
Then, artificial electric fields due to asymmetry in
the both ends of the slab do not occur. The struc-
tural models include several SVO blocks, where we
specify the number of the blocks as n. In the
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present study, we consider the structural models
until n = 4. The number of the STO blocks was
fixed to 5 for the multilayer and 8.5 for the slab
(0.5 indicates an additional central TiO2 layer).

(a) Multilaye SrV0s SrTiOs
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Figure 3: Two structural model: (a) Multilayer
consisting of SrTiOs and SrVOg blocks. (b) Sym-
metric slab having a mirror symmetry with respect
to the center TiOy plane. Our calculated band
structures of (c¢) multilayer and (d) slab model
where we show the n = 2 case. Panels (e) and
(f) show our calculated reflectance spectra of mul-
tilayer and slab models, respectively.

Figure 3 shows our calculated band structures
of the multilayer (c) and slab (d) with the & =
10 x 10 x 2 sampling, where the band structures
for the n = 2 model are displayed. From the band
structures, we see that both two systems are metal;
the SVO ty4 bands cross Er, and the STO t54 band
is about 1 eV above from Ep. Figures 3(e) and (f)
show our calculated reflectance spectra for the mul-
tilayer and slab models, respectively. We see that
the both spectra exhibit a lowering of the plasma
edge compared to the bulk SVO one. We also see
the appreciable n dependence of the plasma edge;
by reducing the SVO thickness, the plasma edge be-

comes lower. The difference between the multilayer
and slab results seems to be small. We estimate
the n = 1 slab gives n = 0.73 clearly improving the
bulk SVO of n = 0.46.
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Figure 4: (a) Crystal structure of V3a x v/3a x 3¢
superlattice of CasIrsO15 (space group: Rs). Red,
green, and blue spheres are nonequivalent Ir atoms
which are the center of an IrOg octahedron. (b) Ab
initio spin density functional band structure, where
I'= (0,0, 0), L = (1/2, 0, 0), T = (1/2, —1/2,
1/2), P = (0.24, —0.76, 0.24), and F = (1/2, —1/2,
0), and the coordinates are represented in terms
of basic vectors of the reciprocal lattice of trigonal
lattice. (c) Experimental optical conductivity with
polarization parallel to the c-axis (red line) and the
c-plane (blue line) at 290 K. (d) Our calculated ab
initio optical conductivity.

3.3 Ca5Ir3012

The third example is Caslr3O12. This material un-
dergoes two phase transition at 105 K and 7 K [10],
and the mechanisms related to so-called hidden or-
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der have been very actively debated recently. Ex-
perimentally, this is an insulator from above room
temperature [11], but ab initio density functional
calculations predict a metal. Recently, the optical
conductivity was measured, and no Drude-like be-
havior was observed, indicating that it is also the
insulator with the optical probe [12]. Thus, the
ab initio calculation and the experiments do not
match, and the origin of the insulation remains un-
clear. Inelastic X-ray diffraction experiments have
detected the superlattice reflection [13] indicating
that the structure after the first transition at 105 K
changes a 3a x 3a x 3c superlattice [Fig. 4(a)], and
the space group is Rs,,. Here, we perform ab initio
spin density functional calculations for the super-
lattice and investigate the origin of the insulating
gap.

Figure 4(b) is our calculated spin density func-
tional band structure for the superlattice contain-
ing 60 atoms with the & = 4 x 4 x 4 sampling,
where we see an insulating gap of near 0.2 eV. Also,
Figs. 4(c) and (d) shows a comparison of experi-
mental and theoretical optical conductivity. The
red lines are the spectra for light with an electric
field parallel to the c-axis, and the blue lines are
the spectra for light with an electric field parallel
to the c-plane. In the experiment, we see two-peak
structure denoted by A and B in the spectrum of
E || c-axis, which are well reproduced with the ab
initio calculations.

3.4 Ta4SiTe4

The fourth example is TaySiTey. Recently, a single
crystal of one-dimensional telluride Ta,SiTe, and
its Mo-doped samples were reported to exhibit a
very large |S| with sufficiently small p for thermo-
electric materials over wide temperatures from 50
K to room temperature [14]. TasSiTes has a one-
dimensional crystal structure with the orthorhom-
bic Pbam space group, consisting of Ta,SiTe,
chains loosely bounded by van der Waals interac-
tions between Te atoms, in Fig. 5(a). The TaysSiTey
chains lie parallel to the c-axis, forming an almost
perfect triangular lattice in the ab plane, and mak-
ing the material almost isotropic in this plane. The
insulating gap is estimated as 0.1-0.15 eV.

Figure 5(b) is the experimental optical conduc-
tivity of TasSiTes at room temperature [15]. Blue
and red lines are the optical conductivity for E || ¢
[o(w)] and E L ¢ [o1(w)]. o)(w) has peaks at
2.5, 1.9, 1.3, and 0.2 eV. The first three peaks in

the near-infrared to visible region most likely corre-
spond to the interband transition. The last peak at
0.2 eV corresponds to the band gap at Er. In con-
trast, o (w) also has a small peak at around 0.2 €V,
but does not show a clear peak due to the interband
transition. These behaviors are well reproduced by
the ab initio calculation with the k = 4 x 2 x 9 sam-
pling, shown in Fig. 5(c). The theoretical spectrum
for E || ¢ has four prominent peaks at 2.5, 2.0, 1.4,
and 0.4 eV, and the spectra of F || a and E || b
are almost identical and have no significant struc-
ture other than a strong decrease below 0.2-0.4 eV.
These are totally consistent with the experiments.
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Figure 5: (a) Crystal structure of TaySiTe, with or-
thorhombic unit cell (space group: Pbam). Blue,
green, and brown spheres are Si, Te, and Ta atoms,
respectively. (b) Experimental optical conductivity
of a TaySiTey single crystal parallel and perpendic-
ular to the c-axis at room temperature. The inset
shows the effective number of electrons per formula
unit. (c) Ab initio optical conductivity spectra of
Ta,SiTe, parallel to the a-, b-, and c-axes.
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3.5 Ruby

For remaining parts, we introduce applications
of RESPACK other than optical property. The
first example is an excitation-energy calculation
of the impurity system of ruby (AlyO3:Cr). Fig-
ure 6(a) is the atomic geometry and the panel
(b) is our calculated band structure with the k =
3 x 3 x 3 sampling, where we see two impurity
bands near Er due to the Cr impurity. Blue dot-
ted lines are the Wannier interpolated band ob-
tained from RESPACK-wannier program. By us-
ing RESPACK, we derived an ab initio effective
low-energy model for the five d orbitals of the Cr
impurity.
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Figure 6: (a) Atomic geometry for impurity sys-
tem: Aly7CrOrg (2x2x1 supercell containing 120
atoms). (b) Our calculated band structure with the
k = 3x3x 3 sampling using xTAPP [16]. Blue dot-
ted lines represent the Wannier interpolated bands
for the impurity levels.

When the RESPACK job is executed, a directory
dir-mvmc is generated under the calculation direc-
tory, and the files necessary for model-analysis soft-
wares mVMC [17] and H® [18] are output. Using
these data and a standard-mode input for mVMC
and H®, all inputs of the model calculations are
automatically generated under the following com-
mand:

HPhi -s stan.in (or vmc.out -s stan.in)

Here, HPhi and vmc.out are execution files of H®
and mVMC, respectively, and stan.in is an input
file for standard mode. This interface code has the

lattice conversion function; when the user moves
from ab initio calculation to model one, the lattice
adopted at the ab initio calculation can be flexibly
changed. Also, the code has an option for avoid-
ing the Hartree-term double count; user can adjust
one-body correction A;g by optional parameter «,

ANjp = anO,iODz%?io
+ Z Z Dy ko (UiO,kR —(1- a)Jz‘O,kR)7
RA0 &
(12)

where U, J, and D are the direct integral, exchange
integrals, and density matrix with the Kohn-Sham
orbital, respectively.

Table 1 shows our calculated excitation energy
diagram of the impurity model. The excitation
energy depends on « in Eq. (12), and the re-
sults correcting of the Hartree-term double count-
ing (« = 1) reasonably reproduce the experimental

result.

Table 1: Calculated energy diagram of impurity
model from RESPACK + H®. The unit is eV.
Values of the ground state (GS) are the total en-

ergy.

Expt Theory
AiO =0 a=0.5 a=1
GS(*4) 47.9(*A) 5.60(*A) —3.04(*4)
1.79(*E) 1.67(*E) 1.61(°E) 1.62(°E)
1.87(°T) L78(?T) 1.73(*T) 1.84(°T)
2.23(*T) 2.29*T) 1.79(*E) 2.32(%4)
2.62(°T) 2.46(*T) 2.23(*T) 2.56(*T)
3.10(*T) 2.69(°T) 2.60(*4) 2.78(*T)

3.6 LaQCuO4

Next example is LagCuQy, where we would like to
introduce Wannier function analysis to understand
piezosuperconductivity with a bending strain. It is
known that a superconducting transition tempera-
ture T, can be changed with pressure and strain.
An epitaxial strain is one of well-known mecha-
nisms of changing 7T, by strain. In this treat-
ment, however, the T, is not changed after sam-
ple preparation is completed. Recently, Horide et.
al. have developed a new-type strain-processing
method that can control material properties adia-
batically and continuously by bending strain [19].
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We have applied the method to superconduct-
ing Lag_,Sr,CuO4 (LSCO), where the structure
is freely controlled to be compressed or stretched.
From the experiment, they found that the compres-
sive strain for LSCO leads to increasing 7., while
the tensile strain brings about decreasing T,. In the
present study, to understand this trend microscop-
ically, we perform electronic-structure analysis for
LayCuQOy4 being a mother compound of the LSCO
from first principles.

Figures 7(d) and (e) display our calculated
Cu-d,> and Cu-dg2_,» Wannier orbitals, respec-
tively. By using these two orbitals, we performed
a fat-band analysis for original density functional
band structure. These results are summarized in
Fig. 7(f). We see that the fat band due to the
Cu-d2_,2 (blue) is almost constant for all the
strained configurations, while that from the Cu-
d,2 (green) appreciably increases from compressive-
bent to tensile-bent configurations. This trend is
well correlated with the experimental T, trend with
bending strain. It is known that the 7, of the
cuprate can increase with purification of the Cu-
dy2_,2 orbital in the Fermi surface (FS) [20]. The
present result is consistent with this view; the com-
pressive strain brings about suppressing the Cu-d,»
weight in the F'S, leading to increasing 7.
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