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Chapter 1

Introduction

1.1 Purpose of the study

Raman spectra is a useful technique to characterize the lattice srtucture, electronic
properties and phonon properies [1l [2, [3, 4]. In this thesis, we would like to study
electron-photon and electron-phonon interactions of the Weyl semimetal(WSM) ma-
terial LaAlSi with using linearly and circularly polarized light. The WSM is one kind
of emerging materials with the Weyl nodes and the Fermi arcs[5), 6] [7], which attracted
lots of interests in recent years. In our research, we investigated the Raman spectra
of the WSM which is used to study the symmetry of phonon modes for the WSM. In
order to get the Raman Intensity, density functional theory (DFT)[8] @], which is used
to calculating the ground states of electrons and get the wave functions, is the ba-
sis for solving the electron-photon and electron-phonon interactions numerically. The
purpose of present thesis is to explain the phonon symmetry properties of the WSM

by using the first-order resonant Raman spectra.

The material LaAlSi/LaAlGe [10) 11, 12] belongs to the WSM which received a
lot of interests in recent years. In this thesis, we will investigate the resonant Raman
spectra of LaAlSi combined theoretical analysis with experimental results. Firstly, the
laser energy dependence is explored by the polarized Raman spectra. In the experi-
mental results, phonon frequency showed some irregular phenomenons in the Raman
process. We will explain the possible reason of frequency shift in addition to the basic

angle-dependent Raman spectra. Furthermore, circularly polarized light was used as
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the light source of resonant Raman spectra. Tatsumi pointed out that the conserva-
tion law of angular momentum existing in the resonant Raman process with circular
polaized light[I3]. He predicted the possible materials which have helicity changing
behavior theoretically. However, there is still no experimental people worked on cir-
cularly polarized Raman spectra for the four-fold symmetry and two-fold symmetry
materials. In this thesis, we will verify this theory by using the circularly polarized

Raman spectra for four-fold material LaAlSi, numerically.

1.2 Organization of the Thesis

This master thesis is organized as follows: there are four chapters. In Chapter
1, we give the the purpose of this thesis, and show backgrounds which consist of
Raman process, conservation law, Weyl semimetal and the experimental results of
resonant Raman spectra for LaAlSi (S. Huang’s group). In Chapter 2, we will present
the method of calculation. Meanwhile, introduce the open source software and our
home-made program. In Chapter 3, we discuss the polarized Raman spectra of LaAlSi
by using five laser energies. Meanwhile, we explain the circularly polarized Raman
spectra of LaAlSi and corresponding phonon modes behavior. In Chapter 4, we show

conclusions about this thesis.

1.3 Background

When light is scattered by materials, the Raman and Rayleigh scattering both
occur. The Rayleigh scattering is an elastic scattering of light which occurs with a
relatively higher probability; On the other hand, the Raman scattering is an inelastic
scattering.[I4] There are two types of Raman scattering: the Stokes and anti-Stokes
Raman scattering [I5] [16]. If the energy of the scattered light is smaller(larger) than
that of the incident light, the scattering is called the Stokes(anti-Stokes) Raman scat-
tering. In this thesis, we discuss only on the Stokes Raman scattering.

In this section, we will explain the Raman process, linearly [I7, [I8] and circu-
larly polarized light Raman spectra [19, 20], and introduce Weyl semimetal LaAlSi.

Meanwhile, explain the experimental results of the Raman spectra for LaAlSi. The
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derivation of equations for the Raman intensity which is shown in this chapter will be

explained in Chapter 2.

1.3.1 Raman spectra

The schematic diagram of the Raman scattering is shown in Fig[T.I] The initial
state is i state. When the incident light is coming, an electron is excited from the ¢
state of valence band to the intermediate state (m) of conduction band by electron-
photon interaction. This is the absorption process. If the energy of incident light is
identical to energy difference of i state and m state, we called this resonance Raman
scattering. Then this photon excited electron is scattered to intermediate state (m’)
and a phonon is emitted by the electron-phonon interaction. Next step is that the
electron recombines with a hole by emitting a photon. The energy difference between

the incident light and scattered light is the energy of the emitted phonon.

m

!
A 4 m Conduction band

AVAVAVASS

A 4 L Valence band

Figure 1.1 The schematic diagram of Raman scattering process, which includes two electron-
photon and one electron-phonon interactions. The red lines are the electron-photon interac-
tions, the green line is the electron-phonon interaction.

In this thesis, we mainly focus on the first-order Raman spectra. In this case, the
momentum of the emitted phonon is almost zero, and the electrons have no momentum
changing in the Raman process. This means that we will only consider the candiate
of phonons at the I" point in the Brilouin zone.

In next section, we will introduce the linearly and circularly polarized Raman
spectra. Meanwhile, explain how the polarized light interacts with matter in the

Raman spectra combined both group theory analysis and experimental results|21] 22].

Fig. Fig/Figl.pdf
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1.3.2 Linearly polarized light Raman spectra

When the linearly polarized light is used as the light source, the schematic diagram
of the Raman spectra is shown in Fig. In this process, the direction of propagation
for incident and scattered light are k; and kg respectively, which are perpendicular to
the xy plane. The polarized vector P; and P; are both in the xy plane. Here, § and ¢

are polarized angles of incident and scattered light.

Figure 1.2 Schematic diagram of Raman spectra by using a linearly polarized light. k; and
ks are the direction of propagation for incident and scattered light. P; and Ps are polarized
vectors. 6 and ¢ are polarized angles.

The polarized vectors of incident and scattered light are defined by:

cos
sinf |, (1.1)
0

Py

cos
P, = singp R (1.2)
0

Then, we will discuss the resonant Raman spectra in parallel (Z(X X)Z) and per-
pendicular configuration (Z(X Y)E ) combined with group theory analysis.
In order to analyze the Raman spectra simply, the analysis expression of Raman

intensity is needed, which is written by:

I=|P' R-PJ? (1.3)

Fig. Fig/linearSchematic.pdf
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where R and P; (Ps) are the Raman tensor and the polarized vectors of incident
(scattered) light.

The Raman tensor in Eq is given by the character table of the point group [23].
For MoSs, the Raman tensor of the Raman active modes (Eg' and A;,) are denoted
by R(E3,(zy), B3, (2% —y?)) and R(A;4(x*+y?, 2)), respectively. And they are given
by:

0 d 0 d 0 0
R(Ey,(zy), E3,(2*—y*)=| & 0 0 |,| 0 —d 0 |. (1.4)
0 0 0 0 0 0
a 0 0
R(Ag(z* +4*2%)=1 0 a 0 |- (1.5)
00 b

For the parallel geometry, the polarizd angles of incident light equal to the polarizd
angles of scattered light(6 = ), then the P; and P, are written as:

cos 6
P;=Ps;=] sin6 (1.6)
0
By putting the Eq.(1.4), (1.5) and (1.6) into Eq.(1.3)), the Raman intensity for the

Eo,! and Aj; mode are given by

0 d 0 cos 6
1(ESy(wy) =|( cost sin6 0 )| @ 0 0 || sino
0 0 O 0
=|d’ sin 26| (1.7)
2

d 0 0 cos

I(Ezlg($2*y2)) = ( cosf sinf 0 ) 0 —d O sin 0
0 0 O 0

= |d cos 26/ (1.8)
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a 0 0 cos
I(Alg(x2 +y2,22)) = ( cosf sinf 0 ) 0 a O sin 6
0 0 b 0

=a/”

(1.9)

By analyzing the Raman intensity, Eggl mode shows four-fold symmetry with con-
sidering the intensity which are proportional to |sin26|?> and |cos26|?. For the Aj,
mode, the intensity is a constant a?, which is an invariant as a function of polarized
angle. As shown in Fig., Eggl(xy) mode has the maxma intensity at 45 and
135 degree, and the major peak of E2g1($2 — y?) appears at 0 and 90 degree. The
Ag(z? + %, 2%) mode is circle plot. We conclude the Eo,' is four-fold symmetry and

the Aiz mode has a circle plot.

Exy) Epfy) Arg

180 0 180| 0 180 0

270 270 270

Figure 1.3 Polar plot of the E2g1 and Az mode under parallel configuration. In this plot,
we assume d =d=a = 1.

In the previously section, we discussed the parallel configuration of the incident and
scattered light. For the crossing configuration, which means the polarized vectors of
incident light and scattered light are perpendicular to each other, the angle ¢ = 0+ 3.

In this case, the polarized vectors are given by:

Pi=1 sin6 (1.10)

Fig. Fig/E’Al.pdf
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cos(f + %) —sin@
Ps=| sin(0+7%) [ = cos 6 (1.11)
0 0

Combined with Eq., the intensity of the Ey,' and Aj, mode are (|d’ cos26|?,
| — dsin26]?) and 0, respectively. The intensity of the A;, mode becomes zero in the
crossing configuration. By changing the configuration of the Raman process, the A,
mode can be distinguished.

By analyzing the configuration of incident and scattered light, we explained of
phonon symmetry for the Eggl and Ajz mode of MoS,. However, in the experiment,
the resonant Raman spectras show laser energy and layer dependence, which can not

be explained by group theory analysis.

@ E' ws, A 73 | < oo wom m g w g a0
i Z S 64 A, . 410
—Z(XX)% P N % .
F 2 390 §
Sef ® (b) 130 2
3 380 2
jL_/\__ 2 5 ?
g 370 3.
2 &
&

LJ\-——__JL‘ “;s - IPrr g
’ZL_/\‘*“__‘/_L_

350 355 360 365 410 415 420 425 430 12 3 4 5Buk
Raman Shift (cm") n

Intensity (a.u.)

3l

o
=

53
(,.wo) WHMS

o
~

Intensity Ratio (A, /E})

Figure 1.4 (a) Raman spectra of 1-5L and bulk WS, flakes in parallel (Z(X X)Z) and cross

(Z(XY)Z) configuration. (b) Position of the Ez,' and A, mode as a function of number of
layers. (c) Intensity ratio of the Eg.' and A, mode as a function of the number of layers.

124

In Fig. [[.4] we show the experimental resonant Raman spectra of WSy by using
the parallel and cross configurations[24]. The Raman tensors of the E2g1 and Aig
mode have the same form with MoSy. For the Eggl mode, the peak is both allowed
in parallel and cross configuration. And for the A;; mode, it is only allowed with
parallel configuration. Thus, the A, mode can be identified by changing configuration.
Furthermore, in Fig.|[1.4(b), the frequency of the A, mode is modified by changing the
layer of materials. Meanwhile, the intensity ratio of the E2g1 and A, mode become a
function of the layer in Fig. C).

Fig. Fig/parallelCross.pdf
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By analyzing the Raman tensor which derived from group theory, the basic sym-
metry of phonon modes is revealed. However, the resonant Raman spectra is more
complicated that related to the laser energy, the thickness and other parameters. In
this case, how to use quantum theory to calculate the Raman tensor becomes an

important topic.

1.3.3 Circular polarized light Raman spectra

Compared with linearly polarized light, the circularly polarized light [25] leads
to unusual behaviors for phonon modes in Raman process. In this section, we will
introduce the circularly polarized Raman spectra and explain how it works in the
Raman spectra. Meanwhile, the conservation law of helicity Raman spectra will be

introduced.

Figure 1.5 The left (right) figure is left (right) -handed circularly polarized light.

Circular polarized light, which has a spin angular momentum =+#, plays an im-
portant role in the Raman spectra. In Fig[I.5] we show both left- and right- handed
polarized light. The polarization vectors of left /right-handed polarized light are given
by:

or=1| i |. (1.12)

Fig. Fig/helicity.eps
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o= =i |. (1.13)

With the circularly polarized vectors, we can analyze the helicity Raman intensity
by Eq.. Firstly, we will define the helicity-conserved and helicity-changing Raman
mode. For the helicity-conserved mode, it means that the incident light and the
scattered light have the same helicity (both left-handed or right-handed). When the
incident and scattered light are opposite to each other, this called the helicity-changing
mode. In Fig[T.6] we show the schematic diagram for the helicity conserved and
changing mode. In the Raman scattering, the incident light is left-handed polarized
light (red line), when the scattered light is also left-handed (red line), this is the
helicity-conserved mode. On the contrary, when scattered light is right-handed (blue

line), this is helicity-changing mode.

m

! m'
~Se SN
'?:(*):( y /\"K?‘( r s =o04
|\/" 'J' l\/' (_//

Helicity conserved

P,=o0

1 Helicity changing

1
Figure 1.6 Schematic of helicity Raman spectra. The red line is the left-handed circularly
polarized light (64). The blue line is the right-handed circularly polarized light (o_).

The intensity for circular polarized Raman spectra is given by
I=|ot Rv)- o] (1.14)

Here, we show the expression of helicity Raman intensity by Eq.(1.14) for MoSs.
Firstly, we can see intensity Table for the Es,' mode, when the incident light

and scattered light are the same, Raman intensity is zero; On the contrary, Raman

Fig. Fig/conservationLawDiagram.pdf
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Intensity lo o_
o 0 [2d'|?,]2d|?
o_ [2d'|%,]2d|? 0

Table 1.1: Ezgl mode helicity Raman intensity table

Intensity o+ o_
04+ |2€L|2 0
o_ 0 12a?

Table 1.2: Al mode helicity Raman intensity table

intensity has specific value. We can conclude that the Eo,! mode is helicity-changing
mode. As shown in Table [[.2] for the A1 mode, when the incident light and scattered
light are same, Raman intensity has specific value. This reveals that the A;; mode is
helicity-conserved mode. This property is controlled by the form of Raman tensor. In
this thesis, we will achieve helicity Raman spectra numerically for LaAlSi in Chapter

3.

| MoS, Z(o+o+)z = Z(o+0—)z I
(a) (b)
S 1L E =254eV c
\(“l ’,' "'
o 1L E=192eV X% | ¢
£ ; Sl
_ -~ p 270
o 5| S\ buik \
17 E,(ev)21 26 B[
© = L Jk
1L 5 S
— ocC & )
= IMC E Jk4L J&
o [195ev. =
= e INa AN\
B |233ev i
S A A2L
E 3 ::'
= f2s4ev N\ A1LA

1 1
370 390 410 380 400 420
Raman Shift (cm’) Raman Shift (cm™)

Figure 1.7 Experimental results of helicity Raman spectra for MoSs. [26]

Chen et al. [26] observed the Raman spectra with circularly polarized light which

Fig. Fig/helicityExperimental.pdf
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is shown in Fig[l.7] This is the Raman spectra of MoS, by using the helicity con-
served(red lines) and changing (blue lines) configuration. For IMC (in-plane phonon),
it is helicity-changing mode and OC (out-of-plane phonon) is helicity-conserved mode
with changing laser energy and the number of layer. They showed the possibility to
use circular polarized light to distinguish the phonon modes. However, the laser en-
ergy dependence of the Raman intensity in Figc) can not be explained by group
theory. Therefore, the quantum expression of Raman tensor is needed, which will be

introduced in Chapter 2.

1.3.4 Conservation law

The Rayleigh scattering is elastic scattering and the Raman scattering is inelastic
scattering. In this section, the conservation law by using circular polarized light will
be introduced, especially for the Raman scattering. By analyzing the conservation
law, the phonon behavior in the circularly polarized Raman process will be explained,
and we will introduce the prediction of the helicity-conserved and helicity-changing
modes.

Firstly, we will briefly explain the Rayleigh scattering process. In the absorption
process, an electron is excited by photon from valence band (i) to conduction band
(m), my, —m; = o; + Np1 (p1 = 0,£1,42,...); Then in the scattering process,
the electron recombined with the hole in valence band and one photon is emitted,
Mf—My, = —0s+Npg (p2 = 0,£1,£2,...). Here, m is the angular momentum, N is the
symmetry of materials, o; (o) is the spin angular momentum of incoming (scattering)
photon. For the whole process of the Rayleigh scattering, my — m; = 0; — 05 + Np
(p = 0,£1,£2,...). The initial state (¢) and final state (f) are identical. Then it
becomes o5 —o; = Np (p = 0,£1,+2,...). When the incident light and scattered light
are same, p=0 satisfies the helicity conserved phenomenon for any symmetry. When
the incident and scattered light are opposite, the four possibility are N = 1,p = 2 or
—2and N =2,p =1 or —1. Therefore, only the one-fold and two-fold materials have
the possibilities to achieve helicity changing behavior in Rayleigh scattering.

For Raman scattering, it is inelastic scattering. And there are three processes,

which consists of:
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Firstly, one electron is excited from initial state (i) to intermediate state (m), the

conservation law is:
My —m; = 0; + Np1(p1 = 0, £1,£2,...) (1.15)
Secondly, a phonon is scattered, the conservation law is:
— My, = —mPP + N,po(p2 = 0, £1,£2,..) (1.16)

!/
mm

Thirdly, the electron recombined with hole on valence band (f) and emitted a

photon, the conservation law is:
my —ml, = —0s+ Nps(ps = 0,41, £2,...) (1.17)

With combining the electron-phonon and electron-photon interactions, the conser-

vation law is written by:
0y —0; = —mB" + Nyp(p=0,£1,£2,...) (1.18)

For the helicity-conserved mode, when p = 0 and m2"* = 0, any N, is satisfied.
MoS; is a three-fold material (N = 3), the symmetry of the Eq,1 mode is one-fold
(N, = 1). When the incident light and scattered light are left-handed and right-

handed polarized light respectively, o; = 1,05 = —1. In Eq{l.18 N, equals to 1,
mE" equals to zero, and then when p = —2, the Eg! mode is the helicity-changing

mode. For six-fold material, graphene, 5, mode is the helicity-changing mode with
p equal to £1. However, for two-fold and four-fold symmetry materials, there is no
experimental results to support the helicity-changing behavior. In this thesis, we will

give theoretical results for four-fold materials LaAlSi.

1.3.5 Weyl semimetal

Weyl semimetals (WSM) [27], 28] are one kind of materials that attracted much inter-
ests for its unique topological properties, which is similar with graphene upon breaking
time-reversal or inversion symmetry. Although the Weyl fermions have been known

for a long time, they were found in certain crystals in recent years [6]. In the WSM,

Fig. Fig/conservationLaw.pdf
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Symmetry v N N, Degeneracy mP" p for the helicity change

Dy, A, 2 2 Nondegenerate 0 +1
Dy, By, 2 2 Nondegenerate 0 +1
Dy, E’ 3 1 Degenerate 0,%+1 +1,+2, £3
Dy, By, 4 2 Nondegenerate 0 +1
Dy, B>, 4 2 Nondegenerate 0 +1
Dg), E,, 6 2 Degenerate 0,%1 +1

Figure 1.8 Conservation law for helicity changing Raman active mode [I3]

it has the ‘Fermi arcs’, and it connected the Weyl points. As shown in Fig[T.9] we can
see the Fermi arcs. [29] Raman spectra is a useful technique to recognize materials
and study vibration and symmetry properties of different phonon modes. It provides
a convenient and quick method to characterize samples simply. For the first-order
Raman spectra, it is a single phonon process, only the I' point (¢ = 0) phonon is
emitted by considering momentum conservation law. The measured Raman spectra
will be sensitive to phonon modes, laser energy and polarized light. For the WSM,
the first-order Raman spectra can be used to characterize the lattice dynamics in-
cluding symmetry of phonon modes. With this simple measurement, we can quickly
know the phonon information. And study the laser energy dependent and polarization
dependent properties. For WSM, in the case of LaAlSi/LaAlGe material, it shows im-
portant topological properties. However, the lattice dynamics, which has important
role to study the structure, is still waiting for understanding. In this thsis, we will
focus on the first-order resonant Raman spectra of LaAlSi.

E@v)
0.2

1:
00

5
kz/ 0~0_0.5

1.0
o 0.0 0.5
-1.0.10 <05 kx/TC

Figure 1.9 Weyl semimetal band structure diagram|29]
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As shown in Fig[T.10] this is the crystal sructure of LaAlSi. LaAlSi has tetragonal
body center cubic structure, and characterized by point group C,4, and space group

I4;md. In the primitive cell, it cantains 2 La atoms, 2 Al atoms and 2 Si atoms.

@la eAl ® Si

Figure 1.10 Crystal structure of LaAlSi calculated by Quantum ESPRESSO.

1.3.6 Experimental Results of resonant Raman spectra for LaAlSi

In this section, we show the experimental results of polarized Raman spectra for
LaAlSi. As the candidate of WSM, its lattice dynamic properties are an important
aspect to study. Therefore, Huang et al., studied the resonant Raman spectra of
LaAlSi.

As shown in Fig[T.T1]} we show the polarized Raman intensity by using five laser
energies for the A1 and B1 phonon modes. It reveals that the Al mode at 195cm™
and 422cm™ is a circle, which means that Raman intensity is isotropic by changing
polarized angle. And for the B1 mode at 120cm™, 295cm™ and 378cm™! show four-fold
symmetry at 0 and 90 degree.

For the B1 mode at 296cm™, we can see the orange color plot in Fig the
phonon frequency has a shift by changing polarized angles. This is an irregular phon-
menon which connects with the Weyl node of the WSM. And we will give possible
explainations of frequency shift by Breit-Wigner-Fano lineshape and Kohn anomaly

effect.

Fig. Fig/weylBand.eps
Fig. Fig/structure.pdf

Fig. [1.11} Fig/lasExperimental.pdf
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Figure 1.11 Raman intensity and frequency shift with changing polarized angle.
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Chapter 2

Methods of calculating resonant

Raman intensity

In order to investigate the Raman spectra numerically, the electron-photon and electron-
phonon interactions are important. Therefore, discussing the expression of electron-
photon and electron-phonon interactions are essential for understanding the Raman
process. In this chapter, we will give the derivation of Raman intensity formula.
Meanwhile, discuss and explain the Raman tensor and Raman intensity of LaAlSi

qualitatively.

2.1 Raman intensity

The first-order resonant Raman intensity is defined by[1l [30]:

B ML (k)M o (k) M () ,
B R (e e

k i=fm,m’

where M and M, Of;?/ are electron-photon interaction matrix elements which rep-
resent the absorption process which is from the initial state (i) to the excited state
(m), and scattering process from the intermediate state (m’) to the final state (f),
respectively. And M, ;Z:;f” is the electron-phonon intereraction matrix element of the
v-th phonon mode. Ej, is the incident laser energy; ~ gives the resonance window.

E™i(k) is the energy difference between the m and i state.

17
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In order to calculate the Raman intensity of Eq. li , matrix elements, M gg%, M gcpT/

and Memp:,;m, are the most important factors. In next section, we will discuss how to

calculate matrix elements.

2.2 Electron-photon interaction by DFT

When the electrons are put in the electromagnetic field, the Hamiltonian is written

by:

1
H =5 —(=ihV - eA)? +V(r) +ep
:%(—fﬂv? —iehV - A — 2iehA -V + 2 A%) + V(r) + e¢ (2.2)
m

We consider Coulomb gauge (V - A = 0) and make ¢ = 0. And negelect the high
order term (A?). Then Eq is written by:

1
H z%(—#v? —iehV - A) + V(r)
2 .
:—h—VQ—l—V(r)—@A-V
2m m
:HO + Hopt (23)

For the perturbation term H,p,

ieh
Hopt == —HA . V (24)
In the Maxwell equation,
. OE
V x B = poj + poco—, (2.5)

ot
where B =V x A. And we consider charge density j = 0, then

OE

VxB:VxVXA:V(V~A)—AA:;L050E

The vector potential A is defined by:

A= 11 / Lo exp(i(kopt - r £ wt))P (2.7)
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Then the electron-photon matrix element M, " from initial state (i) to final state

opt
(f) is:

Mg;jt = < flHopt|i >
el
=—£<f|A-V\z’>
m

h |1
:e\/zexp(i(wf —w; w)t) < fIV]i>-P
0

1 .
—ﬁ\ / ﬁ exp(i(wy —w; +w)t)DI* - P (2.8)
0

mw
where D' is the dipole vector, and defined as below:
D/ =< f|V|i > (2.9)
In Eq.([2.1)), it gives the Raman intensity equation. For the electron-photon inter-

action My o D/?. P, then Eq.( is written by:

MI™ (k)M (k) M™ (k)

7= : opt . ep,v /lopt : 2
D R e S ]
=P - R-P;? (2.10)

where R(v) is Raman tensor which is expressed by:
=Y Y Dyy; (k) Mgy " (k) Dy ()
(Er — Emi(k) —iv)(EL — E™(k) — hw, — i7)

k i=fm,m’

(2.11)

With dealing with electron-photon interaction, the Raman intensity can be ex-
pressed by Raman tensor R(v). The wave function of initial and final states are
calculated by first principle theory in Quantum ESPRESSO package. Then the dipole

vector and electron-photon interaction matrix are calculated numercically.

2.3 Electron-phonon interaction by DFT

The atomic potential is changed by the vibration of neighbor atoms. Therefore the

interactions between electron and ions are modified. We suppose the ion is located at
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R, with a small displacement u, from equilibrium position Rsy. Then the potential

V(r — Ry) is expressed by:

V(ir—R;)=V(r — Ry — uy)

=V(r — Rs) +us - Vo, V(r — Ry — uy)

u;=0

:V(I‘ — Rso) + ug - VRSV(I‘ — RS)‘RSZRSO (212)
The electron-phonon matrix element with ¢ = 0 phonon is expressed by:

, /[ h
fi — !
Ml (k k) = ES T <Yl (k,r)|u, - VR, V(r — Ry)

where M is the mass of the ion at site s. We can calculate this electron-phonon

matrix M, g‘; by EPW package [31].

ik, r) > (2.13)

R;=Rso

2.4 Raman tensor

As shown in Table we give the character table of point group C,, which LaAlSi
belongs to. Only the phonon modes which has quadratic functions are Raman active
modes. Therefore, in the table, Al mode (2% + y2,22),B1 mode (2% — y?), B2 mode
(zy) and E mode (zz,yz) are the Raman active modes. The Raman tensor can be

written as:

0 0 zz 0 0 O
R(E(zz,yz))=] 0 0 0 [, 0 0o yz [, (2.14)
ze 0 O 0 zy O

R(A1(z? + 42, 2%)) = 0 224y 0 |- (2.15)
0 0 22
2 —y? 0 0

R(Bl(z® —y?)) = 0 —(2-y%) 0 |- (2.16)
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We set 2z = 2z = e(yz = zy = ¢e), 22 + y?> = a, 2> = b, 2°> — y? = ¢, then the

Raman tensor has the format below:

0 0 e 0 0 0
R(E(zz,yz)=]10 0 0 [,|] 0 0 e [, (2.17)
e 0 0 0 e O
a 0 0
RAL#* +9%2%) =] 0 a 0 (2.18)
0 0 b
c 0 0
R(Bl(*=4*)=1] 0 —c 0 (2.19)
0 0 0
Table 2.1: Character table of C4, point group
Cyqy E  2C4(z) Cy o0, 04 linear functions, quadratic cubic
rotations functions functions
Ay +1 +1 +1 +1 +1 z 2 4+ 2, 22 23, 2(2% + 9?)
A,  +1 +1 +1 -1 -1 R,
By +1 -1 +1 +1 -1 2?2 —y? 2(2% — y?)
B, +1 -1 +1 -1 41 Ty TYZ
E +2 0 20 0 (xz,y2) (v22,y2?)

(z,y)(Ra, Ry)
(R, Iy)

(zy?, 2%y) (2*, y°)

After we know the Raman tensor of LaAlSi, we can analyze the Raman intensity

for both linearly and circularly polarized light with Eq.(1.3)).

With linearly polarized light, the geometry is set to parallel. When polarized vector

is on the x direction, the polarized angle 0 is zero degree.

We calculate the Raman intensity of LaAlSi qualitatively combining the polarized

vector in Eq.(1.6)) and Raman tensor. For the E mode, the Raman intensity equals to

zero. For the Al mode, the intensity equals to a?. And the Raman intensity of the B1

mode equals to |ccos(260)|?. As shown in Fig the left figure is the intensity of the

A1 mode which gives a circle plot. This means the Raman intensity for the A1 mode

is a constant with changing polarized angles. And the right figure shows the four-fold
plot of the B1 mode.

Fig. Fig/lasA1B1.eps
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90 90

180 0 180 [

270 270

Figure 2.1 Polar plot of Al and B1 mode for LaALSi.

For the helicity Raman intensity, the plarized vectors are shown in Eq. and
Eq.. For the E mode, the Raman intensity equal to zero for both helicity-
conserved and helicity-changing conditions. For the Al and Bl modes, when the
incident light and scattered light are both left-handed circularly polarized light, the
Raman intensity is |2a|? and 0. And when helicity is opposite for incident and scattered
light, the Raman intensity are 0 and |2¢|? for the A1 and B1 modes, respectively.
By analyzing the Raman intensity, the B1 is the helicity-changing mode, and Al is

helicity-conserved mode in LaAlSi.
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Resonant Raman spectra of LaAlSi

LaAlSi, as a candidate of the Weyl semimetal, shows some unusual behavior in the
Raman spectra. In this section, firstly, we will discuss the polarized Raman spectra of
LaAiSi and explain the irregular phenomenon of phonon frequency shift as function of
polarized angle. Since LaAlSi is the Weyl semimetal, this also makes Kohn anomaly
(KA) effect can happen around the Weyl nodes. Although KA effect can not explain
the phonon frequency shift as a function of polarized angle, it can gives the clue of
phonon ferquency shift as a function of laser energy, which we will explain theoretically.
Then, we discuss the circularly polarized Raman spectra of LaAlSi, which reveals the

helicity-conserved and helicity-changing behavior of phonon modes.

3.1 Electronic properties of LaAlSi

LaAlSi, which is tetragonal body center cubic structure, is characterized by point
group Cy4, and space group I4;md. As shown in Fig., this is the energy dispersion
of LaAlSi along high symmetry point I, X, Y, ¥ T", Z, 3, and N, which are ahown
in the Brillouin zone. Fermi energy is put on 0 ev. By analyzing the band structure,
LaAlSi has no band gap. Along ¥; and N point, there is a crossing point for valence
band and conduction band, this is the so-called Weyl nodes.

In the primitive cell of LaAlSi, there are 6 atoms totally. In this case, there are

18 phonon modes. As shown in Fig.(3.2), this is the phonon dispersion which consists

Fig. Fig/lasBands.pdf
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Figure 3.1 Band structure of LaAlSi along high symmetry point

of 3 acoustic phonon modes [A1+E| and 10 optical phonon modes [2A1+5E+3B1],
E modes are all degenerate. In Table we show the phonon frequency at I' point
in the Brillouin zone. This corrsponds to the Raman shift of phonon modes in the

first-order Raman spectra.
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Figure 3.2 Optical phonon frequency of LaAlSi along high symmetry point

Fig. Fig/lasPhonon.pdf
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Phonon | o 1 py 'y | g | a1 |E |BL | Bl |E | Al
modes

(Fé";‘%}lfncy 109 | 124 | 132 | 170 | 196 | 202 | 303 | 383 | 411 | 434
Active I'R|R |L'R|‘R|4R| ' R|R |R |LR|I‘R

Table 3.1: Phonon frequency of LaAlSi at I" point.

3.2 Polarized Raman spectra

In this section, we discuss the polarized Raman spectra of LaAlSi, and discuss the
laser energy dependence of polarized Raman spectra. The geometry is parallel for all
calculations below.

Firstly, we calculate the resonant Raman spectra of LaAlSi combined with DFT
calculations. For LaAlSi, it has 15 optical phonon modes in first-order Raman spectra,
which are the Raman active modes. Due to the Raman intensity of the E mode
(R(E(xz,yz))) is zero in parallel configuration, it doesn’t contribute to the Raman
spectra. We will focus on the Al and B1 modes in the discussion.

As shown in Figl3.3] this is the calculated polarized Raman spectra by using five
laser energies (785nm, 633nm, 533nm, 488nm and 364nm) at five polarization angles.
In this figure, for the B1 mode at 303 cm™, the major peaks appear at 0 and 95 degree
which show the same phenomenon for five laser energies. And the Al mode at 434
cm™! shows same intensity with given five polarized angles. In order to know the angle
and laser energy dependence of the symmetry for phonon modes, the polar plot of the
Raman intensity is needed.

For the B1 mode at 124 and 383 cm™!, the intensity is smaller compared with 303
cm™. And the Al mode at 196cm™ is smaller compared with 434 cm™. We will not
discuss here.

As shown in Fig[3:4] this is the polar plot of the Raman intensity as a function
of polarized angles. By analyzing the Raman tensor of the A1 and Bl modes, we
know that the Raman intensity is circle and four-fold symmetry, respectively. In our
calculated results, we can see the polar plot for the Bl and Al modes with five laser
energies. For the B1 mode at 303 cm™, the main peaks of the Raman intensity appear

at 0 and 90 degree by using laser energy 364, 488, 633 and 785nm, which is consistent

Fig. Fig/LinearPolarRaman.pdf
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Figure 3.3 The calculated polarized Raman spectra of LaAlSi for five laser energies
(364nm,488nm,532nm,633nm,785nm) at five angles (0, 45, 90, 135 and 180 degree).

with group theory analyse and experimental results. However, the polar plot of the
Raman intensity loses four-fold symmetry at laser energy 532nm, which is coming from
the inteference effect between intermediate states. And the Al mode at 434 cm™ by
using laser energy 364nm has a circle plot with changing polarized angle. However,
with changing laser energy, the polar plot transform to ellipse which has the same
originate with the B1 mode.

In this section, we give the polarized Raman spectra and polar plot of Raman inten-

sity. By analyzing, we can see the anisotropic properities of polarization dependence.

Fig. ﬂ Fig/Polarlto5.pdf
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Figure 3.4 The calculated polar plot of Raman Intensity for LaAlSi with five laser energies
(364nm,488nm,532nm,633nm,785nm) which contains five phonon modes (B1 mode at 124

cm™, Al mode at 196 cm™!, B1 mode at 303 cm™, Bl mode at 383 cm™, Al mode at 434

cmt

This behavior depends on the Raman tensor format. For the resonant Raman spec-
tra, our calculated results show laser energy dependence for the symmetry of phonon
modes, which coming from ~ value. However, the Raman spectra also give some ir-
regular phenomenon that the Raman frequency gives a shift for the B1 phonon mode
at 303 cm™!. In next section, we will give the explaination of phonon frequency shift

combined with Kohn anomaly effect and Breit-Wigner-Fano effect.
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3.3 Phonon frequency shift

3.3.1 Kohn anomaly effect

In the Raman process, the emitted phonon will excite an electron-hole pair near the
Weyl nodes. This phonon, which has energy hw, , will excite electrons near the Weyl
nodes by electron-phonon interaction. Then the electron recombines with the hole and
a phonon is emitted. As shown in Fig this is so-called Kohn anomaly (KA) effect.
When KA effect happens, the phonon frequency will be modified. However, by our
analysis, KA effect can happen with the Weyl nodes accrossing the Fermi energy, it is

not angle-dependent. Then we will explain the reason.

Raman process Kohn anomaly

Conduction
band

Conduction band

‘ Phonon Ph
E=hw, onon Scattered phonon
/Al/,' | Y E=hw, P

photon JJ/\ AAY 2 %
ole
Valence Valence band

band

Figure 3.5 Raman spectra and Kohn anomaly effect.

The modification of frequency is written below:

|Mel7phon0n(k7 k + Q)‘Q
A =
¢ Zk: hw, = (Be(k + q) — By (k)) + in

(3.1)

where |Mei—phonon|” is the electron-phonon interaction matrix element. w, is the
unperturbed phonon frequency. Aw is the correction term of frequency.

With considering the KA effect, the phonon frequency will be modified. However,
in the normal KA effect as we talked previously, the energy and wave vector for one

specific phonon mode are constant with changing laser energy and polarized angle

Fig. E Fig/kohnNormal.pdf
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when q=0. Therefore, the KA effect will become an invariant as a function of laser
energy and polarized angle. Then we built a new model to explain that KA effect

depends on the laser energy.

=_ck w=ck
W Raman process Kohn anomaly
(a) (b) Line a
onduction Line ¢ Conduction band
band ) _ ’
Z Phonon L'ryme a
0 S —
q= 20k E l
k AVAViV . S
~ Tl VN
Ak Valence Ao \
band Valence band

Figure 3.6 Raman spectra and Kohn anomaly effect with photon has momentum.

For the photon of the incident light in the Raman process, we negelect the mo-
mentum, and set the wave vector equal to zero. Nevertheless, we should consider the
photon w = ck. Then the photon excited electron in the Raman process will not be
excited vertically. As shown in Figa)7 the Raman process is modified. The scat-
tered phonon have the momentum proportional to 2Ak. And the coming phonon in
KA effect will have the momentum. Then the electron in KA effect can not be excited
vertically. Here, Ak is related to the laser energy. So, with this model, we can explain
the laser energy dependence of the frequency shift.

Meanwhile, with the phonon having momentum, we can compare the group velocity
to decide the KA effect can happen or not as shown in Figb)7 if the slope of a is
larger than line b and c, then the electron can be excited and the KA efect can happen.
As shown in Fig[3.7] this is the energy dispersion of LaAlSi acrossing Weyl node along
kz direction. We calculate the slope for line b and ¢, which is 3.7997 x 10°m/s and

—10.014 x 10°m/s, respectively. On the other hand, at laser energy 2.33eV, the slope

Fig. Fig/kohnQuan.eps
Fig. [3.7} Fig/slope.eps
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Figure 3.7 The energy dispersion of LaAlSi acrossing Weyl node in the kz direction.The red
and blue line are the linear approximation of band structure.

of excited electron for the B1 mode is 2.4185 x 10%m/s, which is larger than energy
dispersion line b and c¢. Thus the KA effect can happen at laser energy 2.33eV.
However, for the normal KA effect, the electron-phonon interaction matrix element
will be constant with changing polarized angle and laser energy. Even in the new model
with considering the momentum, the momentum change 2AFk is related to the laser
energy, but not the polarized angle. Therefore, with KA effect, the frequency shift as
a function of polarized angle can not be explained. Only the laser energy dependence
of frequency shift is given. In next section, we will use the Breit-Wigner-Fano effect

to explain the possibilities of the Raman frequency shift.

3.3.2 Breit-Wigner-Fano effect

In Fano’s paper, the interference of a discrete state with a continuum state leads to
asymmetric spectra, this is known as the Breit-Wigner-Fano (BWF) lineshape [32]. In
the Raman spectra, the discrete spectra coming form phonon excitation, and continum
spectra coming from electron excitation, this make BWF lineshape can happen in the
Raman process.

The BWF lineshape is written as below:

1+ (w— wBWF)/QBWFF]2

1+ [(w— wpwr)/T]?
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where Iy, w, wpwr, ggwr and I' are the maximum intensity, the Raman shift, the
peak position, the asymmetric factor, and the spectra width, respectively.

In Shengxi Huang’s group, they observed the BWF feature of LaAlSi material, es-
pecially for the frequency shift phenomenon. In the experimental results, the frequency
of the B1 mode is strongly depends on the polarized angle.

In order to get the relationship of the Raman frequency and asymmetric factor, we

calculate the derivative of Eq[3.2]for the Raman shift w. Then we get the relationship:

1 W — WBWF

= 3.3
4BW F r (8:3)

In this case, the Raman frequency depends on the ¢gwr and I'. If the ¢ggwr and
I" have polarized angles dependence, then the frequency shift can be explained. Now

this work is in the progress.

3.4 Circularly polarized Raman spectra

In the Raman spectra, we always use the circularly polarized light as the light source.
The geometry is Z(a+a+)2 and Z(cr+o_)2 As shown in Fig this is the circularly
polarized Raman spectra of LaAlSi by using five laser energies. The green line means
the incident light is left-handed circularly polarized light and scattered light is the
right-handed circularly polarized light. The red line means the incident and scattered
light are both left-handed circularly polarized light. By analyzing Fig[3.8] the B1 mode
at 124 and 303 cm™! has a green peak, which reveals the B1 mode is allowed only when
incident and scattered light are opposite. Therefore, the B1 mode is helicity-changing
mode. And for the Al mode at 196 and 434 cm™, it gives a red peak, which show
that the A1l mode is allowed only when incident and scattered light are both left or
right-handed circularly polarized light, the A1 mode is the helicity-conserved mode.
However, the B1 mode at 383 cm™ shows helicity conserved behavior at laser energy
785, 633 and 532nm. At laser energy 488 and 364nm, it becomes helicity-changing
mode, the reason is unclear now.

As we discussed in the Chapter 2, with considering the Raman tensor of LaAlSi,
the B1 and A1 modes are the helicity changing and conserved mode, respectively. This
is also consistent with prediction of conservation law.

Fig. E Fig/cir.pdf
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Figure 3.8 The calculated circularly polarized Raman spectra with laser energy 785, 633,
532, 488 and 364nm. The green line in the helicity-changing mode. The red line is the
helicity-conserved mode.



Chapter 4

Conclusions

In this thesis, we discussed the polarized Raman spectra and helicity Raman spectra
of the Weyl semimetal LaAlSi, especially the polarized Raman spectra.

For the polarized Raman spectra, we explained the polarization dependence of
phonon symmetry. By combining with both group theory and experimental results,
we analyze the calculated resonant Raman spectra, especially for the B1 and A1 modes.
For the A1 mode, the intensity almost keep constant with changing polarized angles
from 0 to 360 degree. And the polar plot gives the results of polarization dependence.
For B1 mode, it gives a four-fold symmetry which the maxmum intensity appear at 0
and 90 degree.

However, the material LaAlSi also show frequency shift behavior as a function
of polarized angle for Bl mode in the Raman spectra. In this thesis, we use Kohn
anomaly effect to explain the laser energy dependence of frequency shift. Meanwhile,
the Breit-Wigner-Fano effet is one reason of the polarization dependence of the Raman
frequency.

Meanwhile, in this thesis, we give the helicity Raman spectra of four-fold symmetry
material LaAlSi. And both heicity-conserved and helicity-changing behavior are shown

in this materials, which is consistent with the prediction of conservation law.
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Appendix A

Input files for electron-photon and
electron-phonon interaction matrix

element

In this thesis, the numerical calculations are based on the Quantum ESPRESSO
package, EPW (Electron-Phonon-Wannier) package, and our homemade program, the
executable program is put in the home folder 7opt /raman-tmp3/raman.x. The input
files are put in tube63, /abinitio/wangtong/espresso/las/. The electron-photon in-
teraction, phonon calculation, epw calculation and Raman calculation are put in the
folder ./elpt, ./phonon, ./epw and ./raman, respectively.

In order to calculate the Raman intensity, we have three steps.

Firstly, electron-photon interaction. Input files and commands are shown in Ta-
ble[Adl

Secondly, I point phonon. Input files and commands are shown in Table

Table A.1: Input files and commands for calculating electron-photon interaction.

step Command Input file Output file
1.SCF calculation pW.X las.scf.in las.scf.out
./wic_save
2.NSCF calculation pw.X las.nscf.in las.nscf.out
./wic_save ./wic_save

3.0utput wavefunction pw_export.x pw_export.in pw_export.out
index.xml

35
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Table A.2: Input files and commands for calculating I' point phonon.

step Command Input file Output file
1.SCF calculation pwW.X las.scf.in las.scf.out
./tmp
2.Phonon calculation ph.x las.ph.in las.ph.out
./tmp ./tmp/ ph0/

3.Make input for EPW python PP-PY ./save

./tmp,/ phO0/

Thirdly, electron-phonon interaction. Input files and commands are shown in Table

A3

Table A.3: Input files and commands for calculating electron-phonon interaction.

step Command Input file Output file
1.SCF calculation pwW.X las.scf.in las.scf.out
./tmp
2.NSCF calculation pw.X las.nscf.in las.nscf.out
./tmp ./tmp
3.Electron-phonon calculation epw.X epw.in phband.dat
./tmp ep_matele.dat
save

Fourthly, Raman intensity. Input files and commands are shown in Table

Table A.4: Input files and commands for calculating Raman intensity.

step Command Input file Output file
Raman calculation = Raman.x raman.in raman.out
index.xml
phband.dat

ep_matele.dat

Then, we will give the details of input files.

A.0.1 Input files based on Quantum espresso

las.scf.in:

3k 3k 3k >k >k 3k 3k sk Sk ok 3k 3k 3k Sk sk >k >k Sk 3k sk sk >k 3k 3k 3k sk ok ok 3k 3k 3k ok ok ok 3k sk sk k ok ok

&control

calculation scf”’

verbosity = ’high’
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restart _mode = ’'from _scratch’
wf collect = .true.
nstep = 200
tstress = .true.
tprnfor = .true.

etot _conv_thr = 1.0E-6
forc_conv_thr = 1.0D-5

pseudo _dir = ’./../../pp’
outdir = ’./wfc_save/’
prefix = ’las’
/
&system
ibrav = 0
nat = 6
ntyp = 3
nbnd = 80
ecutwfc = 180
occupations=’smearing’
smearing="m-p’
degauss=0.01
/

&electrons

1.0d-8

conv_thr

mixing beta = 0.10

/
&ions
ion dynamics = ’'bfgs’
/
&cell
cell dynamics = ’bfgs’
press_conv_thr = 0.01
/

ATOMIC_SPECIES
Al 26.98154 13_Al.upf
Si 28.08550 14 Si.upf
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La 138.9055 57 La.upf
ATOMIC POSITIONS (crystal)

Al 0.582784214 0.582784214 0.000000000 ! // Al
Al 0.332784214 0.832784214 0.500000000 ! // Al
Si 0.416358551 0.416358551 —0.000000000 ! // Si
Si 0.166358551 0.666358551 0.500000000 ! // Si
La 0.999157235 0.999157235 0.000000000 ! // La
La 0.749157235 0.249157235 0.500000000 ! // La

CELL_PARAMETERS (angstrom)
—2.121731571 2.121731571 7.266101132
2.121731571 —2.121731571 7.266101132
2.121731571 2.121731571 —7.266101132

K POINTS (automatic)

6 6 6 000

sk 3k ok 3 ok ok K Kk sk K ok ok K Kk ok ok K K ok oK Kk ok ok ok ok K Kk K K K KOk K K

las.nscf.in:

3k ok 3K K koK oK K K ok 3K Kk ok 3K K KK 3K K KK 3K K Kk ok K Kk ok o Kk oK K KOk K

&control
calculation = ’nscf’
verbosity = ’high’
restart _mode = ’from scratch’
wf_collect = .true.
nstep = 200
tstress = .true.
tprnfor = .true.

etot _conv_thr = 1.0E-6
forc_conv_thr = 1.0D-5

pseudo_dir = ’./../../pp’
outdir = ’./wfc_save/’
prefix = ’las”’
/
&system

ibrav = 0



nat = 6
ntyp = 3
nbnd = 80

ecutwfc = 180

occupations=’smearing’

smearing="m—p’
degauss=0.01
nosym=.true .

noinv=.true.

/
&electrons
conv_thr = 1.0d-8
mixing beta = 0.10
/
&ions
ion _dynamics = ’bfgs’
/
&cell
cell _dynamics = ’bfgs’
press_conv_thr = 0.01
/

ATOMIC SPECIES
Al 26.98154 13 Al.upf
Si 28.08550 14 Si.upf
La 138.9055 57 La.upf

ATOMIC_POSITIONS (crystal)

Al 0.582784214
Al 0.332784214
Si 0.416358551
Si 0.166358551
La 0.999157235
La 0.749157235

0.582784214 0.000000000
0.832784214 0.500000000
0.416358551 —0.000000000
0.666358551 0.500000000
0.999157235 0.000000000
0.249157235 0.500000000

CELL_PARAMETERS (angstrom)
—2.121731571 2.121731571 7.266101132

2.121731571 —2.121731571 7.266101132

/!
//
/!
//
/!
//

Al
Al
Si
Si
La
La
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2.121731571 2.121731571
K POINTS (automatic)
12 12 12 0 0 0

—7.266101132

>k 3k 3k 3k sk >k >k 3k 3k ok sk sk >k 3k Sk sk sk sk 3k 3k skosk sk sk 3k 3k ok sk sk >k 3k sk sk sk ok >k sk skok ok

pw__export.in:
sk ok sk ok sk sk ok ok sk ok ok sk ok s sk sk ok sk sk sk ok Kk sk ok K sk sk ok s sk sk ok ok sk ok ok

&INPUTPP

prefix = ’las’
outdir = ’./wfc_save/’
pseudo _dir = ’../../pp/’
ascii = .TRUE
single file = .TRUE

/

K 3% ok ok ok ok KK K K ok ok kK K K K oK ok kK K K K K oK ok ok ok ok KK oK K ok Kok o K

las.ph.in::

sk 3k 3K 3 ok ok K Kk sk K Kk ok K K K ok K K K K oK K K ok oK K ok K KKK K K KOk K K

&inputph
prefix = ’las ’,
epsil = .true.,
amass (1) 26.98154,
amass (2) 28.08550,
amass (3) 138.9055,
tr2 ph 1.0d—-18,
outdir . /tmp /7,
fildyn ’las .dyn’,
fildvscf "dvscf’,
ldisp .true.,
trans .true.

nql 1,
nq2 1,
nq3 1,

Input files for matrix element



3k ok ok Kk ok ok Kk ok oK Kk ok oK Kk ok oK K Kk ok K kK sk ok kK ok ok Kk oK K KOk K

las.epw.in:

3k ok oK sk ok oK Kk ok 3K Kk ok oK K K K oK K KK sk K Kk sk ok kK ok o Kk K K KOk K

&inputepw
prefix = ’las’
amass (1) = 26.98154
amass (2) = 28.08550
amass (3) = 138.9055
outdir = 7./tmp/’
elph = .true.
kmaps = .false.
etf mem =2
epbwrite = .true.
epbread = .false.
epwwrite = .true.
epwread = .false.
nbndsub = 32
nbndskip = 0
wannierize = .true.
num _iter = 5000
iprint =2

dis_ win_max =20.0
dis_win_min = 0.0
dis_froz max =13.5

dis_froz min =7.5

proj (1) = "Al:s’
proj(2) = 7Al:px’
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Appendix A. Input files for matrix element

proj(3) = ’Al:py’
proj(4) = "Al:pz’
proj (5) = ’Si:s’

proj (6) = ’Si:px’
proj (7) = 'Si:py’
proj(8) = ’Si:pz’
proj (9) = ’La:px’
proj(10) = 'La:py’
proj(11) = 'La:pz’
proj(12) = ’La:dz2’
proj(13) = ’La:dx2—y2’
proj(14) = ’La:dxy’
proj (15) = ’La:dyz’
proj(16) = ’La:dxz’
wdata (1) = ’bands_plot = .true.’

wdata(2)= ’begin kpoint path’
wdata(3)= 'G  0.000000
X —0.500000
wdata(4)= ’'X —0.500000
Y —0.500000
wdata(5)= 'Y —0.500000
S —0.271320 0.271320 —-0.271320°

0.000000 0.000000
0
0
0
0
0
wdata(6)= 'S —0.271320 0.271320 —0.271320
0
0
0
0
0
0

.500000 0.000000°
.500000 0.000000
.500000 —0.046230’
.500000 —0.046230

G 0.000000 0.000000 0.000000°
wdata(7)= 'G 0.000000 0.000000 0.000000
Z 0.500000
wdata(8)= 'Z 0.500000
S1 0.271320 0.728680 —0.728680°
wdata(9)= ’S1 0.271320 0.728680 —0.728680
N —0.000000 0.500000 —0.500000°
wdata(10)= °N —0.000000 0.500000 —0.500000
P —0.250000 0.750000 —0.250000°
wdata(11)= 'P —0.250000 0.750000 —0.250000
Y1 0.042630 0.957370 —0.500000°

.500000 —0.500000"
.500000 —0.500000



wdata(12)=

wdata(13)= 'X —0.500000 0.500000 0.000000
P —-0.250000 0.750000 —0.250000’

wdata(14)= ’end kpoint path’

wdata(15)= ’bands_plot format = gnuplot’

wdata(16)= ’guiding centres=true’

wdata(17)= ’conv_tol= 1d—12’

wdata(18)= ’conv_window=20’

wdata(19)= ’dis_conv_tol=1d—12’

wdata(20)= ’dis_conv_window=9’

iverbosity = 3

elecselfen = .true.

phonselfen = .false.

a2f = .false.

fsthick = 6.0 ! eV

eptemp = 300 ! K (same as PRB 76, 165108)

degaussw = 0.01 ! eV

efermi read =.true.

"Y1 0.042630 0.957370 —0.500000
Z 0.500000 0.500000 -0.500000’

fermi energy =10.840

band_ plot

dvscf dir
filkf
filqf

nkl
nk?2

nk3

nql

=.true.

= ’../phonon/save/’
= ’meshes/pathk16.dat’

= ’meshes/pathq.dat’

= 10
= 10
= 10
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nq2 =1
nq3 =1

1 cartesian

0.000000000000000E+-00

1.0

Appendix A. Input files for matrix element

>k 3k 3k 3k sk >k >k 3k 3kok sk sk >k 3k Sk sk sk sk 3k 3k sk sk sk >k 3k 3kook sk sk >k 3k sk sk sk ok ok skoskosk ok

raman.in:

3k 3k 3k >k >k 3k 3k sk sk ok 3k 3k 3k sk sk >k 3k Sk sk sk sk >k 3k 3kok sk sk >k 3k 3k sk sk ok ok sk skosk ok ok ok

&inputraman
prefix
outdir
sorb
circular pol
nonpol
input pw_export
fil phband
fil _matele elph
gamma
gamma_raman
nbv
nscf occ
ngs
nmode
elaserl
elaser2
elaser3
elaser4
elaserb
nrs
n_kinterp

rs_ start

’./index .xml’
’./phband . freq’
’./ep_ matele.dat’
0.1d0

0.0002d0

10

26

1

18

1.58d0

1.96d0

2.33d0

2.54d0

3.41d0

5000

0.00d0

0.000000000000000E+00

0.000000000000000E+00



rs_end = 0.01d0
! plot_ matele elph = .TRUE.
! plot_matele opt = .TRUE.
! plot _raman k = .TRUE.
/

>k 3k 3k 3k sk >k >k 3k 3kok sk sk 3k 3k 3k sk sk >k 3k Sk sk sk sk >k 3k skok sk sk >k 3k sk sk sk ok ok skoskok ok
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