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Abstract

Anharmonic decay of longitudinal optical (LO) phonons in zincblende semiconductors is
not at present well characterized due to the polar and many-body nature of the problem.
Femtosecond THz radiation offers a novel route to this study, as the interaction of this
radiation is directly with the phonon lattice and these THz excited phonons do not have
enough energy to excite electrons over the band gap. Therefore, their decay is entirely due
to anharmonic interactions with other phonon modes in the lattice. In this thesis, it has
been hypothesized that by the correct choice of THz polarization and for achievable THz
field strengths, the atomic motion in the THz excited LO phonon modes and their decay
could be directly observed as an intensity modulation of the nearly forbidden reflections of
the zincblende structure with time-resolved x-ray diffraction (TXRD). In the framework
of an ultrafast THz pump, TXRD probe experiment, this thesis consists of investigating
this hypothesis using a theoretical model.

Modelling the LO phonons as harmonic oscillators driven by the electric fields of the
THz radiation and where the material parameters have been simulated using density
functional perturbation theory for InSb. The results show that for a 200 fs Gaussian
THz pulse centered at the LO phonon frequency, 20% increase in the TXRD intensity can
already be observed for a THz field strength of 0.3 MV /cm. Due to the anharmonic decay
of the LO phonon, significant intensity modulation can be observed even 10 ps after the
THz pulse. These results on InSb suggest that if THz radiation can be generated close
to the LO phonon frequency, significant TXRD intensity modulation can be observed in
any zincblende semiconductor for achievable THz field strengths. Therefore, the present
thesis paves a way for a new ultrafast time-resolved technique to measure the anharmonic
lifetimes of LLO phonons in zincblende semiconductors, for which the data is at present
lacking, and which are needed for the advancement of hot carrier solar cells.
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1 Introduction

The advent of ultrafast pump-probe experiments has given us an unique insight into
various properties of the condensed matter, such as the study of structural dynamics in
solids. "4 In such studies, typically an optical femtosecond laser is used to pump the solid
into an excited state and the relaxation is probed with a structurally sensitive technique,
such as ultrafast time-resolved x-ray diffraction (TXRD). In these optical femtosecond
laser pump, x-ray probe experiments, the optical radiation initially excites the electronic
system which then equilibriates with the phonon lattice via various electron-phonon and
phonon-phonon coupling mechanisms. These coupling mechanisms allow for generation of
coherent lattice vibrations which can be observed with x-ray diffraction, and their decay
can be further studied. For example, by probing the strain caused by coherent acoustic
phonons which affects the Bragg angle. >0

In contrast to the optical lasers, femtosecond THz radiation offers a novel route to the
study of optical phonons in semiconductors as this radiation does not heat the crystal
and its interaction is directly with the phonon lattice. These THz excited phonons do not
have enough energy to excite electrons over the band gap and their decay is, therefore,
entirely due to interactions with other phonon modes in the lattice. This is also known as
the anharmonic decay, in which a THz excited zone center optical phonon, ¢ ~ 0, decays
into two other phonons of opposite momenta, ¢ = —¢”, conserving energy.

It is important to distinguish that the anharmonic decay of the near zone center
optical phonons can result in phonons of various wave vectors and this decay does not
favor small wave vector phonons. '™ This is unlike the phonons that are directly emitted
by the optical laser excited small wave vector conduction electrons. Therefore, it would
be difficult to gain full information on the anharmonic decay of the optical phonons by
probing, for example, the acoustic phonons that result from the decay with x-rays. Unless,
all the channels in the entire Brillouin zone can be resolved at once.

The different electron-phonon coupling mechanisms of an optical laser excited con-
duction electrons have been highlighted in Fig. 1 for a polar semiconductor. Acoustic or
specifically longitudinal acoustic (LA) phonons can be generated via piezoelectric or defor-
mation potential coupling, respectively, and these phonons will be restricted to small wave
vectors, ¢ ~ 0, if only intraband scattering is considered.!"? The figure also highlights
the THz excitation of longitudinal optical (LO) phonons, which are also connected to the
electron lattice via the Frohlich coupling. '3 These THz or Frohlich excited small wave
vector LO phonons decay anharmonically into two other phonons of opposite momenta,
q = —¢", throughout the Brillouin zone.

In polar semiconductors, the anharmonic decay of LO phonons is the fundamental
mechanism for carrier energy relaxation, as these phonons are connected to the electron
lattice via the strong Frohlich coupling. For example in zincblende InSb, the prototype
material used in this thesis, the lifetime of a thermal electron at room temperature due
to this coupling is ~ 2 ps.[" In comparison, the lifetime of the same electron due to the
deformation potential coupling to LA phonons is ~ 11 ps. " Thus, if electrons are excited
in polar semiconductors they will emit LO phonons. These LO phonons will then either
couple back to the conduction electrons, or anharmonically decay into other phonons.
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Figure 1: Ultrashort optical and THz laser excitation of coherent phonons and the fundamental

carrier energy relaxation mechanisms in polar semiconductors, 12147161 a5 discussed in the text.

Therefore, the anharmonic decay of the LO phonons is an important material parameter
for modelling the energy relaxations and to the design of semiconductor devices using these
polar semiconductors. In particular, data on the anharmonic lifetimes of the polar LO
phonons are needed to realize the phonon bottleneck. ' This bottleneck slows down the
hot carrier thermalization via the Frohlich emission of LO phonons and their subsequent
anharmonic decay, and which is the fundamental requirement for the advancement of hot
carrier solar cells that promise efficiency beyond the Shockley-Queisser limit. 1820

Anharmonic decay of non-equilibrium (near) zone center LO phonons in polar semi-
conductors has been studied over five decades. 'l Still, there is no general technique for
determining the different phonons involved in the decay ['*21-24 or the lifetimes in different
materials, ' which further show strong temperature dependence. 22 In particular, for
InSb the data is at present contradicting. Ferry [?°l has calculated 7.26 ps lifetime for the
LO phonon in InSb at 300 K, under the assumption that the only decay channel for the
LO phonon is into two LA phonons of equal frequency. This decay channel is known as
the Klemens channel. 2! By studying diffuse x-ray scattering in InSb after an ultrashort
optical laser excitation, Trigo et al.l?ll observed excitation of transverse acoustic (TA)
phonons throughout the Brillouin zone. This could indicate that the anharmonic decay
of the LO phonon in InSb is more dominantly into a TA and, for example, a transverse
optic (TO) phonon, instead of the commonly assumed Klemens channel. However, Trigo
et al. have been limited to dynamics that occur on a larger time scale than 100 ps due
to their x-ray pulse duration. Therefore, their observed TA phonons can result from the
further decay of the decay products of the initially Frohlich excited LO phonons.

If the study of the different decay channels is neglected, the Lorentzian lineshape of
a Raman peak is inherently broadened by the anharmonic lifetime of the corresponding
phonon mode. Cardona et al.[?” have measured the Raman spectrum of InSb and based
on this measurement, approximately 6 ps lifetime for the LO mode can be extracted.
However, it is difficult to determine the Lorentzian full width at half maximum (FWHM)
from Raman spectra due to other broadening mechanisms. The decay rate of an optical
phonon mode can also be fitted from reflectance spectra via the Kramers-Kronig relations



using a model dielectric function that contains a damping parameter.?®! By performing
this study, Palik!?! has reported 12 ps lifetime for both the LO and TO modes in InSb at
room temperature. The lifetimes of these two modes should, however, be fundamentally
different due to the polar nature of the LO phonon and also the resulting LO-TO splitting
in ionic crystals.*®! Lockwood et al.!® have improved the model and determined 10 ps
lifetime for the LO mode in InSb with the same technique.

In this thesis, we report a theoretical modelling of an ultrafast THz pump, TXRD
probe experiment to study the anharmonic lifetime of the LO phonon in zincblende InSb.
This theoretical model serves as a tool to study the feasibility and to gain insight into
such pioneering experiment at the pump-probe beamline FemtoMAX B! at MAX IV syn-
chrotron radiation facility. The initial idea of this experiment is to excite a coherent LO
phonon mode in InSb by choosing the polarization of the THz pump laser along the In
and Sb bond direction as shown in Fig. 2(a). The electric field of the THz radiation will
then excite a dipole active LO phonon mode, where the In lattice (brown atoms) oscillates
against the Sb lattice (purple atoms), as highlighted by the green arrows.
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Figure 2: Phonon mode in InSb and the resulting modulation of XRD intensity: (a) THz
excitation of a LO phonon mode in InSb, where the In (brown) and Sb (purple) lattices oscillate
against each other, as denoted by the green arrows. (b) XRD intensity modulation of the nearly
forbidden reflections: {222,200,600} of InSb, when the bond length between In and Sb varies

along the phonon mode shown in (a). Phonon mode in (a) has been visualized using. [

Zincblende crystal structure of InSb hosts a set of nearly forbidden Bragg reflections, %%l
{222,200,600}, where the diffraction intensity is proportional to the difference of the
atomic form factors of In and Sb, I o |f1, — fsp|?. These form factors are related to the
atomic numbers of the atoms and as In and Sb are close to each other in the periodic table,
the diffraction intensity of these reflections is very weak in the equilibrium geometry.

The existence of these nearly forbidden Bragg reflections in the zincblende structure
allows us to directly observe the motion of the atoms in the THz excited LO phonon
mode with TXRD, provided that large enough oscillation amplitudes can be excited by
the electric fields of the THz radiation. The theoretical XRD intensity modulation has
been plotted in Fig. 2(b), which results from displacing the In and Sb atoms along the
phonon mode shown in Fig. 2(a). It is seen that approximately 20% increase in the
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intensity of the 222 reflection can be observed, if the bond length between the In and Sb
atoms increases or decreases by 0.2%.

Once the LO phonon mode has been excited, the lattice then oscillates around its
equilibrium position and anharmonically decays into other phonons. This oscillation and
decay causes both a periodic modulation and a decay of the TXRD intensity back to its
equilibrium value. By monitoring this modulation and its decay with TXRD on a sub-
picosecond time scale allows to fit the anharmonic lifetime of the phonon mode from the
experimental data using a theoretical model, which is also used to model the experiment.

In this theoretical model, the displacements of the atoms in the THz excited phonon
mode with frequency wy are modelled with driven damped harmonic oscillator equations,

02 9, Fri(t
<@ + 2F§ + wé) U i (1) = M—() (1.1)

where u,, ; is the displacement of an atom m with mass M,, in a Cartesian direction 7 due
to the force F,,; exerted by the electric fields of the THz pulse. The damping parameter
is inverse proportional to the anharmonic lifetime, 7, of the phonon mode, 2I" = 1/7.

These displacements can then be inserted into the structure factor, 33!

Fhkl<t) _ Z fmeQWi[hmm(t)—i-kym(t)+lzm(t)]’ (12)

m

where f,, is the atomic form factor of an atom m and the Cartesian positions of the atoms
can be taken to contain both their equilibrium positions, r,,;, and their displacements,
e.8., Tp(t) = Ty + Upo(t), (in units of the lattice constant). The TXRD intensity of a
reflection hkl is then given as Iy (t) = |Fnu(t)]?.

Major task in the present thesis is to determine the force term and the phonon modes
for the above harmonic oscillator model. This force term depends on the electric fields
of the femtosecond THz laser pulse and the material parameters of InSbh that describe its
response to external electric fields. In this thesis, these material parameters are simulated
from first-principles using density functional perturbation theory (DFPT). DFPT also
gives us the phonon dispersion and the phonon modes of InSb, which allows us to first
identify the LO phonon mode shown in Fig. 2(a), and to further consider other LO
phonon modes and their effect on the TXRD intensity as well.

The present thesis provides a connection between TXRD and the anharmonic decay
of the (near) zone center LO phonon modes in zincblende semiconductors. The harmonic
oscillator model built from first-principles allows us to model the feasibility and to gain
insight into how to best perform such pioneering experiment. This model also serves as
a tool to determine the LO phonon anharmonic lifetime from future experimental data.
While the present work specifically considers InSb due to its optical phonon frequencies
being close to the femtosecond THz frequencies that can be generated from DAST organic
crystal P4 at the FemtoMAX beamline. The technique described here can be extended to
other zincblende semiconductors as well. In particular, the results on InSb suggest that
if THz radiation can be generated close to the resonance frequency of the LO phonon,
significant intensity modulation in any of the nearly forbidden reflections in any polar
zincblende semiconductor for moderate THz field strengths can be observed. Therefore,



the present thesis paves a way for a new ultrafast time-resolved technique to characterize
the anharmonic lifetimes of the LLO phonons in different zincblende semiconductors. For
which the data is at the present lacking, and which are needed as material parameters
for modelling the carrier energy relaxations in the search of materials for hot carrier solar
cells beyond the Shockley-Queisser limit.

2 Scientific Background

In this section the theoretical framework for the present thesis is reviewed. First, the real
and reciprocal space of crystalline solids is described, and it is made clear how these two
are connected via XRD. Then, the zincblende structure of InSb is characterized, which
allows to derive the selection rules for the Bragg reflections of the zincblende structure
and express their intensities in terms of atomic form factors. These form factors are then
quantified for In and Sb which are needed for modelling the TXRD intensity.

After the description of crystal structure and XRD, the theory of phonons is reviewed.
First in harmonic approximation and then at anharmonic level, as given by Taylor expand-
ing the crystal potential. The harmonic approximation gives the theoretical framework
to understand and to simulate phonons with DFPT, while the anharmonic terms describe
their decay. In the final section, the phonons in zincblende are discussed in terms of group
theory, which allows to determine their selection rules for the THz excitation, and which
is needed for constructing the force term for the harmonic oscillator model.

2.1 Crystal structure and x-ray diffraction

Position vector of an atom [ in unit cell n of a crystalline material can be written as,
Rln =TIy -+ Tn, (21)

where r; is the equilibrium position of atom [ in the primitive unit cell. The translation
vector of the underlying Bravais lattice is,

Tn = njaj; + nqay + naas, (22)

where n; are integers and which together with primitive lattice translation vectors, a;,
span the Bravais lattice. The entire crystalline structure can be generated by translating
the basis atoms at positions r; by this vector.

Scattering of x-rays from crystalline solids can be described by the structure factor, 3!

F(q) =) 9™y " fi(q)e™, (2.3)

where q = k—XKj is the scattering vector, and the momenta of the incident ky and scattered
radiation k have been assumed to be equal, |k| = |ko| = 27/, i.e., the scattering is elastic.
For x-ray scattering from atoms, the atomic form factor f;(q) is given by Fourier transform
of the electron density of the atom [, which will be quantified in Sec. 2.1.3.



In the structure factor, the first sum describes the scattering entirely from the under-
lying Bravais lattice, characterized by T,,, while the second sum describes the scattering
from the basis atoms at positions r;. This structure factor gives the intensity of the scat-
tering as I(q) = |F(q)|?>. For diffraction, it is of interest to discuss for which scattering
vectors q this intensity is maximized. Clearly, if in the first sum exp(iq-T,,) = 1, then the
sum over n primitive unit cells in a macroscopic crystal is large. Therefore, the diffraction
occurs for scattering vectors that satisfy, q-T,, = 27 X integer. The set of such scattering
vectors can be defined as the reciprocal lattice translation vector,

thl = hb1 + kbg + lb3, (24)

where hkl are integers, which together with the reciprocal space primitive lattice transla-
tion vectors, b;, span the reciprocal lattice. The integers hkl are the Miller indices and,
as diffraction occurs at different reciprocal lattice vectors, they label the reflections.

The above described condition, that diffraction occurs if the scattering vector satisfies
q = k — kg = Gy, tells us that x-ray diffraction probes the reciprocal lattice of a
crystalline solid. This is known as the Laue condition of diffraction and from which the
reciprocal space can be constructed more explicitly. It was defined that,

G - T, = 27 X integer. (2.5)
Therefore, the primitive components of the real and reciprocal lattices satisfy,
a; * bj = 271—6ij- (26)

This is satisfied by cyclic permutations of subscripts of the construction,

2m
b1 = Q—(a2 X 3_3), (27)
0

where the volume of the real space primitive unit cell is given by Qg = |a; - (az X a3)]|.

2.1.1 Real and reciprocal space of zincblende InSb

The zincblende crystal structure of InSb consists of two atoms per primitive unit cell at
positions ry, = [0,0,0] and rg, = [1,1, 1Ja/4, and the fcc primitive lattice vectors,

a, 0 1/2 1/27 [z
Aree = Az =a | 1/2 0 1/2 vl , (2.8)
as 1/2 1/2 0 | |z

where a is the cubic lattice constant and which for InSb is a = 6.4793 A at 293 K. 36l
Using (2.7), the primitive reciprocal lattice vectors can be constructed from (2.8) as,

b1 o —1 1 T
bhe = |bo| =2 1 =1 1 | |y], (2.9)
bs] Y11 1 1] |z

which correspond to a bcc lattice.



The cubic conventional unit cell of the zincblende InSb with lattice constant a is
shown in Fig. 3(a), where the In atoms are shown in brown and Sb atoms in purple.
The primitive unit cell with the two atom basis is also highlighted by the fcc primitive
translation vectors a;. This zincblende structure can be thought as two distinct fcc lattices
formed by the In and Sb atoms which are shifted by [1,1, 1Ja/4 from each other.

In Fig. 3(b) is shown the Wigner-Seitz cell of a bcc lattice, which can be defined as
the primitive reciprocal space unit cell of zincblende InSb. This cell also defines the first
Brillouin zone (BZ). In the figure are also marked the high-symmetry points, which arise
from the point symmetries of the crystal. The area enclose by these points forms the
irreducible Brillouin zone (IBZ), which is important as properties of solids, such as the
phonon modes, can be entirely in described this region.

Figure 3: Real and reciprocal lattice of zincblende InSb: (a) Conventional unit cell with lattice
constant a and the primitive unit cell denoted by the primitive vectors a;. (b) Brillouin zone of

InSb, where the area enclosed by the high-symmetry points forms the irreducible Brillouin zone.

2.1.2 Nearly forbidden Bragg reflections of zincblende

The conventional unit cell of InSb consists of four In atoms at Cartesian positions,

0 00
0 1 1
|, 20 (2.10)
: )3
2 2

and four Sb atoms shifted by 1/4[1,1,1]. Summing over these In and Sb atoms in the
conventional unit cell, the structure factor in (1.2) becomes,

FFILl];le _ (1 + 67ri(k+l) + eﬂi(h—l—l) + 67ri(h-‘rk))

A 2.11
< (fIn + beeTrz(h-‘rk—l—l)/Q)' ( )

This can be determined to give the following selection rules for the reflections hki, 3%

4(fm + fsb) h+k+1=4N,
Fi® =4 A(fmEifs) h+k+1=2N+1, (2.12)
A(fim— foo) h+k+1=4N+2,



where N is an integer.

The atomic form factors, fr, and fg, were described to be given by the Fourier trans-
form of electron density of the corresponding atom. For In and Sb with atomic numbers
Z =49 and Z = 51, respectively, the form factors are almost equal. Therefore, as the in-
tensity for the set of reflections h+k-+1 = 4N +2 is given by Iy = |Faul? = [4(f1a— fop)|?,
the set of reflections: {222,222, 200,600} are weak in equilibrium.

2.1.3 Atomic form factors of In and Sb

To model the TXRD intensity, it is necessary to quantify the atomic form factors. Consid-
erable computational effort has gone into accurately determining electron density of atoms
in the periodic table from the best known wave functions. Using relativistic Hartree-Fock
or Dirac-Slater wave functions, the form factors have been calculated in Ref.’" For
convenience, the authors have parametrized the form factors as a sum of Gaussians,

fla) = 24: a; exp ( —b; (%)2) +c, (2.13)

i=1
where the coefficients, a;, b; and ¢, for In and Sb have been tabulated in appendix A.

The atomic form factors of In and Sb have been plotted in Fig. 4(a) as a function of
magnitude of the scattering vector ¢ = |k — kg|. The scattering lengths of the different
nearly forbidden reflections: gnr = |Gpri| = 2ko sin @, where 6 is the Bragg angle, 28] have
also been denoted on the x-axis. At ¢ = 0, the difference between the form factors is the
difference between their atomic numbers, 49 and 51. This difference is almost constant
over the whole plotted scattering range. Therefore, the intensities of the different nearly
forbidden reflections, given by the difference of the atomic form factors at the different
scattering lengths, are almost identical in the equilibrium geometry.

(@)ss (b)

— 80+ — 200
50 fin
fsb 701 222
45+ — 111
60 1 —
401 _ 600
— = 50 A
S35 g
@ 40
30+
301
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20+
20
104
15
0 g200 G222 4 de00 8 4 5 6 7 8 9 10
q (A-1) Energy (keV)

Figure 4: (a) Atomic form factors of In and Sb as a function of ¢ = |k —kq| where the scattering
lengths of the different nearly forbidden reflections, gnr; = |Grri|, are denoted on the z-axis. (b)

Bragg angles of different reflections as a function of x-ray energy.

In Fig. 4(b) are shown the Bragg angles of different reflections as a function of x-ray
energy. These angles give constraints for probing the different reflections experimentally.
For example, as the 600 diffracts at large angles, it might be more difficult to realize an
experimental geometry for this reflection, unless high fluxes of hard x-rays are available.
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2.2 Theory of phonons

The theoretical framework for phonons can be formulated around the force constants
arising from the Taylor expansion of the crystal potential.

If the previous definition of the position of an atom [ in the primitive unit cell n is
extended to also contain a displacement u,,

Rln =1+ Tn + . (2.14)
The potential energy F of a crystal can then be expanded as a Taylor series for these
displacements in Cartesian directions, denoted by the Greek letters a3, as,
E({U} Eo + Z Crralina + 2' Z Z q)éna UlnaWin' B
o e (2.15)
+ ? Z Z Z q)inaﬁl " uln@ul’"'ﬁul”n"’y T ’
" lna U'n/B 1y
where Ej is the potential energy of the crystal in equilibrium and
)
Pina =0, 2.16
: aulnoz u=0 ( )
1,1 82
Pl = 55 —— 2.17
lno 8Uzm0uzf 5y ( )
Ton! 1", a3E
i = : 2.18
Ina aulmﬁul/ /gaulun// w=0 ( )

are the force constants (FCs). These FCs are further labelled as 1FC, 2FC and 3FC
depending on the rank of the derivative with respect to the displacements. The 1FC is
the negative of the force on atom [n in direction o when all other atoms in the crystal are

in their equilibrium positions. Clearly this is zero. The quantity —ln ul/n/ﬁ describes

Ina
the force on an atom In in direction o when an atom ['n’ is displaced in direction /3, and
similarly for the 3FC when the atoms denoted by the superscripts are displaced.

These FCs are important as they are directly related to the properties of phonon
modes in the crystal. For example, in the harmonic approximation, determining the 2FC
is needed to calculate the frequencies of the phonon modes, which we will later do with
DFPT. The knowledge of the 3FC and higher are needed to describe the anharmonic
effects, such as the lifetimes of the phonon modes. As these FCs are given by the change
of the potential energy with respect to the displacements of atoms in different directions,
they also obey the symmetries of the lattice. Therefore, we can also use group theory to
discuss the properties of phonons arising from these FCs without evaluating them.

2.2.1 Dynamical matrix in the harmonic approximation

In the harmonic approximation only the 2FC is considered. From the above described
relation between the force and the 2FC, a classical equation of motion for the displacement

of an atom In with mass M, in direction o can be written as,
0 u; n'g
l at;a + Z (I)lna Upn'g = 0. (2.19)
l/ //3

9



This results in 3r N differentials equations for the r atoms in each of the total N primitive
unit cells of the macroscopic crystal which describe the displacements of the atoms.

Fortunately, due to the translational invariance of a crystal, the amount of these
differential equations can be reduced. Consider a Fourier ansatz for the displacements
with respect to the translation vector, T,,, and with harmonic time dependence,

Ui = Ul ei(q.Tnfwt)’ (220)

E

where the mass normalization is conventional. The equation of motion then becomes,

> D (@us(a) = wlia(a), (2.21)
VB

where the dynamical matrix is,

Un'B iq-(T, —To) _ ;q)l'ﬂ(q), (2.22)

Dy (q) = \/ﬁ ; Poq VL e

The sum in this expression allows for interactions between atoms in the Oth unit cell with
atoms in the nth unit cell of the crystal. In practice, the length of this sum depends on
the nature of interactions between the atoms. For ionic crystals, where the ions interact
via long-range Coulomb forces, many unit cells needs to be considered.

For the r atoms in the primitive unit cell, the dynamical matrix results in a 3r x 3r
eigenvalue equation for the phonon frequencies wq; and modes u;;,, where the different
eigenvalues and modes, corresponding to different phonon branches, have been labelled
by index i = 1,..,3r. For zincblende InSb with two atoms per primitive unit cell, the
dynamical matrix gives six phonon frequencies wq; at every wave vector q.

For the present thesis, it is important to note two properties of the dynamical matrix.
The dynamical matrix can be shown to be Hermitian. [ Therefore, its eigenvalues are real
and eigenvectors corresponding to non-degenerate eigenvalues are orthogonal, which can
be further taken as normalized. The dynamical matrix also satisfies inversion symmetry
even if the underlying crystal does not.[3¥ Therefore, the phonon frequencies of a branch
i at opposite wave vectors are equal, wq; = w_q;. This is also a general consequence of

the time-reversal symmetry of equations of motions. 1!

2.2.2 Anharmonic decay of phonons

The harmonic approximation described in the previous section works well for character-
izing the phonon frequencies and phonon modes. However, in this approximation the
phonons do not interact with each other which leaves out various physical phenomena. [0
In particular, phonons in perfectly harmonic crystals have infinite lifetimes.

Effects of the phonon-phonon interactions are captured in the frequency dependent
anharmonic phonon self-energy, [!1

Yqi(w) = Agi(w) + iTqi(w), (2.23)

where the real part of the self-energy is responsible, for example, to the temperature
dependence of the phonon dispersion. The imaginary part of the self-energy is inverse
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proportional to the anharmonic lifetime of the phonon,

1

Tla) (2.24)

Tqi(w) =

From a many-body theoretical point of view, the present thesis corresponds to probing
the imaginary part of the LO phonon self-energy, which is often discussed in literature.

In the lowest, and also the most dominant order, the anharmonic effects are described
by the cubic anharmonic Hamiltonian,

1 l/nlﬁ l//nll
_ 2 : 2 2 ) Y
== 5 q)lna UlnaUl'n/ BULI R~ , (225)
" lna Un/BUn!y

where @ is the 3F'C given by the third order derivative of the crystal potential with respect
to three atomic displacements, as described in (2.15).
The displacements in (2.25) can be written in terms of the displacement operator, !

Uz la zq Tn +
Upno = ,/va j{: N (bgi + bt ), (2.26)

where the operators bfqi and by, are the boson creation and annihilation operators, which

create and annihilate a phonon at momentum and branch —q: and qt, respectively.
Inserting the displacement operators into (2.25) and abbreviating the phonons by
s = qi, the Hamiltonian in second quantization becomes,

= 3 Vil '8 (b £ 0 ) (b b7 ) (b + 57,0), (2.27)

SSISH

where V3(s, s', s”) is the cubic anharmonic potential, which describes the strength of inter-
action between three phonons, s, " and s”. The products of the creation and annihilation
operators, (bs + bT,), give rise to 23 combinations of possible three phonon interactions.
For example, the term b,by by describes the simultaneous annihilation of three phonons,
while the term bfsbfs,bfs,, describes simultaneous creation of three phonons. The remain-
ing six terms describe either a decay of one phonon into two other phonons, e.g. a term
bsb™ ,bT,, or two phonons combining into another phonon, e.g. a term bsbyb*

The cubic anharmonic Hamiltonian can be treated as perturbation on top of the har-
monic Hamiltonian with frequencies wq;. This gives the general expression for the imagi-
nary part of the anharmonic phonon self-energy via many-body perturbation theory: 4%

18
Fi(w) = T Z Va(s, 8", 8" )P Aqqrqr { (N + ngn + 1)6(w — wy — wer)
+ (g — ng)[6(w + wy — wyr) = 6(w — wy + wyr)]}.
(2.28)

Inside the curly brackets, the mean thermal occupation number of a phonon is given by
the Bose-Einstein distribution, ns = 1/[exp(hws/kgT’) — 1], and the delta functions 4(...)
ensure energy conservation in the decays. The first term describes a process where an
excited phonon s decays into two other phonons s’ and s”. The second term describes a
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process where the excited phonon combines with a thermal phonon resulting in a third
higher energy phonon, either s’ or s”. For the near zone center LO phonon, which is the
highest frequency mode due to the LO-TO splitting in polar semiconductors, the second
process is not allowed by energy conservation.

The function Aqgqqr in (2.28) is equal to one if q+ '+ q” = Gp and zero otherwise.
Considering only normal processes, G = 0, and imposing this momentum conservation,
the cubic anharmonic potential for a zone center phonon is,

. . 1/2
V3(04,q'7', —q'i") = — ( )

3' 8N3w0iwq/i/w_qlzu

D IPIP I AR (2.20)
l/l// Ot,B’y n n//

i (0) w50, ()

V MlMl/Ml//

The lifetime of a phonon s is given as the sum over all the decay channels s’ and s”

that conserve energy and crystal momentum. Apart from the mean occupation numbers,
n, the coupling rate of a phonon s to phonons s’ and s” is determined by these potentials.
Debernardil'’#3 has studied the analytical limit of the 3FC and the eigenvectors in this
potential. He has shown that in the long wavelength limit, the coupling rate of a zone
center optical phonon with two acoustic phonons scales quadratically with magnitude of
the wave vector of the acoustic phonons and linearly for the coupling with one optic and
one acoustic phonon. This implies that the anharmonic decay of a zone center optical
phonon does not favor small wave vector phonons, and these channels should have small
contributions to its anharmonic lifetime. Furthermore, we note that, if the rate is taken
as: ILo(wro) ~ (ny +ng + 1)/ (wrowswsr ), it is larger for two non-degenerate phonons
over two degenerate phonons, which together conserve the LO phonon energy.

2.2.3 Group theory of phonons in zincblende

Group theory is a powerful tool for determining properties of solids entirely based on the
symmetry of the crystal structure. In particular, this gives us the means to understand
the phonon dispersion in solids, as the modes and their degeneracies are given by the
irreducible representations (irreps) they transform as. Furthermore, if the modes are
characterised in terms of their irreps, the selection rules for the THz excitation can be
determined. We will discuss these concepts for the phonons at the I' point of zincblende.

It is worth to mention that group theory consists of various abstract concepts which
are difficult to introduce in any formality, while keeping the discussion applied to the
present thesis. Therefore, for a reader unfamiliar with basics of group theory, further
information can be gained by consulting the excellent books by Dresselhaus et al.l* or
chapter 5 by Atkins. [l The theoretical formulation described here follows closely to the
lecture notes by F. Aryasetiawan for a course on group theory at Lund University. 4%l
Similar theoretical treatment can be also found given by Elliot and Dawber. [*7]

The space group of the zincblende InSb in different notations is (77, F43m, #216).
This group consists of a group formed by the lattice translation vectors, {T,}, and the
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point group of a tetrahedron 7. This tetrahedral point group consists of 24 symmetry
operations in six different classes, which can be found described in appendix B. In rep-
resentation theory, these symmetry operations are represented by square matrices in a
basis chosen for the representation (rep). This chosen rep is entirely characterized by the
traces of the matrices belonging to the different classes of the group.

Rep, x™P, can be decomposed into a direct sum of the irreps, x¢, of the group,

X = max®, (2.30)

where the multiplicity m, describes how many times an irrep « occurs in the decomposi-
tion. This multiplicity is given by,

1
o = 3 D N ™ (Ci)x*P(Ch), (2.31)
k

where h is the number of elements in the group and the sum is over the classes Cj of the
group each containing Ny elements. x*(C}) are the characters of the irreps of the classes
of the group, which can be found in various sources.*+¥l For convenience, we have also
tabulated the characters of the irreps for the T, group in table 5 in appendix B.

The relevant rep for discussing phonons in zincblende InSb is the six-dimensional direct
product rep of the Cartesian basis and the two basis atoms in the primitive unit cell. In
appendix B, we have identified that the characters of the classes of the T; group in this
basis are: Y™SP(Cy,) = x2°ms(Cy )™ (Cy) = 2(3,0,—1,—1,1), where y*°ms(Cy) = 2 for
all classes of the group due to the group of translations. Using (2.30) and the character
table 5 in the appendix B, this decomposes into x™” = 2T,. From the character table,

TYZ

we can further identify that, x®¥* = x12, and the Cartesian axes (z,y, z) transform as the
irrep Ty. In appendix B, we also show that this is the case for their products (zy, yz, xz).

To discuss phonons, or other properties of solids, in terms of group theory it is neces-
sary to consider the wave vectors groups of the high-symmetry points in the IBZ. Due to
the Wigner-Seitz cell construction of the BZ, the wave vector group of the I" point is given
by the entire point group of the real space lattice. (The other high-symmetry points are
subgroups of this group.) Therefore, the decomposition at the I' point is also x™5® = 2T,
where T in the notation by Koster is the I'y5 irrep. [49]

If an operator is written in the symmetry adapted basis transforming as the irreps
in the decomposition, it will be partially diagonalized in a block diagonal form."” In
particular for the decomposition 2T, the dynamical matrix at the I' point will consist
of three degenerate blocks. This degeneracy is due to the fact that the irrep Ts is three-
dimensional and, therefore, it has three degenerate basis functions. Each of these three
blocks will be of dimension (2 x 2), which give two non-degenerate eigenvalues and modes
for the phonons at the I" point of InSb. This is a consequence of the multiplicity mr, = 2 in
the decomposition, which means that there is two distinct sets of the three-fold degenerate
basis functions. Together, the three (2 x 2) blocks match the dimension of the dynamical
matrix, which for a crystal containing two atoms per primitive unit cell is (6 x 6).

In general, the symmetry adapted basis can be constructed from arbitrary functions
by applying the projection operator.*” However, for the dynamical matrix, we have
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identified that the three-dimensional basis of Ty is (z,y, z). Thus, we can directly write
that the set of functions which give the three degenerate, two-dimensional blocks are the
Cartesian axes on each of the two In and Sb atom: (x,, zsp), (Ym,ysp) and (2, zsp)-

The vibrational modes are given by linear combinations of these distinct functions. 7!
The two distinct orthonormal eigenvectors of the Hermitian dynamical matrix at the I’
point are, 27/2(zy, + 2gp), and similarly for the y- and z-directions, where the plus sign
corresponds to an acoustic mode and the minus sign corresponds to an optic mode. For
the acoustic modes, the atoms in the primitive unit cell, and at the exact zone center
in the entire lattice, move exactly in phase. For the optic modes, the displacements of
the atoms are out of phase. From a vibrational mode point of view, the acoustic modes
exactly at the zone center correspond to translating the entire crystal. Therefore, the
acoustic frequencies at the I' point are zero. From this we can define that all the phonon
branches with zero frequency at q = 0 are acoustic and the remaining branches are optic.
We note that at non-zero wave vectors, the displacement of an atom [ in direction « in the
unit cell n of the macroscopic crystal dephases with respect to the same atom in the Oth
unit cell, u; e = Uia €xp (iq - T,), as already given in (2.20). Therefore, the acoustic
modes at non-zero wave vectors will also have non-zero frequencies.

We have determined above that both the acoustic and optic modes at the I' point
of zincblende are three-fold degenerate due to the Cartesian directions being degenerate.
We further note that a basic theorem in linear algebra proves that a linear combination of
eigenvectors with degenerate eigenvalues, is also an eigenvector with the same eigenvalue®.
Therefore, due to the large degeneracy of the I' point, the two distinct set of modes,
acoustic and optic, can consists of linear combinations of the Cartesian directions.

After having classified that the optic phonon modes at the I" point of zincblende
InSb transform as Ty, we can characterize their selection rules for the THz excitation.
Transition rate from an initial state ¢ to final states f due to weak perturbation H' can
be described by the Fermi’s golden rule, 5%

Tisp = SR Po(E; — Bi). (232)
f

Transition can be defined as forbidden if the rate is strictly zero. This is true if the matrix
element (f|H’|i) in the above is zero.

The task of determining whether a matrix element is zero can be greatly reduced if
the states and operators are characterized in terms of their irreps, af8vy. In this form, a
general matrix element, such as the above, can be written as,

(¢ﬂ,éﬁwa)zt/}Prwvwryﬁﬁwa@a. (2.33)

This matrix element is not necessarily zero, if the direct product rep of the irreps o and
[ contains the irrep 7,
T*® TP CT7, (2.34)

where T denotes the matrix rep of the irrep 7. This condition can be proven from the
properties of the Clebsch—Gordan coefficients arising from writing the matrix element in

IThis can be proved in one line by considering: Au = AN ciu; = XY, ciuy = Au where Au; = Au;.
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terms of the Wigner-Eckart theorem.?®47l The discussed partial diagonalization of the
dynamical matrix in the symmetry adapted basis also follows from this theorem.

Determining whether (2.34) holds can be done from the characters of the irreps. As
the character of a rep is defined to be given by the trace, which is independent of the
basis. The character of a direct product rep is simply the product of the traces of the
reps, i.e., Tr(T® ® T?) = x*x?. Therefore, the condition in (2.34) can also be stated as:
If in the decomposition of the characters of the direct product rep,

XaXB = Z maByX’yy (235)
g
the multiplicity of the irrep 7,

M = 7 37 N (COX(CX™ (G, (2.30)
k

is non-zero, then the matrix element (¢7, Oﬁwa) is not necessarily zero. It is not difficult
determine this, as calculating the multiplicity amounts to summing over the products of
the characters of the classes in the rows labelled by a3 in the character table.

With the above theoretical formulation, we can determine the selection rules for the
optical activity of the Ty phonon mode at the I' point of zincblende InSb. The dipole
operators are described by H {z,9, %}, which transform as the Cartesian directions
and, therefore, also as the irrep Ty. The Ty phonon mode can be excited by dipole
radiation, if the initial state transforming as the irrep « satisfies the condition given by
(2.34): T*® T' C T'2. If the initial state is taken as the ground state, which can be
assumed to transform as the totally symmetric identity rep A; of the group. This gives the
multiplicity from (2.36) as ma, 1,1, = 1. Therefore, the Ty phonon mode is dipole active
for all polarizations. We have also determined that the quadrupole operators described
by H {Zy,yz, 2z} transform as the irrep Ty and the same argument holds as well.
Thus, the Ty phonon mode is also Raman active.

3 Theoretical Methods

In this section we will describe the theoretical methods used to model the TXRD intensity
of the weak reflections due to the THz excited LO phonons. First, we will characterize
the force term of the harmonic oscillator equations used to model the displacements of
the atoms in the THz excited LO phonons. We will also discuss both the analytical and
numerical solution of these equations, depending whether the temporal profiles of the THz
electric fields in the force term are modelled by Dirac delta or Gaussian distributions.

The material parameters needed for the harmonic oscillator model are simulated with
DFPT, which builds upon the ground state simulated by density functional theory (DFT).
Therefore, in this section we will first describe the aspects of DFT to guarantee that we
can correctly produce the ground state of InSh. After this, we will describe the DFPT
equations to be solved for the harmonic oscillator model.
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3.1 Harmonic oscillator model for the THz excited phonons

Force on an atom A in a Cartesian direction ¢ due to external field components F; can be
described by (with implicit summation over the repeated indices),
XK
FA,i = ZZ ijEj —+ 5090—3E]’Ek, (31)
’ aT’Aﬁ'
where 7, ;; is the Born effective charge of an ion A in the crystal due to ionic bonding. In
general, this Born effective charge is a second rank tensor i.e., (3 x 3) matrix in Cartesian
basis. However, in cubic materials the Cartesian directions are degenerate and this tensor
is diagonal where all the elements are equal,

Z:l rxr
7' = Z = 731, (3.2)

where I is an identity matrix. Interpretation of the structure of this tensor is that an
applied field in a Cartesian direction will result in a force in the same direction.
Derivative of the jk component of the linear susceptibility Xﬁ) with respect to a dis-
placement of an atom A from its equilibrium position 74, is the Raman tensor. This Ra-
man tensor is a third rank tensor, which can be constructed from the the quadrupole elec-
tric field operators that can excite the phonon mode from the ground state. "] As shown
in the group theory section, the Ty phonon mode is Raman active for the quadrupole

operators (zy,yz,zz). Therefore, the Raman tensor has the following structure,

1 1 1 1
Oy _ [ OXiay O Ol
87‘,472' 87“,4736 ’ ({)’I“Aﬂ ’ 87‘147,5

(3.3)

dA,xz dA,xy
- dA,yz ) ; dA,yx )
dA,zy dA,zx

where all the non-zero elements dy j, are equal. The structure of the Raman tensor is
such that for fields £, and E, the force on an atom A is in the z-direction and so on.
Forces on the In atoms due to the external fields can then be written as,

FIn,a: = ZI*HEJJ + 28OQOdInEWysza
Fln,y = Zl*nEy + 25':0g20dIrLE’xE1z; (34)
FIn,z = ZI*nEz + 2€OQOdInEa:Ey7

where the fields have time dependence, but we will neglect the spatial dependence due to
absorption by assuming that the THz pulse excites the x-ray probe volume evenly.

For materials with ionic bonding, one can predict that the forces due to the terms linear
in the fields will dominate. However, if the fields are strong enough, the terms quadratic
in the fields can become significant and we will keep them for generality. Furthermore,
the forces due to the Raman terms also apply for optical phonon excitation in diamond
structures, which are non-polar by the fact that their effective charges are zero.
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For the above forces, we can model the phonon dynamics due to the THz excitation
by a set of driven damped harmonic oscillators, as already given in the introduction,

2
(% + 21“% + w%;) Urn,; = ﬁ;ﬂ (3.5)
where ur, ; is the displacement of an In atom with mass My, from its equilibrium position
in direction i. The damping parameter is inverse of the anharmonic lifetime, 2I"' = 1/7,
of the phonon mode with frequency wy. Similar set can be constructed for the Sb atoms.

If the material parameters were known, the solutions u,;, for chosen fields of the
THz radiation can be inserted into the structure factor (1.2) to evaluate the TXRD
intensity. We will determine the material parameters, apart from the damping, using
DFPT. However, the electric fields for the THz radiation will still need to be modelled.
It is worthwhile to discuss solving these inhomogenous differential equations for different
temporal profiles of the electric fields.

In the simplest case, the electric fields of an ultrashort laser pulse can be taken to have
temporal profiles described by a Dirac delta function, E(t) = E¢d(t) = [Eos, Eoy, Eo:]0(t).
For these fields, the driven damped harmonic oscillators can be solved via the Green’s
function technique, ®? which gives the displacements of the In atoms as,

Ui = Ag e sin(y/wd — T2). (3.6)

The displacements have sinusoidal time dependence with resonance frequency w? = w2 —I"2
and they decay exponentially with the damping I'. All the information on the electric
fields is contained in the constant Ay ;, which is determined by the initial amplitude of
oscillation due to the excitation. Typically I' < wy and the square of the damping I' in
the argument of the sine function can be neglected. Therefore, this analytical solution is
useful as it offers a model to fit the damping parameter from exponential decay of the
oscillation amplitude after an excitation. This is the method choice in literature to extract
the damping parameter from experimental data, 53 as characterizing the force requires
state of the art electronic structure theory and precise knowledge of the excitation.

The above analytical solution for the fields with delta function temporal profile yields
no prior information about the oscillation amplitudes and the required field parameters.
Therefore, to model the TXRD intensity due to the THz excitation, it is better and more
accurate to describe the field to have a Gaussian envelope,

E(t) = [EOatv EOya EOz]e_(t/TG)QeinHzt7 (37)

where wry, is the carrier frequency of the ultrashort pulse and 7¢ is related to the FWHM
of the intensity of the pulse as, Terwaym = V21In275. The spectral intensity of this pulse
is also a Gaussian, S(w) o< exp(—|[7¢(w — wrn,)]?/2), and its spectral FWHM is given by
the time-bandwidth product, wpwmv = 27 % 0.44/Tewi. 9

Since the Raman terms in the force are quadratic in the fields, the Raman excitation
based on this harmonic oscillator model will resonate for THz carrier frequency at half
the phonon frequency, wrp, = wp/2. This is a two photon process, known as the sum-
frequency Raman excitation, which has recently been demonstrated as the method to

excite coherent optical phonons in diamond with large oscillation amplitudes. 357
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It is possible to solve the harmonic oscillator equations via the Green’s function tech-
nique analytically even for these Gaussian fields. However, this gives the displacements as
lengthy linear combinations of real and complex error functions, which would then need
to be integrated numerically or approximated from their Taylor expansions. This method
introduces errors, especially for small times. Therefore, it is better to solve the harmonic
oscillators equations for the Gaussian fields numerically.

For numerically solving differential equations with various different time scales; the
rapid phonon oscillation and its slow decay, carrier frequency of the pulse and its Gaussian
envelope, special care must be taken as this can become numerically unstable for non-stiff
methods. Therefore, for solving the harmonic oscillators we have relied on the LSODA
algorithm I8! with automatic stiffness detection, as implemented in the scientific Python
package. ® The Python scripts used in this thesis are further documented on GitHub. !

3.2 Density functional theory

In the adiabatic approximation by Born and Oppenheimer, ®!! the potential energy E of
a crystal for fixed positions of nuclei is given by the N-electron Schrédinger equation,

HU(ry,rs,..,vy) = EVU(ry,rs, .., Tx), (3.8)

where the Hamiltonian, (in Hartree units: e = i = m, = 4wy = 1), s,
1 & al len 1

The first term is the kinetic energy operator T and the second term is the external
potential IA/ext, describing the interaction between the electrons and the fixed nuclei. The
third term, that depends on the positions of two electrons, r; and rj, is the electron-
electron interaction term, V., and the last term is the electrostatic energy between nuclei.

Due to the two particle dependency of the electron-electron term, the Hamiltonian
cannot be decoupled into one-particle Hamiltonians which could be solved. While this
term makes the solutions of the many-body Schrédinger equation impossible, it is also the
term that is needed for accurately describing various properties in the condensed matter.

In the present thesis, DF'T is the method of choice for solving the crystal potential
from the above many-body problem, which is needed, for example, to determine the FCs
to simulate the phonons with DFPT. In these theories, the effects of the exchange and
correlation (XC) arising from the quantum mechanical electron-electron interaction are
approximated from a homogeneous electron gas. This electron gas approximation often
works well, however, it is well known to severely underestimate the electronic band gaps
of insulators. %2 This introduces an obstacle for the present thesis, as we are interested
in characterizing electric field responses of polar optical phonons in the small band gap
InSb. Therefore, in this section we will review the theory of DFT to the extent that
we can form a method to guarantee that InSb is correctly described as a semiconductor
with our choices of the XC functional and pseudopotentials. We will further describe the
practical aspects of these simulations for periodic solids, such as the k-point sampling
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and the plane wave basis, which result in convergence parameters that are important for
achieving high quality simulations both at the DFT and DFPT level.

3.2.1 Self-consistent Kohn-Sham equations

The theoretical framework of DFT is based on the theorems by Hohenberg and Kohn. [63l
These theorems prove that the external potential is uniquely determined by the electron
density, and that there exists an universal density functional in terms of which the total
energy can be described. The density that minimizes this total energy is the true ground
state density corresponding to the true ground state total energy.

While these theorems circumvent the otherwise impossible task of characterizing the
many-body wave function by introducing the density. Hohenberg and Kohn did not
manage to give an accurate description for the universal density functional. In particular,
it has been difficult to formulate the many-body kinetic energy as a functional of density.

Kohn and Sham (KS) replaced the problem of finding the ground state density of the
interacting system with an auxiliary non-interacting system, under the assumption that
the ground state densities of the non-interacting and the interacting systems are equal. 64
The genius of this proposal was that the kinetic energy could now be determined from
the one-particle orbitals ¢;(r) of the non-interacting system,

N/2

Tyl ==Y / oy (1) V26(r), (3.10)

where it has been assumed that the system is non-magnetic such that each of the lowest
occupied N/2 orbitals is occupied twice.

In terms of this non-interacting kinetic energy, the KS total energy of the interacting
many-body system is,

Exslp] = Tolo] + Bnlp] + ERET[o] + / Prveq (1)p(z), (3.11)

where the Hartree term describes the Coulomb interaction between two charge densities,

occ

EH[p] _ %Z/dsTdS’l"/¢i(r)¢?(r)¢j(r/>¢;(r/) — l/dSng’f‘/M. (312)

lr —r| 2 lr —r/|

It is necessary to sum over the self-interaction term, ¢ = j, to write Fy in terms of the
two densities. The term ERET[p] in (3.11) is the XC functional of DFT, which should also
account for the fact that kinetic energy is evaluated in the non-interacting KS system.

The density which minimizes the KS total energy is also evaluated from the (doubly
occupied) one-particle orbitals of the non-interacting system,

N/2

plr) =257 6,0 (3.13)
These orbitals are given by solving the KS equations,
1
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where the electron in the non-interacting system feels the effective KS potential,

/ DFT
Vis(r) = / d3r” f (_rzll + 522((’r)[p ] + Vet (). (3.15)

These equations are then solved self-consistently. Starting from an initial guess of
the density, KS potential can be constructed. Solutions of the KS equations then give a
new density, which can be used to calculate the KS total energy and related properties
of the interacting many-body system. For this new density, a new KS potential can be
constructed and the KS equations can again be solved for a new density. This is repeated
until the change in a parameter, such as the total energy, between two concurrent loops
is smaller than an user defined convergence parameter.

3.2.2 Exchange and correlation functional

To solve the KS scheme, parametrization for the XC functional is needed and in DFT this
is approximated from the homogeneous electron gas. However, before discussing these
approximate functionals, we will review the XC in general to understand its effect and
the underlying approximations made in DFT. In particular, we will highlight the role of
the exchange interaction to the self-interaction error (SIE) present in the Hartree term.
The exchange interaction arises strictly from the antisymmetry of the fermionic wave
function under the exchange of two identical fermions, as demanded by the Pauli prin-
ciple. This antisymmetry requirement can be met by describing the many-body wave
function in terms of Slater determinants. If the wave function is approximated by a single
Slater determinant, also known as the Hartree-Fock approximation (HFA), the difference
between the many-body electron-electron interaction in a single Slater determinant basis
and the classical Hartree interaction is defined to give the exact exchange. The total
exchange energy can then be expressed in terms of the occupied atomic orbitals {4} as,

occ

Ex[{0}) = (Veo) s — Eutlp) = —% > / oty PTG T g

v —r'|

where the summation also contains the spin variable o and we have highlighted by the
Kronecker delta, d,,, that the exchange interaction is a pair interaction between electrons
of the same spin only. However, if only one electron, ¢ = j, is considered, the exchange
gives I'x = —Ey and thus (‘Z;e>HFA = 0. This is important as the exact orbital dependent
exchange interaction cancels the self-interaction of the electron with itself in the Hartree
term and which would otherwise cause the one-particle energies to be too large.

In general, the many-body wave function should be written as an infinite linear com-
bination of the Slater determinants (configurations). The correlation energy can then be
conceptually defined as the difference between the HFA and the exact electron-electron
interaction, (Vee) — (Vee)HFA. However, unlike the exchange, it is practically impossible to
calculate this and approximations are needed.

In the local density approximation (LDA) of DFT, the XC are both approximated from
the homogeneous electron gas, where all the electrons are separated by R = |r — r’|. As

shown in appendix D, the exchange part can be straightforwardly calculated by inserting

20



plane waves, ¢;(r) = exp(ik; - r)/v/V, where V is volume of the gas, into (3.16). This
gives the exchange energy per particle per spin in a non-magnetic electron gas as,

xlpe)] = % = > (3%p(x)) %, (317)
where N is the number of electrons per spin in the gas. The exchange interaction is thus
an average quantity that depends on the density of the gas via the density given by the
KS orbitals and the explicit dependence on the underlying atomic orbitals is lost.

The correlation cannot be calculated analytically even for the homogeneous electron
gas. However, as also shown in appendix D, it is possible to express the total XC in
terms of a pair distribution function. For the homogeneous gas, this function describes
the probability that two electrons are separated by a distance R in the gas. Based on this
approach, the correlation can be parametrized as a functional of the electron gas density
using the Quantum Monte Carlo simulation data of the homogeneous electron gas by
Ceperley and Alder.!%! Various parametrizations exists in literature and for the present
thesis we note, in particular, the parametrization by Perdew and Wang. 16!

The total XC in the LDA of DFT is then integrated point-wise using the result from
the homogeneous electron gas, exc = ex + €¢, over a system which is not homogeneous,

BXA 0] = [ Erote)excloe)] (3.18)

In addition to the LDA, common class of XC functionals are the functionals in the
generalized gradient approximation (GGA). These functionals have attempted to include
the effects of the in-homogeneity of real systems by also considering gradients of the
density in the expression for the XC.[7l However, while these gradient considerations
have been shown to better describe finite systems, such as molecules or surfaces, they
are not an improvement for infinite systems such as bulk solids. %! In particular, for the
present thesis, He et al.[%! have studied that LDA outperforms GGA for describing the
vibrational properties of solids. However, they both fail to describe dielectric properties
due to the severe underestimation of the band gap. More advanced functionals exists that
can resolve this band gap problem. "7 However, it is more difficult to implement these
also on the DFPT level and we do not consider them here. We will address this band gap
problem later by the choice of pseudopotentials at the LDA level of DFT.

3.2.3 Plane waves and pseudopotentials

To solve the KS equations a basis set has to be chosen and for periodic solids a common
choice are plane waves. This plane wave basis gives rise to a convergence parameter and
it is also used in conjuction with pseudopotentials as will be discussed here.

In a periodic solid, the wave functions are known to take the form of Bloch waves, [0l

Pic(r) = ui(r)e™T, (3.19)

where 7 labels band index and the wave vector k is restricted to the first BZ. The cell
periodic part, u;(r) = w;(r + T,), can be written as a Fourier series,

ui(r) = Y e, (3.20)

G
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where G is a reciprocal lattice vector. This gives (3.19) as a sum of plane waves,

i (r) = Z Cixpae’ T (3.21)
G
Using this plane wave expansion, the KS equation (3.14) becomes an eigenvalue equation,

1 /
Z |:§|k + G|26GG/ + VKS(G’ — G ):| Ci,k+G' = €ikCi’k+G. (322)
Gl

The dimension of the eigenvalue problem to be solved is given by the number of Fourier
coefficients ¢; x4 in the plane wave expansion. This number is often characterized by the
value of kinetic energy of the corresponding plane wave, also known as the plane wave
cut-off energy: F. < %|k—i—(}]2 in Hartree units. In general, an infinite set of plane waves
would be needed to accurately describe a periodic function. However, the plane waves
with large kinetic energy are often less important and the expansion can be truncated by
only considering plane waves below an user defined cut-off energy. While this truncation
reduces the simulation time, the cut-off energy is an important convergence parameter
in plane wave DFT. In particular, it is always necessary to study that the parameter of
interest is converged with respect to the number of plane waves used in the basis set.

As discussed, the plane waves form a complete set of orthonormal functions and any
periodic function can be expanded in terms of plane waves. However, the valence orbitals
of atoms are highly oscillatory in the core region and an accurate plane wave expansion
of an oscillatory function requires many Fourier components. As the number of Fourier
components directly gives the dimension of the KS eigenvalue equation to be solved, this
becomes computationally unfeasible. Therefore, the goal of introducing pseudopotentials
is to remove certain number of core electrons by introducing a cut-off radius and replace
the potential below this radius by an effective potential. This allows one to replace the
highly oscillatory valence wave functions by smooth pseudo wave functions in the core
region, which can then be expanded in a feasible number of plane waves. Above the core
region, the pseudopotential and the wave function match their all electron counterparts.
These pseudopotentials for DFT are constructed for the periodic table of elements for
the chosen XC functional from their all electron potentials. For this construction to be

accurate various properties have to be conserved, which is discussed more in Refs. [67:74

3.2.4 Brillouin zone sampling

From the Bloch theorem it follows that the wave functions and their energies are charac-
terized by the band index ¢ and the wave vectors k in the first BZ. Various properties,
such as calculating the density given by the KS orbitals, require a summation over this
band index and an integration with respect to the k-points in the BZ. This integration
can be discretized to a finite number of special k-points in the IBZ for efficient numerical
simulations and this results in an important convergence parameter as discussed here.
Macroscopic crystal consisting of N = N; Ny N3 unit cells can be taken to satisfy the
periodic Born-Von Karman boundary conditions, ¢;(r + N;a;) = ¢;(r), where N; is the
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number of unit cells in the direction of the primitive lattice vector a;. The number of
k-points in the primitive unit cell of the reciprocal space of this crystal is then given by, [0l

3

Ko, mpmy = i %bi, (3.23)
where n; = 1,2, .., N; and b; is the primitive reciprocal lattice vector. There are exactly
as many k-points in the BZ as there are unit cells in the macroscopic crystal, which in
practice is infinite. Therefore, the wave vector k can be treated as continuous. However,
the values at k-points close to each other are almost identical and it is possible to choose
a smaller set of special k-points for which the BZ is sampled. A commonly used set of
such points has been described by Monkhorst and Pack, [

>, — gy — 1
knl,nz,m = Z 2 bz’; (324)

%

where n; = 1,2, ..., ¢; and which gives ¢; X go X ¢3 uniformly spaced k-points in the BZ.
If point symmetries of the BZ are employed, the k-point sampling can be restricted to
the IBZ. A general function, such as the density, can be sampled in the IBZ as, 67!

IBZ

o
= o / 709 = D il (3.25)

where k are irreducible set of the special k-points, (3.24), in the IBZ, which are weighted
by the factors wyx. These weight factors are given by ratio of the elements in the entire
point group of the crystal to number of elements of the corresponding wave vector groups.

Choosing the grid for the k-point sampling is an important convergence parameter.
While a function can be sampled faster on a smaller number of k-points, it is necessary to
study that the quantity of interest is converged with respect to the size of the q; X g2 X ¢3
grid. This has to be done separately from studying the convergence with respect to the
plane wave cut-off. In other words, for every chosen cut-off energy in the convergence
study, the convergence with respect to different sets of k-points has to be studied as well.

3.2.5 Self-interaction error and the electron structure of InSb

It is well known that the local and semi-local approximations of XC in DFT fail to properly
describe the energy gaps of insulators. 2 As mentioned, for the present thesis this creates
an obstacle as we are interested in simulating material parameters that describe electric
field responses of polar optical phonons in the small band gap InSb. From literature, we
already know that all electron calculations at LDA or GGA level of DFT describe InSh
as a metal.[™ However, in pseudopotential DFT this band gap problem can be avoided
by the choice of pseudopotentials for In and Sb at the LDA level.

In section 3.2.2, we discussed that the Hartree potential in the KS equation, or in
general, leads to the self-interaction of the electron with itself. We further showed that
the exact orbital dependent exchange interaction cancels this. However, as in the LDA or
GGA of DFT, the exchange is entirely approximated from the homogeneous electron gas
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and the explicit dependence on the atomic orbital is lost. This leads to the SIE of DFT
which is a major caveat of these approximate functionals. In particular, because of this
the one-particle KS energies and orbitals are simply wrong. The question we ask here,
with the present pseudopotential DFT, is that how wrong and for which atomic orbitals.

The one-particle energies given by KS equations are used to characterize the electronic
band structures. In Fig. 5(a) is shown a KS band structure of InSb simulated with the
Perdew-Wang LDA functionall%! and scalar relativistic, (no spin-orbit coupling), pseu-
dopotentials, ™ using the plane wave DFT code ABINIT. [l These pseudopotentials con-
sider the 4d'%5s25p* and 4d'°5s25p? electrons of In and Sb, respectively, and the remaining
are frozen into the pseudopotential core. It is seen that indeed the gap is closed at ' and
LDA describes InSb as a metal for these pseudopotentials.

Looking at the band structure in (a) in more detail, the valence band maximum is
given by a band which in the vicinity of the I' point is rather flat in energy. As the
band is flat, this implies that it arises from atomic orbitals with high degeneracy i.e.,
the five-fold degenerate 4d-orbitals of In and Sb. In these atomic orbitals the electrons
are localized. The conduction band minimum is given by a band that close to the I’
point shows parabolic, free-electron like, dispersion. Therefore, it arises mainly from the
delocalized 5s- and 5p-orbitals of In and Sb with smaller degeneracy.

(a) (b)
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Figure 5: LDA KS band structures of InSb for two different scalar relativistic, (no spin-orbit
coupling), pseudopotentials: (a) In and Sb 4d-orbitals in the valence of the pseudopotentials
(b) In and Sb 4d-orbitals in the pseudopotential core. Freezing the 4d-orbitals of In into the
pseudopotential core minimizes the self-interaction error of DFT in these localized orbitals, which

pushes down the flat band at the valence band maximum resulting in a band gap of 0.22 eV.

The electrons in the homogeneous electron gas are more delocalized. Therefore, the
SIE of DFT for delocalized electrons in the parabolic bands is well cancelled by the electron
gas approximation of the XC. The vanishing of the band gap can be suggested to arise
from the SIE in the flat band, corresponding to the localized electrons in the 4d-orbitals
of In and Sb. This causes that the one-particle KS energies of this band are too high.

In Fig. 5(b) is shown a KS band structure simulated with the same Perdew-Wang
LDA functional, but for scalar relativistic Hartwigsen-Goedecker-Hutter (HGH) pseu-
dopotentials. ™! In these pseudopotentials, the In and Sb 4d-electrons are frozen into the
pseudopotential core, and only the 5s?5p! and 5s25p? electrons of In and Sb, respectively,
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are considered. It is seen that the flat band is now pushed down in energy and as a result
gap of 0.22 eV opens at the I point. This is in good agreement with the experimental
0.235 eV gap. ! Therefore, the band gap problem of DFT in InSb at the LDA level can
be avoided by minimizing the SIE in the localized 4d-orbitals of In and Sb by freezing
these orbitals into the pseudopotential core. In particular, based on molecular orbital
theory considerations of GaAs, 8! we can suggest that it is the cation In 4d-orbitals that
are located at the Fermi level of InSb and which close the gap due to the SIE. This is
further verified by the fact that a similar band gap closing has been observed in InAs. 82

It is instructive to further note that the valence band maximum at I" point of zincblende

331 if the group of the

is the three-fold degenerate I'y5 irrep of the tetrahedral group Ty,
electron spin is not considered. As described in Sec. 2.2.3, both the p-orbitals; (z,v, 2),
and the three d-orbitals; (zy,yz,zz), (where the remaining two d-orbitals are split by
the tetrahedral crystal field), transform according to this irrep. This allows for coupling
between the p- and d-orbitals at the I' point.®* Therefore, the flat band will always be
degenerate at I' point with the one-particle energy of the parabolic conduction band as in
(a) or the valence band as in (b) and never located in between. This further means that
the ordering of the three-fold I';5 and the one-fold s-orbital like I'; states is wrong in (a).

Let us discuss the validity of our method for achieving the semiconductor proper-
ties of InSb for the DFPT simulations. In general, geometrical optimization using LDA
functionals tends to underestimate the lattice constants. ¥ Furthermore, the geometrical
optimization using the HGH pseudopotentials resulted in a 2% smaller lattice constant for
InSh, due to the 4d-orbitals being frozen into the pseudopotential core. In comparison,
using the pseudopotentials where the 4d-orbitals are considered as valence gave less than
1% smaller lattice constant. In general, smaller lattice constant implies higher vibrational
frequencies®® and this choice can affect the accuracy of the DFPT simulated phonon
dispersion. However, for a polar material where the LO-TO splitting can be described in
terms of the dielectric constants, as will be shown in the upcoming section, and as the
driving force of the harmonic oscillator model is based on electric field responses. It is
better to optimize the simulations for the correct electronic structure over the geometry.

3.3 Density functional perturbation theory

The KS DFT is a ground state theory and the material parameters needed for the har-
monic oscillator model are the response properties of InSb, which are not solved at the
DFT level. However, these responses can be directly related to the changes of the total
energy with respect to different perturbations, and which are solved at the DFPT level.
The general theoretical framework of DFPT is lengthy and as it inherits the practical
aspects from DFT which we have already described. A review of the theory of DFPT
is outside the scope of this thesis and we refer to the original papers by Gonze "8 for
the DFPT implementation in the ABINIT code. In this section, we will rather highlight
the importance of considering the effect of the macroscopic electric field accompanied the
longitudinal optical motion of ions in polar semiconductors for all the present simulations.
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3.3.1 Phonons, linear and non-linear optics of polar semiconductors

In section 2.2 we described that the phonons are given by diagonalizing the dynamical
matrix, (2.22), which in the harmonic approximation depends on the 2FC. This 2FC is
given by the second order derivative of the crystal potential with respect to two atomic
displacements. As the crystal potential contains an electronic and ionic contribution, the
2FC also contains these contributions,

o7 (q) = 9917 (q) + "0l (q). (3.26)

In the framework of DFPT, the second derivative of electronic part of the potential energy
can be calculated entirely from the first order derivatives of the KS orbitals and these
orbitals are given by solving the Sternheimer equation. 8" The ionic part, which does not
depend on the electronic structure, can be calculated by the Ewald summation method.
The explicit expressions for these two can be found given by Gonze and Lee. %)

As shown in appendix E, the Maxwell’s equations of dielectric media describe that the
LO motion of ions in polar materials is accompanied by a macroscopic electric field in the
long wavelength limit. This field creates a restoring force on the ions and causes the LO
mode to oscillate faster than the TO mode. ™ This phenomenon is well known as the
LO-TO splitting in polar materials. In addition, this electric field is also the reason for
the strong Frohlich coupling of the LO phonons as discussed in the introduction.

For first-principles calculations, this macroscopic electric field has to be considered
in the Hamiltonian. However, care must be taken as this field is not lattice periodic.[*!
Therefore, the 2FC in the long wavelength limit is split as, %!

o7 (q — 0) = ¢, (q = 0) + @, (q — 0), (3.27)

where the analytical part ana@ﬁf(q = 0) does not contain the electric field and it is
evaluated at the zone center as for non-polar material. The non-analytic part is, [*°!

Ame? Zv I Zisa Z'y’ Gy Zi s
QO Zaﬁ qAagé.:)BqA/B

gl (g — 0) = (3.28)

where e is the elementary charge, () is the volume of the primitive unit cell, ¢, is an unit
vector in direction v and Z;, is the Born effective charge tensor of an atom [. €7} is
the high frequency dielectric tensor, which describes the response of the material to an
external electric field above the phonon resonance, but below the electronic band gap.
For the cubic InSb, the tensors are isotropic and the effective charges satisfy 27, =
—Z%, = Z* due to charge conservation. Inserting (3.28) into (3.27), the dynamical matrix

in (2.21) gives the frequency of the LO mode based on the frequency of the TO mode as,

4dme? 72
Qo pe>’

wro(q — 0) = \/wTo(q =0)+ (3.29)

where p is the reduced mass of InSh.
The dielectric tensor and the effective charges can both be related to the second order
derivatives of the total energy, %! which are given by the first order derivatives of the KS
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orbitals, and these orbitals can be solved from the Sternheimer equation. [ Therefore,
provided that the band gap is correctly produced, DFPT gives a simple first-principles
approach to evaluate the LO-TO splitting caused by the long-range Coulomb interactions
between the ions in polar materials. In comparison, evaluating the derivatives of the
crystal potential by simply displacing the atoms in a supercell geometry, the accurate
description of this long-range interaction would require large supercells. This so-called
finite difference method is computationally demanding for polar materials.

The LO-TO splitting only applies in the zone center limit, q — 0. At very small wave
vectors, ¢ < wro/c, where ¢ is the speed of light, and at the exact zone center it should
vanish. ¥ Achieving this would require to consider the fact that the Coulomb interaction
between the ions is not instantaneous, as is assumed in non-relativistic theories, but rather
travels with the speed of light. However, we do not consider relativistic effects in this work,
as this condition is not satisfied for the THz radiation used to excite the LO phonon.

In DFPT, the Raman tensors for the TO modes are given by the third order derivative
of the KS total energy with respect to two electric fields and displacement of an atom. [¥2
For the Raman tensors of the LO modes, it is again necessary to consider the effect of
the macroscopic field. This requires knowledge of the non-linear susceptibility and which
is given by third order derivative of the KS energy with respect to three electric fields. %
Theorem in perturbation theory tells that 2n 4+ 1 order derivatives of the total energy
can be evaluated from the nth order derivatives of the wave functions.!®”! This theorem
has been imported to DFPT by Gonze and Vigneron[®® and thanks to this, the Raman
tensors can also be evaluated from the first order derivatives of the KS orbitals.

Finally, it is worth to note that the anharmonic lifetimes of phonons are also given by
third order derivatives of the crystal potential. By the above 2n + 1 theorem, these could
also be evaluated from the first order derivatives of the KS orbitals. However, for the
decay of the LO phonon in polar materials, the effect of the macroscopic electric should
also be considered and this not available in DFPT at present.

4 Results and Discussion

In this section we will present the results for this thesis. First, we will discuss the DFPT
simulated phonon dispersion of InSb and the LO phonon modes relevant for the THz
excitation. We will further discuss the anharmonic decay of these modes to gain insight
into the approximations made in the literature, and to gain a preliminary value for the
lifetime to be used in the harmonic oscillator model. After this, we will discuss our results
for the DFPT simulated linear and non-linear optical responses of InSh.

Equipped with the material parameters and an approximation for the anharmonic
lifetime, we can solve the harmonic oscillator equations to model the TXRD intensity of
the nearly forbidden reflections due to the THz excited LO phonons. We will discuss the
intensity modulation of the different reflections for varying the THz pulse parameters and
electric field polarizations. In the final section, we will present preliminary experimental
results from the FemtoMAX beamline, which show that the nearly forbidden reflections
can be clearly detected in the equilibrium geometry.
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4.1 Longitudinal optical phonons in InSb for the THz excitation

In Fig. 6 is shown DFPT simulated phonon dispersion of InSb over a chosen g-path
along the IBZ. The phonon dispersion contains an acoustic band which consists of the
three phonon branches that have zero frequency at the I' point, as defined in the group
theory section. The remaining three branches form the optic band. These two bands are
separated by a phononic band gap, which can be defined as the separation between the
dark blue acoustic and the red optic branch along X — W — K. Due to the small mass
difference of In and Sb this phononic band gap is small.

In the phonon dispersion, the mode polarizations with respect to the underlying wave
vectors have been denoted and the modes have also been characterized in terms of the
irreps of their respective wave vector groups using the Koster notation, [*)) which can be
found tabulated in appendix B. The longitudinal modes are higher in frequency than
the transverse ones, except close to the BZ boundaries for the optical modes. Along the
A and A directions, the transverse modes are two-fold degenerate and this degeneracy is
lifted along the ¥ direction due to small symmetry in this direction. This small symmetry
causes that the ¥; phonons do not have definite polarizations, except in the q — 0 limit.
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Figure 6: DFPT simulated phonon dispersion of InSb where the six different phonon branches

of the zincblende structure have been labelled in terms of their irreps and mode polarizations.

In table 1 we have compared our simulated phonon frequencies to the experimental val-
ues measured by Price et al. ! with neutron diffraction for a selection of high symmetry
points, (A and O stands for the points in the acoustic and optic bands, respectively). The
phonon frequencies simulated in the harmonic approximation are seen to be in good agree-
ment with the experimental values. However, for few acoustic modes at the BZ boundary
points: X5(A), L1(A) and L3(A), our frequencies are slightly higher. We account this dis-
crepancy to the choice of the soft LDA pseudopotentials, which underestimate the lattice
constant by 2% and, therefore, overestimate the vibrational frequencies.

28



Table 1: DFPT simulated phonon frequencies for a selection of high symmetry points and

experimental values measured by Price et al. %! with neutron diffraction at 300 K.

| E/h (THz) [| T15(LO) [ I15(TO) [ X5(0) [ X5(0) | X5(A) | X5(A) [ Ls(0) [ L1(0) | Li(A) | Ls(A) |
DFPT 5.77 5.49 5.20 4.67 4.42 1.33 5.35 4.78 4.05 1.08

Ref. 194] 5.90 5.54 5.38 475 | 4.30 1.12 | 5.31 | 4.82 | 3.81 | 0.98
(300 K) +0.25 +0.05 | £0.17 | £0.20 | £0.10 | £0.05 | £0.06 | £0.10 | £0.06 | £0.05

The correct LO-TO splitting in polar semiconductors is in general more difficult to
achieve with DFPT, as this depends on the dielectric properties and the band gaps are
known to be underestimated by the local choices of exchange and correlation. In literature,
the DFPT simulated LO branches of small band gap semiconductors can sometimes be
noted to show camel back shaped dispersion centered at the I' point.!%! This is due to
overestimating the high frequency dielectric constant in (3.28), due to too small band gap,
and thus underestimating the LO-TO splitting. For the present method, we do not observe
this camel back dispersion and from table 1 we can see that the difference between our
I'15(LO) and I'15(TO) frequencies agree with the experimental®>. Therefore, our method
works well for describing the LO-TO splitting, which is important for simulating the
electric field responses of the polar optical phonons for the harmonic oscillator model.

For the present thesis, the phonon modes of interest for the THz excitation are the
zone center limit, ¢ — 0, LO phonons which have been visualized in Figs. 7(a-c). In (a)
is shown A;(LO) phonon, where the optical motion is longitudinal with respect to the
z-direction, (or any other Cartesian direction). In (b) is shown a 3;(LO) phonon where
the optical motion is longitudinal with respect to the (z + y)-direction. (At finite wave
vectors, >; phonons do not show definite polarizations and we have not denoted them in
the phonon dispersion.) In (c) is shown a A;(LO) phonon, where the optical motion is
longitudinal in the (z +y + z)-direction. In Figs. 2(a-b) in the introduction, the mode in
(c) was shown to manifest itself in the large modulation of the XRD intensity of the nearly
forbidden reflections. However, depending on the polarization of the THz radiation, we
can excite these LO modes and we will later model their effect on the TXRD intensity.

Figure 7: LO phonon modes of InSb in the zone center limit, g — 0: (a) A;(LO) (b) £;(LO)
and (c) A1(LO). The modes have been visualized using the phonon website. 32!

2Based on group theory, the exact zone center I';5 phonon is three-fold degenerate and the I';5(LO)

and T';5(TO) frequencies in table 1 are referred in the zone center limit.
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Let us discuss the anharmonic decay of these THz excited LO phonon modes. In
Sec. 2.2.2 it was discussed that in the lowest and most dominant order, the anharmonic
decay of the zone center LO phonon results in two phonons of opposite momenta, which
together conserve the LO phonon energy. In section 2.2.1, it was further noted that
the dynamical matrix satisfies time-reversal symmetry and thus the phonon branches at
opposite momenta are identical. Therefore, the energy conservation in the decay can be
evaluated for two phonon branches in a vertical line in the phonon dispersion.

Due to the LO-TO splitting and the small phononic band gap of InSb, various two
phonon decay channels conserve the LO phonon energy. For example, the LO phonon can
decay into a small wave vector TO phonon together with either a small wave vector LA
or TA phonon, where the acoustic phonon compensates for the LO-TO split. This decay
channel will be referred as the Ridley-Gupta channel. ?Y The energy of the LO phonon is
also conserved by the decay into two identical acoustic phonons, each with approximately
12 meV energy in InSb, which is known as the Klemens channel.?!! In addition, the LO
phonon in InSb can also decay into two non-degenerate acoustic phonons, which will be
referred as the Vallée-Bogani channel. ?2 In general, this Vallée-Bogani channel requires a
smaller phononic band gap than the Klemens channel, and for InSb this channel conserves
the LO phonon energy for two non-degenerate acoustic X; phonons close to the K point
and for non-degenerate acoustic phonons on the path X —W — K along the BZ boundary.
As this Vallée-Bogani channel is allowed for InSb, it can be thought that the anharmonic
lifetime of the LO phonon in InSb is small compared to other zincblende semiconductors.

As also discussed in Sec. 2.2.2, the coupling rate of the LO phonon with phonons in
the different channels is distinguished by the anharmonic potentials (2.29). Based on the

(11,431 it is directly concluded that the decay into

discussed analytical limit by Debernardi,
the small wave vector optic and acoustic phonon in the Ridley-Gupta channel, should have
small contributions to the anharmonic lifetime of the LO phonon. Furthermore, based on
the fact that the approximated coupling rate favors two non-degenerate phonons over two
degenerate phonons. It is suggested that the Vallée-Bogani channels dominate over the
Klemens channels. Without considering the effect of the macroscopic field accompanied
the LO phonon, Debernardi!™! has found this to be true for GaAs. In particular, his
DFPT data show that the single most dominating channel in GaAs is the decay into two
non-degenerate acoustic ; phonons. This can be suggested to also be the case for InSb,
as these two zincblende semiconductors have the same mass difference of the constituting
atoms and thus a similar phonon dispersion and phononic band gap. It is noted, that the
decays into non-degenerate acoustic phonons along BZ boundary X — W — K do sum up
to a large contribution to the anharmonic lifetime of the LO phonon in GaAs. !

Above discussion contradicts the calculation of 7.26 ps LO phonon anharmonic lifetime
in InSb at 300 K by Ferry ! under the assumption that the only decay channel is the
Klemens channel. Thus, we will initially approximate the value of the LO phonon lifetime
in our harmonic oscillator model as an average of the 6 ps lifetime determined from the
Raman FWHM 27 and the 10 ps lifetime measured by Lockwood et al.[?! (It needs to be
noted that the main result of Ferry is not the fact that he used the same approximation as
Klemens did for calculating the LO phonon lifetime in silicon, but rather that Ferry showed
that the polar nature of the LO has to be also considered for the decay in zincblende.)
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4.2 Linear and non-linear optical responses of InSb

To model the oscillation amplitudes of the THz excited LO phonons using the harmonic
oscillator model, we have simulated the Born effective charges for InSb with DFPT as:
Zt, = —2Z&, = 2.03e, where —e is the electron charge. The sign difference of the effective
charges can be directly justified by the fact that Sb is more electronegative than In, and,
therefore, the Sb atoms form the anions in InSb. As we have shown that our choice of
pseudopotentials for In and Sb correctly describes the LO-TO splitting, which depends
on the Born effective charges via (3.29), we can further justify that the simulated Born
effective charges are accurate. While experimental data on the Born effective charges are
difficult to find, Asadi et al.[%l have simulated the same values for the Born effective
charges in InSb with DFPT. However, this is not surprising as their method for opening
the band gap in InSb is by using the same LDA HGH pseudopotentials, where the In and
Sb 4d-orbitals are frozen into the pseudopotential core, as ours.

For the elements of the Raman tensors we have simulated, —dp, = dg, = 13.3 A‘l,
(in SI units). As discussed in Sec. 3.3, the accuracy of these values can again be moti-
vated by the fact that the LO-TO splitting and dielectric properties of InSb are correctly
characterized by our choices of pseudopotentials. To the authors best knowledge, no ex-
perimental data on the Raman tensors of InSb exist in literature, and for comparison we
rely on other DFPT simulations. Deinzer and Strauch!®” have reported Raman polariz-
ability, o = Q|dp,| = 47 x 70.5 A2, (in SI units). If we use our theoretical volume of the
primitive unit cell, Qy = 63.9 A3, our Raman polarizability is 4% smaller than the one
simulated by Deinzer and Strauch. Using the experimental volume, 2y = 68.0 A3, our
value is 2% larger. Deinzer and Strauch have not reported their volume or details of their
method. Therefore, we can account this deviation to our small volume as a result of using
the soft LDA HGH pseudopotentials, or them underestimating the band gap. Finally,
we note that the Raman tensors have opposite signs with respect to the Born effective
charges.

4.3 Time-resolved x-ray diffraction of THz excited LO phonons

Equipped with the DFPT simulated phonon modes and material parameters describing
the linear and non-linear responses of InSb to external electric fields. We can finally solve
the harmonic oscillator equations to model the TXRD intensity of the nearly forbidden
reflections due to the THz excited LO phonons for a chosen THz pulse and polarization.

As discussed in Sec. 3.1, the electric field of an ultrashort pulse can be modelled
to have a Gaussian envelope. Using Eq. (3.7), the electric field of an ultrashort THz
pulse and its Gaussian envelope have been plotted in Fig. 8(a). The parameters for this
pulse are: Tewam = 200 fs, wrp, = 27 x 4.3 THz and a total field strength of |Eq| = 1
MV /em, which are reasonable THz parameters as can be generated from organic crystals.
The pulse has been further centered at 1 ps. The spectral intensity of this pulse is also
a Gaussian centered at wry, = 27 x 4.3 THz and its spectral FWHM is given by the
time-bandwidth product: wpwpm = 27 X 0.44/7pwnm = 27 x 2.2 THz. The normalized
spectral intensity of the pulse in Fig. 8(a) has been plotted in Fig. 8(b).
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Figure 8: Ultrashort Gaussian THz pulse: (a) Electric field and its Gaussian envelope as
function of time. (b) Normalized spectral intensity of the pulse in (a). Pulse parameters are:
Carrier frequency; wry, = 27 x 4.3 THz, total field strength; |[Eg| = 1 MV /cm, temporal FWHM
of the intensity of the pulse; Tpwum = 200 fs and spectral FWHM; wpwuam = 27 x 2.2 THz.

As further described in Sec. 3.1, the forces due to the Raman terms which are quadratic
in the fields, resonate at half the phonon frequency as a two photon sum-frequency Raman
excitation. Therefore, we have initially chosen the carrier frequency of the pulse such
that it contains equal amounts of the spectral component of the two photon Raman
excitation frequency of InSb, wro/2 = 27 x 2.9 THz and the dipole excitation frequency,
wro = 27 X 5.8 THz, approximately 30% as can be read from Fig. 8(b).

The Raman tensors were also noted to have opposite signs with respect to the Born
effective charges. Therefore, the THz polarization has been initially chosen as, Ey, =
—Ey, = Ey, = |Eo|/ v/3. This results that the forces due to the terms quadratic in the
fields are in the same direction as the forces due to the terms linear in the fields. This
polarization excites LO phonon in the crystal [111] direction as was shown in Fig. 7(c).

For the above described THz pulse and polarization, solutions of the harmonic oscilla-
tor equations for displacements, uy, ;, of the In atoms from their equilibrium positions in
different Cartesian directions have been plotted in Figs. 9(a-c). The atoms can be seen to
initially oscillate with the electric field of the pulse, centered at 1 ps, and the displacement
in the y-direction is opposite to the displacement in the z- and z-directions. After the
initial oscillation in the pulse, the oscillation of the atoms is sinusoidal, as described in
(3.6), with frequency of the LO phonon wr,o = 27 x 5.8 THz. This corresponds to a 170 fs
period for the oscillation. Considering the peak at approximately 1.4 ps, which is the first
peak after the initial oscillation in the pulse, the maximum displacement is 0.22 pm. This
displacement then decays exponentially, exp[—t/(27)], where the anharmonic lifetime of
the LO phonon has been approximated as 7 = 8 ps based on the discussion in the end of
Sec. 4.1.

Displacements of the Sb atoms in the zone center optical phonon mode are in the
opposite directions scaled by the mass ratio of the atoms, ug, = —+/ My, /Mspur,. This
gives approximately 0.3% change in the bond length between In and Sb. We also note that,
even though the spectral intensities of the two photon Raman and the dipole excitation
are equal for this THz pulse, only 1% of the displacement is due to the Raman terms.
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Figure 9: Displacements of In atoms in Cartesian directions according to the harmonic oscillator
model driven by the ultrafast THz laser pulse defined in Fig. 8. After the initial oscillation in the
electric field of the pulse centered at 1 ps, the amplitude of the LO phonon mode with frequency
wro = 27 x 5.8 THz decays exponentially, exp[—t/(27)], where the anharmonic lifetime of the
LO phonon in InSb has been approximated as 7 = 8 ps.

These displacements in the THz excited LO phonon can be inserted into the structure
factor, (1.2), to model the TXRD intensity modulation. In Fig. 10(a) we have plotted
the TXRD intensity of the nearly forbidden reflections, {222,222 600,200}, for InSb
using the above defined THz pulse. The first few peaks arise from the initial oscillation
of the atoms in the electric field of the pulse. Furthermore, as the TXRD intensity
modulation is symmetric with respect to an increase or decrease of the bond length, an
intensity maximum is observed twice per every oscillator period, i.e., every 85 fs. For
THz polarization in the crystal [111] direction, the 222 reflection clearly shows the largest
intensity modulation. Considering the intensity of the peak at approximately 1.4 ps,
50% increase in the intensity of the 222 reflection is observed. Furthermore, for the 8 ps
approximation of the anharmonic lifetime of the LO phonon, approximately 10% increase
of the intensity of this reflection can still be observed 12 ps after the THz pulse.
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Figure 10: TXRD intensity of the nearly forbidden reflections of InSb for two different THz
polarizations: (a) THz excitation of LO phonon in the crystal [111] direction, (b) THz excitation
of LO phonon in the crystal [100] direction. The THz pulse is described in Fig. 8

The intensity modulation of the reflections for the chosen THz polarization can be
understood as follows. For displacing the atoms in one direction and not considering the
periodicity caused by the phonon mode. The XRD intensity itself is a sinusoidal periodic
function for the displacements, as given by the square modulus of the structure factor,
(1.2), which takes the minimum value for the equilibrium positions of the atoms. (This
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can be verified from Fig. 2(b) in the introduction, which would also show the periodicity if
it was plotted for larger displacements.) Therefore, the maximum intensity modulation is
achieved by maximizing the argument of the exponential in the structure factor: (hu, .+
Kty + (U, ), for the displacements u,,,; due to the chosen THz polarization.

For THz polarization with all non-zero electric field components, reflections with all
non-zero Miller indices are of interest. Furthermore, as the THz polarization used in Fig.
10(a) is specifically in the crystal [111] direction, the 222 reflection is the most modulated.
In comparison, the negative displacement of the atoms in the y-direction counteracts the
intensity modulation due to one of the two remaining positive displacements in the argu-
ment of the exponential for the 222 reflection. Therefore, the 222 reflection is significantly
less modulated than the 222 reflection. If the THz polarization was instead in the crystal
[111] direction, these two reflections would be exchanged. However, with the distinction
that for the [111] THz polarization, the displacements due to the two photon Raman and
dipole excitation are against each other. For the THz pulse used in (a), this effect is,
however, negligible as 99% of the displacement comes from the terms linear in the fields.

Based on maximizing the argument of the exponential in the structure factor, the 600
reflection in Fig. 10(a) is more modulated than the 200 reflection, as the displacement in
the z-direction is multiplied by six instead of two. However, there is no reason to probe
either of these two reflections after exciting LO phonon mode in the diagonal crystal
direction with all non-zero electric field components. Unless, the THz pulse is such that
the forces due to the two photon Raman excitation, which requires a polarization with at
least two non-zero electric field components, are dominating. Even still, the 600 reflection
will not exceed the modulation of the 222 reflection for the [111] THz polarization.

In Fig. 10(b) is shown the intensity modulations of the nearly forbidden reflections for
the same THz pulse as in Fig. 10(a), but for polarization Ey, = |Eg|. This polarization
results in LO phonon mode in the crystal [100] direction, as was shown in Fig. 7(a),
entirely as a dipole excitation. Clearly the 600 reflection is the most modulated and almost
70% increase in the intensity is observed. The reason why the 600 reflection is the most
modulated can again be understood from maximizing the argument of exponential for
displacements of the atoms only in the z-direction. We further note that the modulation
of the 600 reflection in this polarization exceeds the modulation of the 222 reflection
in (a), even though they both give the argument of the exponential to depend on the
displacement as, 6u,, .. This is because the polarization Ey, = |Eq| in (b) gives 0.38 pm
displacement in the z-direction, in comparison to the 0.22 pm displacement in (a).

While both the 222 and 600 reflection are clearly interesting to study after THz ex-
citation of the LO phonon in the crystal [111] and [100] direction, respectively. We will
first given an overview of the effect of the different THz pulse parameters for the intensity
modulation of the 222 reflection in the [111] polarization to understand their effect. Later,
we will discuss in more detail the achievable intensity modulations of these two reflections
for these two THz polarizations as a function of THz fields strengths.

In Figs. 11(a) and (b), we have studied the effect of the THz carrier frequency. In (a)
the THz carrier frequency is wry, = 27 X 4.3 THz, which is the same as used Fig. 10(a),
and in (b) the THz carrier frequency is wry, = 27 x 3.8 THz. Other pulse parameters
are as defined in Fig. 8. It is seen that a significant drop in the intensity modulation is
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Figure 11: Comparison of the 222 reflection intensity modulation for THz polarization in the
crystal [111] direction with respect to the different THz pulse parameters: Carrier frequency,
wrHz; (a) 27 x 4.3 THz, (b) 27 x 3.8 THz. FWHM of the intensity of the pulse, Tewmwm; (¢) 150
fs (d) 250 fs (e) 300 fs. Total field strength, |Eq|; (f) 0.6 MV /cm (g) 0.8 MV /cm (h) 1.2 MV /cm.

The other unspecified pulse parameters for each figure are as given in Fig. 8.

observed. This can be simply understood by shifting the center of the Gaussian spectral
intensity in Fig. 8(b) by 0.5 THz to the left, and the pulse used in (b) only contains 10%
of the dipole resonance component of the InSb LO phonon, as opposed to the 30% for
the pulse used in (a). We note that, while the pulse centered at wry, = 27 x 3.8 THz in
(b) now contains 50% of the two photon Raman frequency, the displacements due to the
Raman terms are still only 4% of the total displacements for the 1 MV /cm field strength.

In Figs. 11(c-e) the effect of the temporal FWHM of the intensity of the pulse has
been studied for mrwmy = [150, 250, 300] fs in (c), (d) and (e), respectively. Other pulse
parameters are as defined in Fig. 8. It is seen that the shorter the FWHM is, the less the
atoms initially oscillate in the pulse. The temporal FWHM also has a significant impact
on the intensity modulation of the reflection after the initial oscillation. This is because
the product of the temporal and spectral FWHMs for a Gaussian pulse is a constant, as
described by the time-bandwidth product. Therefore, if the temporal FWHM increases,
the spectral FWHM decreases, and a Gaussian pulse centered off resonance will contain
less of the resonance component. In particular, the normalized spectral intensities of both
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the two photon Raman and the dipole excitation are [50, 15, 6.5]% for pulses used in (c),
(d) and (e), which explains the drop in the intensity modulation. However, the spectral
intensity is also proportional to the square of the temporal FWHM, "% and we cannot
precisely compare the normalized intensities of the spectral components for the different
FWHMs. This effect can be observed, for example, by noting that in Fig. 11(c), with
TewaM = 150 fs and 50% of the spectral intensity of the Raman and dipole excitation
frequency. The increase in the intensity is still slightly smaller than previously in Fig.
11(a), where Tewmy = 200 fs and the spectral intensities of these two components are 30%.
While this suggests that pulses with large temporal FWHMs are favored, the coherent
excitation of the LO phonon mode requires pulses with short duration.

In Figs. 11(f-h), we have compared the effect of the total field strength: |Eq| =
[0.6,0.8,1.2] MV /cm in (f), (g) and (h), respectively. Other pulse parameters are as
defined in Fig. 8. If we consider the intensity of the sixth peak at approximately 1.4
ps, we observe [18,30,47,67]% increase in the intensity of the 222 reflection for the field
strengths of |Eq| = [0.6,0.8,1.0,1.2] MV /cm, where the value for |Eq| = 1.0 MV /cm is
taken from Fig. 11(a). As the intensity modulation is described by a sinusoidal periodic
function, which takes the minimum value in the equilibrium. The modulation increases
rapidly with increasing field strength and the corresponding atomic displacements.

The preceding discussion of the effect of the different pulse parameters on the TXRD
intensity clearly highlights the significance of the phonon resonance component in the
ultrashort pulse. However, it is still clear that significant increase in the XRD intensity
can be achieved for ultrashort pulses even if they are not exactly centered at the phonon
resonance. KEquipped with this understanding, we will study the achievable intensity
modulation of the reflections as a function of THz field strengths more systematically.

In Figs. 12(a-c) is shown the XRD intensity modulation of the nearly forbidden
reflections in InSb as a function of the total field strength for three different THz carrier
frequencies: (a) wpo/2 = 27 x2.9 THz, (b) wro = 27 x 5.8 THz and (c¢) 27 x 3.5 THz. The
remaining pulse parameters are as defined in Fig. 8. The solid lines indicate the intensity
modulations of the reflections for THz polarization: [Ey,, Eoy, Fo.] = [1,—1,1]|Eo|/v/3
and the dashed lines are for THz polarization: [Ey,, Eoy, Eo.] = [1, 0, 0]|Eq|. The values for
the intensities have been taken as the maximum value of the TXRD peak at approximately
1.4 ps, which for the temporal FWHM of 200 fs is the first peak after the initial oscillation
in the pulse. After this, the phonon mode decays exponentially.

Fig. 12(a) represents the two photon Raman excitation of the LO phonon mode with
wrh, = wro/2. For this figure, we have artificially only considered the displacements due
to the Raman terms and, as the Raman excitation requires at least two non-zero field
components, the dashed lines have not been plotted since they are zero. We can see that
the 222 reflection is the most modulated, as is expected for the [111] polarization, and 20%
increase in the intensity can be achieved for a total field strength of 4.3 MV /em. Clearly
the two photon Raman excitation requires strong electric fields. However, it does give a
degree of freedom to excite the LO phonon mode in zincblende entirely with THz radiation
generated at half the phonon frequency. We remind that this two photon excitation is the
method of choice for exciting large oscillation amplitudes of optical phonons in diamond
structures, which are only Raman active, as has recently been demonstrated. (5371
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Figure 12: Maximum intensity modulations of the nearly forbidden reflections in InSb as a
function of the total field strength of the THz pulse for three different carrier frequencies wrpy,:
(a) wLo/2 = 27 x 2.9 THz (considering only the Raman terms, see text), (b) wpo = 27 X 5.8
THz and (c) 27 x 3.5 THz. The solid lines are intensity modulations for THz polarization;
[Eoz, Eoy, Eoz] = [1,—1, 1]|Eo|/+/3 and dashed lines are for THz polarization; [Eq,, Eoy, Eo;] =
[1,0,0]|Eg|. Values for the intensity modulations have been taken as the value of the peak at 1.4
ps, which for 200 fs temporal FWHM is the first peak after the initial oscillation in the pulse.

After this the phonon mode decays exponentially due to the anharmonic decay.

The reason why we have artificially only considered the displacements due to the
Raman terms in (a) is that for InSb a pulse with temporal FWHM of 200 fs centered at
the two photon Raman resonance, wro/2 = 27 x 2.9 THz, contains 1% of the spectral
component of the dipole resonance, wy,o = 27 x 5.8 THz. This 1% dominates the intensity
modulation via the terms linear in the fields until 3.5 MV /cm. Based on this, it is
important to note that for THz polarization in the crystal [111] direction, where forces
due to the Raman and linear terms are in the opposite directions. The pulse in (a), but
for [111] polarization and considering the effect of both the linear and the Raman terms,
results in less than 4% intensity modulation of the reflections for fields in range of 0 — 6
MV /cm. Therefore, this two photon Raman excitation at wro/2 in the [111] polarization
should probably not be attempted for InSb or any other zincblende semiconductor where
the frequencies wro/2 and wro are not separated by many THz. This effect, however,
becomes negligible if the pulse is moved towards the dipole resonance frequency, as will
be discussed in the following, and the reflections show similar modulations in both [111]
and [111] polarization, except the 222 is exchanged with 222.

Fig. 12(b) is the dipole excitation of the LO phonon mode with wry, = wro. Clearly
the 600 reflection in the [100] polarization is the most modulated and 20% increase in the
intensity is already observed at a field strength of 0.3 MV /em. For THz polarization in
the crystal [111] direction the 222 is less modulated. This follows by the fact that for the
[100] polarization the field component is Fy, = |Eg|, while for the [111] polarization the
field components are divided by v/3, as discussed together with Fig. 10(b).

For THz radiation generated at the LO phonon frequency all the reflections show 20%
increase in their intensity for fields below 1 MV /cm. Therefore, if THz radiation can
be generated at the LO phonon frequency, it is possible to observe significant intensity
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modulation for any of the reflections in InSb, in either [100], [111] or [111] polarizations.
This gives great degree freedom for realizing the experimental setup.

The Born effective charges of III-V zincblende semiconductors are, in general, in the
order of two elementary charges.!!%91:96:98] Therefore, based on Fig. 12(b) it can also
be suggested that significant intensity modulation of these reflections in any III-V should
be possible to observe, if THz radiation can be generated close to their LO phonon fre-
quencies. Even though InSb might be one of the better candidates, as the intensities of
these reflections are very weak for the InSb equilibrium geometry, which is due to the
small difference in the atomic form factors related to the difference in the atomic num-
bers. By which, large normalized intensity modulations are observed for small atomic
displacements in InSb. These displacements are, however, normalized with respect to the
lattice constant, which does make InSb the worst candidate of the ITI-V semiconductors.

THz radiation available at the FemtoMAX beamline is generated from organic DAST
crystals. Referring to the spectrum generated by Vicario et al., 34 the DAST crystal
shows broad emission between 0.1 — 10 THz and this spectrum consists of peaks at both
the InSb dipole frequency, wro = 27 x 5.8 THz and the two photon Raman frequency,
wro/2 = 2w x 2.9 THz. The intensity ratio of these frequencies is, S(wro)/S(wro/2) =
1/7, where S(wLo/2) is very close to the global spectral maximum. The authors have
further achieved peak field strengths of 6 MV /cm.

To model this spectrum by Vicario et al. quantitatively would require to extend the
pulse beyond a single Gaussian. For example, into two Gaussians where one is centered at
the wro/2 frequency and the other at wyo frequency and which are scaled by their relative
intensities. Even though the present numerical method for solving the harmonic oscillators
could be straightforwardly extended to consider pulses beyond a single Gaussian. We have
not proceeded with this here as the spectrum for the present thesis depends specifically on
what can be generated at the FemtoMAX beamline. Nevertheless, it can still be said that
by using THz generated from the DAST organic crystals, the TXRD intensity modulation
will be a combination of the two photon Raman and the dipole excitation.

In Fig. 12(c) the carrier frequency is wry, = 27 X 3.5 THz. This represents a single
Gaussian pulse in the mixed case containing both the two photon Raman and the dipole
excitation. It is seen that the modulation of the 222 reflection excited in the [111] polar-
ization is close to the modulation of the 600 reflection excited in the [100] polarization. In
the mixed case, the ordering of these two reflections depends on the ratio of the spectral
intensities of the two photon Raman and the dipole frequency in the pulse. In other
words, the intensity modulation of the 222 excited in the [111] polarization will exceed
the 600 excited in the [100] polarization, if the excitation is more of the Raman type.
Based on the spectrum generated by Vicario et al., which contains the ratio of these two
spectral components, S(wro)/S(wLo/2) = 1/7, and which is more of the linear component
than the pulse used in (c) where S(wro)/S(wLo/2) = 1/16. We can conclude that the
linear terms dominate for the DAST spectrum. Therefore, for the maximum intensity
modulation, the 600 excited in the [100] polarization would be the best probed for the
DAST spectrum, or in general for the dipole excitation. The 222 in the [111] polarization
is still, however, a very good candidate.
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4.4 Preliminary experimental results from FemtoMAX

From the preceding section, it is clear that significant intensity modulation of the 600 or
the 222 reflection can be observed for reasonable THz electric fields. However, this is only
possible if these reflections can be clearly resolved in the equilibrium geometry.

In Figs. 13(a) and (b) is shown detection of the 222 reflection in the InSb equilibrium
geometry at the FemtoMAX beamline. In Fig. 13(a), a scattering pattern representing
a slice through the reciprocal space can be seen. The nearly forbidden 222 reflection is
visible inside the area highlighted by the red rectangle. This image is a sum of 6000
x-ray pulses and the reflection is thus very weak. From theoretical studies, the ratio of
diffracted photons between the 222 reflection and the 111 reflection is around 1,/2500.

In Fig. 13(b) is shown the average number of diffracted photons from the 222 reflection
per shot as a function of the incident x-ray energy, as detected inside the red rectangle
region shown in (a). Based on the Bragg’s law, the diffraction should be observed only
at one energy, however, due to finite bandwidth of the x-rays the reflection can also
be observed at slightly different energies. Nevertheless, the diffraction is clearly most
pronounced at 6.73 keV, where 0.8 photons can be detected per x-ray pulse.
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Figure 13: Nearly forbidden 222 reflection in InSb equilibrium geometry: (a) Image of the InSh
reciprocal space and the observed 222 reflection inside the red rectangle. (b) Scan of the average

number of diffracted photons from the 222 reflection per shot as a function of the x-ray energy.

From these figures, it can be concluded that the 222 reflection in the equilibrium
geometry of InSb can be observed at FemtoMAX with a good resolution. The 0.8 average
photons detected per x-ray pulse marks the equilibrium intensity in the simulated TXRD
figures. Therefore, it should be possible to detect even a 20% increase in the intensity of
this reflection after THz excitation of the LLO phonon, and resolve its anharmonic lifetime
from the decay of the intensity using the damped oscillator model.

5 Conclusion and Outlook

In the framework of an ultrafast THz pump, TXRD probe experiment, this thesis has
consisted of a theoretical study on how TXRD can be used to measure anharmonic life-
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times of LO phonons in polar zincblende semiconductors after an ultrashort THz pulse
excitation. This technique has been made possible by identifying the existence of the
nearly forbidden reflections in the zincblende structure, which show significant modula-
tion of the XRD intensity already for sub-picometer atomic displacements. In the present
thesis, displacement of the atoms in the THz excited LO phonon modes have been mod-
elled with harmonic oscillator equations driven by electric fields of the THz radiation, and
where the damping parameter is entirely determined by the anharmonic lifetime of the
LO phonon. These equations have been solved numerically and their solutions give the
TXRD intensity of the reflections via the phonon mode dependent structure factor.

The LO phonon in zincblende can be excited both as a two photon Raman excita-
tion at half the phonon frequency and as a dipole excitation at the phonon frequency.
Specializing the harmonic oscillator model for InSb, where the phonon modes and ma-
terial parameters describing its response to external electric fields have been simulated
from first-principles with DFPT. The theoretical TXRD intensity showed that the two
photon Raman excitation of the LO phonon mode in the crystal [111] direction with 200
fs Gaussian THz pulse centered at half the phonon frequency, results in 20% increase in
the intensity of the 222 reflection at THz field strength of 4.3 MV /cm. In comparison,
the dipole excitation of the LO phonon in the same crystal direction with a THz pulse
centered at the phonon frequency, gave the same increase for the same reflection already
at THz field strength of 0.4 MV /cm. Even larger intensity modulation can be observed
by probing the 600 reflection after the dipole excitation of the LO phonon in the crystal
[100] direction, which for THz pulse centered at the LO phonon frequency resulted in the
20% increase at field strength of 0.3 MV /cm. However, realizing an experimental setup
to probe the 600 reflection might require hard x-rays, as this reflection diffracts at signif-
icantly larger Bragg angles than the 222 reflection. Due to the anharmonic decay of the
LO phonon significant TXRD intensity modulation should still be observable even 10 ps
after the THz pulse. We habe also argued that the anharmonic decay of the LO phonon
most dominantly results in non-degenerate acoustic phonons close to the BZ boundary
which conserves the energy due to the small phononic band gap of InSb, as opposed to
the commonly assumed Klemens channel.

Based on these results, we can conclude that due to the dipole activity of the LO
phonon in zincblende, significant intensity modulation of the nearly forbidden reflections
is possible to observe with TXRD in zincblende semiconductors with achievable THz field
strengths. The main requirement is that the THz radiation can be generated close to their
LO phonon frequencies. In addition to directly observing the atomic motion in the THz
excited LO phonon modes, this technique allows to determine the anharmonic lifetimes
of these fundamental phonons in these polar semiconductors using the described damped
harmonic oscillator model for the atomic displacements. Therefore, this thesis paves a
way for a new ultrafast time-resolved technique to characterize anharmonic lifetimes of
the LO phonons in different zincblende semiconductors. For which the data is at the
present lacking, and which are needed as material parameters for modelling the carrier
energy relaxations in the search of materials for hot carrier solar cells beyond the Shockley-
Queisser limit.
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Appendices

A Coefficients for the atomic form factors of In and Sb

Coefficients for the Gaussian parametrization of the atomic form factors in (2.13) for In
and Sb have been tabulated in table 2.

Table 2: Coefficients for the Gaussian parametrization of the atomic form factors of In and Sb.

Data from. 137l

aq bl a9 b2 as bg ay b4 C
In | 19.1624 | 0.5476 | 18.5596 | 6.3776 | 4.2948 | 25.8499 | 2.0396 | 92.8029 | 4.9391
Sb | 19.6418 | 5.3034 | 19.0455 | 0.4607 | 5.0371 | 27.9074 | 2.6827 | 75.2825 | 4.5909

B Group theory of zincblende

As discussed in the main text, the space group of zincblende InSbh in different notations is:
(T2, F43m, #216), which consists of the group formed by the lattice translation vectors,
{T,}, and the point group of a tetrahedron T,. This tetrahedral point group consists of
24 symmetry operations (elements), G, in six different classes, Cj:

e c: the identity operation,

8C}5: eight £27/3 rotations about the four body diagonals of the cube,

3CY5: three rotations by 7 about the x,y, z axis,

6S,: six improper rotations by +7/4 about z, y and z axis followed by a reflection

perpendicular to the axis of rotation,

604: six reflections about the diagonal planes passing through the tetrahedral edges,
formed by the lines {12, 13,14, 23,24, 34}.

4

Figure 14: Symmetries of zincblende InSb (a) Tetrahedral symmetry of the primitive unit cell

of the InSb crystal. (b) Visualization of the symmetry operations of the Ty group.

49




These operations transform the tetrahedron onto itself and form a mathematical group
by satisfying the group axioms.*”l They can also be conveniently visualized by placing
one of the InSb tetrahedrons, shown in Fig. 14(a), inside a cube as shown in Fig. 14(b).
The effect of the symmetry operations of the T,; group on the Cartesian axes and the
five atoms defined in Fig. 14(b) have been tabulated in table 3. This table also shows
the effect of the symmetry operations on the products of the Cartesian basis (zy, yz, xz),
which are given directly by multiplying the corresponding Cartesian columns together.

Table 3: Effect of the symmetry operations of Ty point group on Cartesian basis and atoms of

a general tetrahedral AB4 molecule

Ty x Y z 1123140 =2y Yz Tz
e x Y z [|[1]12]314]0]| =2y yz Tz
CS) | 2z | @ |y | 1[3]4|2|0] 22 | a2y | 2y
Cs; (1) || v z 114(3[2/0] yz 2r Y
Cy@2) || —2| o | =y 32410 —zx| -2y | 2y
C5 (2) —z | =z ||4[2|1]|3|0]| —yz| zz | —yz
CyB) | 2 |—x| -y | 4]|1]3]2]|0]| —22| 2y | —2x
CsB) || —y| —2z| o [|2]4]3]1]0]| yz | —z2x| —yzx
CyA) || =2z |-z | vy ||[2]3]1]4]|0] 22 | —zy| —2zy
Cid) || -y | z |—x||3]1][2]4]|0]| —yz|—z2x| yx
Colx) || # | —y | —24]|3[2]1|0| —2y| yz | —xz
Coly) || —x | v | —2|3]4]1][2|0]| -2y | —yz| xz
Coz) || —x | =y | 2z [|[2]1|4]3|0]| 2y | —yz | —az
Sf() || -z | —2| v [[3]1[4|2]0] zz | —zy | —ay
Si(@)|| x| 2z | =y ||2]4]1]3|0| —xz|—2y | zy
Sfw) || 2 |~y |—x || 23410 —2y| yz | —2x
Siy) || ==z -y | = [|[4]12]3|/0]| 2y |—yx | —z2x
Sf) |-y | o | =2z |4(3[1[2|0]| —yz|—2z| yz
S|l y |—x|—=2|3[4]2|1|0]| —yx| zz | —yz
og(12) || v | = z || 12430 yzr | xz 2y
oq4(13) || = y | x [|[114]3]2(0] 2y | yr | zx
oq(14) || =z y || 11312140/ xz zy yx
0a23) || = | —z| -y || 4]|2|3|1|0| —zz| zy | —zy
0424) || =2z | y | —x|[3]2[1|4|0| —z2y | —yz| 2z
oa(B34) || —y | —x | z [[2]1[3|4|0]| yzx | —zz| —yz

In representation theory, the elements, G, of the group are represented by square
matrices T'(G) in a basis chosen for the rep. The rep can be characterized by the traces of

20



these matrices, and it can be shown that the symmetry operations belonging to the same
class, Oy, have equal characters, in any rep.!*”) Therefore, the chosen rep can be entirely
characterized by the traces of the matrices belonging to different classes of the group, i.e.,
X(Ck) = T[T (Cy)].

From table 3 the characters of the matrix representations of the symmetry operations
in various basis can be directly read. We have tabulated the characters of the classes of
the Ty group in different basis in table 4, together with characters of the chosen direct
product representations. Note that for general tetrahedral AB, molecule, the characters
are given by the product of the characters of the Cartesian and the full atomic basis
consisting of five atoms. For InSb the characters are given by multiplying the characters
in the Cartesian representation by two, due to the translation group.

Table 4: Characters of the representations in different bases.

X e | 8C5 | 3C5y | 654 | 60y
(,y,2) 0O | -1]-1]1
Atoms 2 1 1 3

AB, 151 0 -1 -11] 3
InSb 6 0 -2 | =2 2
(xy,yz,zz) || 3 | 0 | =1 | =1 ] 1

The character table for the T, group has been reproduced from the tables by Atkins et
al.[*8l in table 5 using the Mulliken notation. By calculating the multiplicity as described
in the main text, (2.31), the different reps in table 4 can be decomposed into direct sums
of the irreps of the Ty group. In the table 5, we have noted that the rep relevant for the
phonons at the I' point of InSb reduces into 2T5. Furthermore, we have also identified
that the Cartesian axes, (z,vy, z) and their products (zy, yz,xz) have the same character
as the Ty irrep. Therefore, they transform as this irrep.

Table 5: Character table of the point group Ty in the Mulliken notation from Atkins et al. 48l

and the decomposition of the phonon rep for zincblende InSb.

T, | e 8C3 3C; 6S; 604

Ay 1 1 1 1 1

Ay 101 1 -1 —1

E 2 -1 2 0 0

T, |3 1 ~1

Ty |3 -1 -1 1 (x,y, 2), (vy,yz,x2)
XSP 6 -2 =2 2 | x=>,mux*=2T,

In table 6 we have tabulated the wave vector groups for the IBZ of the zincblende
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structure shown in Fig. 15. The wave vector group at the I' point is given by the
entire point group of the real space lattice. The other wave vector groups in the IBZ
are subgroups of the group at I', and these subgroups can be constructed by identifying
the symmetry operations of the group at I' that leave the wave vector invariant modulo
reciprocal lattice vector, T(G)k = k + Gpy.

In table 6, we have also tabulated the decompositions of the phonon representations at
the different wave vectors in the Mulliken notation. For convenience, we have also given
the decompositions in the Koster notation.[*”) These decompositions can be determined
by calculating the multiplicities, using Eq. (2.31) as described for the I' point in the main
text, but with respect to the characters of the classes of the corresponding wave vector
group and their irreps. The characters of the classes of these wave vector groups for rep
relevant for the phonons can also be identified from table 3. These irreps are then ordered
to the phonon dispersion, Fig. 6, using the compatibility relations. 4
Table 6: Brillouin zone high symmetry paths and their wave vector groups. [l The decompo-
sitions of the InSb phonon representations in both Mulliken, for which the character tables can

be found given by Atkins!*®l and also in Koster notation. *%l & = aq/(27)

Label (92, Gy, q2) Group Decomposition
r (0,0,0) T, To(z,y,2) =115
A (€,0,0) Coy Ai(2) @ Bi(z) ®Ba(y) = A1 @ Az Ay
X (1,0,0) Doy Bo(2) @ E(z,y) = X3 & X5
W (1,1/2,0) Sy B(z) ® E(x,y)
K (3/4,3/4,0) C, oA (z,y) B A”(2)
5 £(3/4,3/4,0) C, oA (z,y) ® A (2) = 25, @ Xy
A (£:&:9) Cso Ai(2) D E(z,y) = A D Ay
L (1/2,1/2,1/2) C3, A(z) ®E(z,y) = L1 ® L3
U=K (3/4,3/4,0) C 2A (z,y) ® A”(2)
Z (1,£/2,0) Cy A(z) @ 2B(z,y)
s LeLen | G 24 (2, ) ® A(2)
Q 1/2(1+¢&,1,1=¢) o 3A,
q (92, y: ) Cy 3A,
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Figure 15: Brillouin zone of zincblende InSb

C Computational details for DFPT

The calculations for the zincblende InSb have been performed using the plane wave pseu-
dopotential density functional perturbation theory (DFPT) code ABINIT[™1%1 in the
framework of the local density approximation (LDA). These simulations were performed
on a machine where the k-point sampling has been parallelized over four 3.2 GHz arm
processor cores using open MPI. 19U For the pseudopotentials, we have relied on the scalar
relativistic norm-conserving Hartwigsen-Goedecker-Hutter (HGH) pseudopotentials, (™!
which have been constructed for the Goedecker-Teter-Huetter exchange-correlation func-
tional. %2 This reproduces the correlation functional by Perdew and Wang. [l In these
HGH pseudopotentials, the 4d-orbitals of In and Sb are frozen into the pseudopotential
core and only the three 5s25p! and five 5s?5p® electrons of the In and Sb electrons, re-
spectively, are considered. The calculations have been performed using theoretical lattice
constant, which has been found by optimizing the geometry until the residual forces on
the atoms are smaller than 0.5 x 107° Hartree/Bohr, using the limited-memory Broy-
den-Fletcher-Goldfarb-Shanno algorithm 19! as implemented in ABINIT. This resulted
in a lattice constant 2% smaller than the experimental, as is expected with LDA.

Freezing the In and Sb 4d-orbitals into the pseudopotential core gave an excellent
agreement between the simulated Kohn-Sham band structure with 0.22 eV band gap at
the T point and the experimental band gap of 0.235 ¢V, 3% ignoring the effects of spin-
orbit coupling. We have attempted further calculations using harder scalar relativistic
PseudoDojo LDA pseudopotentials!™ which also consider the 4d-orbitals of In and Sb.
However, while these pseudopotentials improve the lattice constant, the system becomes
metallic due to the self-interaction error in the localized 4d-orbitals of In.

We have used 25 Ha plane wave kinetic energy cut-off, which shows good convergence
for the present soft HGH pseudopotentials. For the full phonon dispersion, in the harmonic
approximation, and the Born effective charges, 4 x4 x4 shifted Monkhorst and Pack grid [l
of special k-points has been used. Due to the slower convergence of the Raman tensors,
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8 x 8 x 8 shifted Monkhorst-Pack grid has been used instead.

D Exchange interaction in the homogeneous electron gas

Following Aryasetiawan ' and Martin, ®” in this appendix we will formulate the ex-
change and correlation in terms of the pair distribution function and evaluate the exchange
energy of the homogeneous electron gas as was given in (3.17) in the main text.

The total energy given by the many-body Hamiltonian (3.9) is,

E = (U|H|W) = (T) + (Vo) + / APrves (r)p(r) + Env, (5.1)
where the electron density is, p(r) = N [ dry...dry|¥(r, ...,7N)|?
both the position and the spin of an electron. The total energy can be entirely described

with r = (r, o) denoting

based on the electron density. For the present discussion, it is of interest to discuss the
expectation value of the electron-electron interaction term (Ve.) in terms of the density.
Two particle density matrix is given by,

PO (r,r") = (WP ()| W) = (U] Y 8(r = 7:)8(r" — 7))
i# (5.2)
= N(N — 1)/dr3...dTN|\IJ(T, )P

where p?(r,r') is the two-particle density operator.
Based on this, a normalized pair distribution function can be defined as,

(5.3)

This function describes the probability of finding one particle at r with spin o given that
another particle is at r’ with spin ¢’. For uncorrelated particles, the two particle density
matrix is I'® (r,7') = p(r)p(r') and the pair distribution equals to one.

The electron-electron interaction energy can then be written in terms of the pair
distribution as,

(Veh =5 [ drde'p(e)ot oty + 5 [ drde'p0)ot ot lgtrr) 1) (5

where v(r,r") = 1/|r — r'|. The first term in the above expression is the classical elec-
trostatic energy as given by the Poisson’s equation, i.e., the Hartree term. The second
term is purely quantum mechanical known as the exchange and correlation. The term
p(r)[g(r,r") — 1] in the integrand is further called the exchange-correlation hole, which
an electron r digs around it due to interactions with other electrons. Based on this, it
can be interpreted that the quantum mechanical exchange and correlation is the Coulomb
interaction of the electron with its hole.

The pair distribution of electrons in a homogeneous gas due to the exchange interaction
between them can be evaluated analytically and it is approximated for the correlation.
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The exchange interaction is defined to be given by the Hartree-Fock approximation.
In this approximation, the many-body wave function ¥ of N electrons occupying states ¢
is approximated by a single Slater determinant,

o1(r1) .. 1(rn)
O(ry,...,7y) = — : : (5.5)
YN o) o o)

where ¢;(r;) are one-particle orbitals. As determinant changes sign when the rows or

columns are interchanged, the Slater determinant satisfies the antisymmetry of the fermionic

wave function under exchange of two identical fermions, as demanded by the Pauli exclu-

sion principle.

The two particle density matrix in (5.2) can be written in second quantization as,
PO (1Y) = (D ()W) = 3 i (Wlef e encs ) (5.6)
ijkl

where g = ¢F(r)¢5(r")¢r(r)éi(r') and the fermion creation, ¢;°, and annihilation oper-

A j =0 and {¢,¢;} = d;

Taking the wave function as a single Slater determinant, the above matrix element is

non-zero only if 7 # 7 and [ # k, so either i = k and j =l or ¢ = [ and j = k. The two
non-zero matrix elements are then,

(Wlef cf e W) = (Wlc) cjef | W) =1,

ators, ¢;, satisfy the anticommutator relations, {c;,c;} = {c;

5.7
(Wlef cfcic| W) = = (Ve cic) ¢ |¥) = —1. (5.7

The two-particle density matrix in the Hartree-Fock approximation is then,
@ (r, ) pr ij pr ji- (5.8)

i#] 12
This gives the Hartree-Fock pair distribution as,
oo’ @, 2 s (r) et (1) |2
9iipa(r,r') = rnr) ,) =1- 2 o ; ) : (5.9)
p(r)p(r') p(r)p(r')

For an uniform non-magnetic electron gas where all the electrons are separated by R =
Ir— 1’| and the one-particle orbitals are taken as plane waves, ¢;(r) = exp(ik;-r)x(c)/VV,
where V' is the volume of the gas and x(o) is the spin wave function. The pair distribution
can be straightforwardly evaluated by changing the sum over the occupied states to an
integral 3, . — V/(27)® [ d’k and using spherical coordinates as,

371 (kp R) 25 ,
kJFR 0,0

where j;(kpR) is the first order spherical Bessel function and the Fermi momentum is

G () = 1 [ (5.10)

related to the density of electron gas as, k3 = 3m2p. Inserting this into the second term
of (5.4), straightforward integration of the Bessel function gives the exchange energy per

electron per spin as,
= 11
ex() =« =1 —(37%p) (5.11)

as described in (3.17) in the main text.
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E Optical phonons in polar semiconductors

Following Ibach and Liith and Marder, ! in this appendix we will show that the
longitudinal optical motion of ions in polar materials is accompanied by a macroscopic
electric field, which leads to the splitting of the LO and TO mode, as discussed throughout
the thesis. This derivation involves treating the phonons in the ionic crystal using the
Maxwell’s equation of dielectric media. Several fundamental concepts are derived by this
treatment, such as the dielectric function and the Lyddane-Sachs—Teller relation, which
will also be described here.

In polar materials, such as InSb, it is important to consider the effect of the effective
charges caused by the ionic bonding on the optical phonons. The separation Q of the two
ions in InSb can be modelled as a harmonic oscillator with reduced mass p and a mode
effective charge e* in an external field as,

nlQ+7Q +wiQ] = "E(t), (5.12)

where v describes the damping of the oscillator and wy is the resonance frequency of the

oscillator (or the phonon mode). This equation is readily solved by a Fourier transform,
1 e'E(w

Q) = ) (5.13)

pwid —w? —iyw’

The polarization of the lattice consisting of n harmonic oscillators in an external field

can be written as,
P(w) =nle*Q(w) + goaE(w)], (5.14)

where the first term in the parenthesis is the dipole moment due to the ionic motion and
the second term describes the polarization due to redistribution of electrons in the electric
field with a proportionality constant a.

In linear homogeneous media, the polarization in an external field is also given by,

P(w) = eox(w)E(w), (5.15)

where the frequency dependent susceptibility is related to the dielectric function as,
Y(w) = (@) — 1.

By writing out the dielectric function using (5.14) and (5.15) and defining the static
dielectric constant €V in the zero frequency limit and €* in the high frequency limit. The

dielectric function of an ionic lattice consisting of harmonic oscillators can be written
as, 139

2 2
Wy — w Yw

@ — w22t (W) T @B =Pt (W)

e(w) = &® + wi (e — ™) (5.16)
The dielectric function has been split to real and imaginary parts: £(w) = 1(w) 4 iea(w),
which are related to each other by the Kramers-Kronig relations. 28! At resonance w = wy
the real part is equal to the high-frequency dielectric constant, £, and the imaginary
part has a Lorentzian lineshape centered at resonance wg, which indicates absorption.
The FWHM of the Lorentzian is determined by the damping constant ~.
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The square root of the dielectric function is equal to the complex refractive index,
£(w) = n(w) = n+ik, where n is the refractive index and & is related to the absorption
in the medium. In addition to the present discussion of phonons, this model dielectric
function gives a way to fit the damping constant, arising from the many-body interactions
in solids, by studying the refraction or absorption, as has been done by Palik*! and
Lockwood et al.®! as reviewed in the introduction.
The Maxwell’s equations of a dielectric non-magnetic media without free charges give
the wave equation, [*®!
0?D(r, t)
o2’
where Fourier transform of the dielectric displacement field is D(w) = gpe(w)E(w). There-
fore, using V x V x E = V(V - E) — V?E and Fourier transforming with respect to both

space and time we have in the long wavelength limit that,

V x V x E(r,t) = —p (5.17)

B - q(q-E) — c@) " E (5.18)

)
C2

where the electric field in the dielectric media can be described by,
E = Eje'(®ar—1), (5.19)

For a transverse wave, q L E, we find from (5.18) that ¢ = \/e(w)%, which describes the
absorption and refraction in the medium in terms of the dielectric function.

For a longitudinal wave, q || E, (5.18) gives that ¢(wLo) = 0. Imposing this for the
dielectric function in (5.16) and neglecting the damping ~y, the LO frequency is given by,
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This is known as the Lyddane-Sachs-Teller relation, which describes that the LO phonon
frequency is split from the TO phonon frequency by the ratio of the dielectric constants
and which holds well experimentally.

Finally, from the Gauss law V - D = 0 for the dielectric displacement field D(r,t) =
coE(r,t) + P(r,t) we get by Fourier transform in the long wavelength limit that,

q-[e0E(q,t) +P(q,1)] =0, (5.21)

and we see that for the transverse modes q L E the polarization is zero. However, for the
longitudinal modes q || E, there exists a macroscopic electric field,
Pro
Ero = —— x Qo (5.22)
€0

where the polarization is proportional to the displacement by (5.14). This is a fundamental
property of the LO mode separating it from the TO mode in the long wavelength limit as
discussed in the main text. In addition to the LO-TO split, formulating this polarization
in more detail leads also to the Frohlich coupling in the polar materials. %!
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