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ABSTRACT

This thesis focuses on the development of nonlinear optical techniques and the measure-

ment of topological properties of the Weyl semimetals. The first portion of this thesis

describes technical developments of the nonlinear optical spectroscopic probes rota-

tional anisotropy second harmonic generation (RA-SHG) and transient grating. In our

work on SHG, we describe a fast-reflective optic-based rotational anisotropy nonlinear

harmonic generation spectrometer built upon synchronization of stepper motors and a

voice-coil fast turning motor with data recorded by a data acquisition card. This device

enables fast accumulation of significantly more data points than traditional SHG spec-

trometers and further allows spectral measurement over a broad wavelength range to be

performed without optical realignment. We then describe the Fourier domain RA-SHG,

allows direct measurements of the RA-SHG signal components of Cn symmetry. This

method is based on the fast scanning RA-SHG device described above and operates by

recording the nth harmonics of the fast scanning signal using a lock-in amplifier. Fi-

nally, we describe a novel method of performing transient grating measurements based

on low power laser diodes, a laser diode pulser, a digital delay generator, and a data

acquisition card.

The RA-SHG technique was applied to the chiral Weyl semimetal RhSi, where a

spectrum of the sole SHG tensor element χ(2)
i jk was measured over the unprecedented

0.275-1.5 eV incoming photon energy range. Our data shows evidence of a strong sur-

face state response and are detailed enough to reveal the second order corrections to

the linear band structure as well as the Pauli blocking condition which was observed to

occur at ∼630 meV. We also describe measurements of the linear photogalvanic effect

(LPGE) and circular photogalvanic effect (CPGE) in RhSi deriving from topological
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Fermi arc states. While the magnitude of the CPGE response broadly matched theoret-

ical predictions, the data also exhibit an inexplicably high degree of symmetry in the

response as a function of incoming polarization in both CPGE and LPGE channels.

Collaborative work on the SHG spectrum from TaAs is also described, from which

we attribute the origin of the SHG response peak to the third cumulant of the Bloch

wavefunction. Further collaborative studies of the CPGE in RhSi (111) revealed a re-

sponse that was likely due to the topological band structure, but that also shows that the

theoretically predicted quantized CPGE was not observed due to impurities and from

contributions from sources other than the Weyl nodes. Finally, we briefly summarized

how the crystal structure of PrAlGe1-xSix was revealed to be non-centrosymmetric using

the RA-SHG technique. Transition from intrinsic to extrinsic anomalous Hall effect by

tuning the dopant concentration x was studied in this ferromagnetic Weyl semimetal.
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CHAPTER 1

INTRODUCTION

Topology refers to invariant properties of a system under continuously deformation.

Ever since the discovery of the quantum Hall effect (QHE) in 1980, topology has had

a significant foothold in condensed matter physics [1]: topological orders have been

found to exist in 2D materials such as graphene and 3D materials such as bulk topolog-

ical insulators, Dirac semimetals and Weyl semimetals [2, 3, 4, 5, 6].

In contrast to topological insulators, which are bulk insulators whose metallic sur-

face states are topologically protected, topological semimetals host bulk conducting

states that have unique electronic properties. Dirac semimetals, whose quasiparticles

are described by the Dirac equation, retain linear band crossings in their bulk in the pres-

ence of both time reversal symmetry (T ) and inversion symmetry (P). Weyl semimet-

als, whose bulk quasiparticles are described by the Weyl equation, arise from breaking

T and/or P symmetry in a Dirac semimetal system, resulting in Weyl cones with oppo-

site chirality in related positions in momentum space.

The Weyl points, or Weyl nodes, comprise the fundamental topological charge,

whose magnitude is measured by the Chern number. The total Chern number in the

first Brillouin zone (BZ) is required to be zero by the Nielsen-Ninomiya theorem. These

nodes give rise to exotic phenomena such as the chiral anomaly and the topological sur-

face Fermi arcs [7, 8]. The linear band crossings give rise to exotic optical behavior,

such as a linear first order optical conductivity in Weyl semimetals, a vanishing second

order optical conductivity and a novel relationship between photogalvanic effects and

the magnitude of the topological charge [9, 10].

In addition to theoretical studies of Weyl semimetals, a huge amount of experimental

1



research has been conducted to prove their existence and study their properties. The

existence of surface Fermi arcs has been confirmed by Angle-resolved photoemission

spectroscopy (ARPES) and scanning tunneling microscopy (STM) [11, 12, 13, 14].

ARPES can also probe the bulk band structure to show the linear dispersion relation

at the crossing point of the conduction and valence bands [15]. Meanwhile, transport

probes have been used to perform measurements of negative magnetoresistance that

have been used as proof of the chiral anomaly [16].

Even though optical research has revealed a giant second order response in the tran-

sition metal monopnictide Weyl semimetal family, a number of unusual optical effects

have yet to be measured [17, 18]. In this thesis, we will measure some of these effects

and demonstrate that the linear band structure and topological Fermi surface arcs can

be probed using nonlinear optical techniques. Specifically, we measured the low en-

ergy second harmonic generation spectrum of chiral Weyl semimetal RhSi (111) and

demonstrated the impact of linear band structure on nonlinear optical response with a

rotational anisotropy second harmonic generation (RA-SHG) spectrometer. THz emis-

sion spectroscopy was also employed to measure the surface photogalvanic effects in

RhSi (001) to study nonlinear optical properties of surface Fermi arcs.

This thesis is organized as follows.

In Chapter 2, we will discuss the fundamental concepts of topology, which serves

as the basis for Weyl semimetals physics. Derivations of the Berry connection, the

Berry curvature, the Berry phase and the Chern number are included. A discussion of

the anomalous velocity reveals the connection between the Weyl node and a magnetic

monopole. Then, we present an introduction to Weyl semimetals in Chapter 3. A brief

introduction to the chiral Weyl semimetal RhSi, which is the main material studied

in this thesis, is also found therein. The nonlinear optical probes - second harmonic

generation (SHG) and photogalvanic generation are introduced in Chapter 4.

The next three chapters of this thesis include three technical developments in nonlin-

ear optical study of condensed matter. Rotational anisotropy nonlinear harmonic gener-

ation (RA-NHG) is an all-optical probe which measures the nth harmonic response from
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a sample as a function of the rotational angle of either the polarization of incoming and

outgoing beams or orientation of the sample, and is used to determine a crystal’s crys-

talline and electric symmetry. Spectroscopic information of nonlinear susceptibility χ

can also be obtained by taking RA-NHG data as a function of the incoming photon en-

ergy but is difficult to perform over a wide frequency range due to dispersive optics. We

thus describe a fast reflective optic-based rotational anisotropy nonlinear harmonic gen-

eration (RA-NHG) spectrometer, which allows us to take significantly more data points

in a much shorter time period with all reflective optics, in Chapter 5. Based on this

technique, we developed a novel scheme for detecting RA-NHG signals using a lock-in

amplifier, which enables us to measure the NHG signal components of Cn symmetry

directly. This technique is the topic of Chapter 6.

An ultralow probe power transient grating technique is the topic of Chapter 7. With

this technique, we can study time (≥ 1 ns) dynamics at variable wavelength in a novel

apparatus based on a laser diode pulser, a digital delay generator and a data acquisition

card.

The scientific portion of this thesis is focused on Weyl semimetals. Chapter 8 fo-

cuses on the low energy SHG spectrum from the chiral Weyl semimetal RhSi. Our data

directly reveal the second order corrections to the linear band structure, and provide

a measurement of the topologically relevant energy window as well as the separation

of the Weyl nodes in energy which is observed through the Pauli blocking condition.

THz emission spectroscopy of linear and circular photogalvanic effects from the surface

Fermi arc states in this material is included in Chapter 9.

Chapter 10 summarizes results from collaborative work with the other research

groups. We measured the SHG spectrum of TaAs in a range of photon energies 0.5-

1.5 eV, leading to the derivation of a new theorem to address the ultimate limits on

σ(2). We also showed that we were able to measure helical photocurrents of likely topo-

logical origin in the chiral Weyl semimetal RhSi. Moreover, the evidence of inversion

symmetry breaking in the ferromagnetic Weyl semimetal PrAlGe1-xSix is revealed by

comparing the experimental RA-SHG data with theoretical calculations.
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CHAPTER 2

FUNDAMENTAL CONCEPTS OF TOPOLOGY

Table 2.1: Analogy between topology and Magnetism

Berry connection Vector potential

An(R) = i
〈
n(R)

∣∣∣ ∂
∂R

∣∣∣ n(R)
〉

A

Berry curvature Magnetic field

Ωn = ∇R ×An B = ∇ × A

Berry phase Magnetic flux

γn =
∮
An(R) · dR ΦB =

∮
∂S

A · d`

Chern number Dirac monopole

C(n) = 1
2π

∫
k∈1BZ

Ωn(k)dkxdky=integer
�

d2rB(r̄) = integer · h/e

In this chapter, we will review the fundamental concepts of topology. Briefly, we will

show the derivation of the Berry connection An(R) from the adiabatic evolution of

Hamiltonian H(t) in a non-degenerate state |n(R)〉. What follows is the definition of the

Berry phase γn, the Berry curvature Ωn, and the Chern number C(n) based onAn(R).

We will also discuss the anomalous velocity term that appears when electrons move

in the vicinity of the topological charge and describe how it acts like an extra force in

momentum space akin to a magnetic monopole. In this discussion of the anomalous

velocity, we will draw an analogy between An(R) with magnetic vector potential A

and Ωn with magnetic field B, which makes evident why we refer to topological charge

as magnetic monopole in momentum space. The analogy between topology and mag-

netism, which we will go through in detail in this chapter, is shown in Table 2.1. The

anomalous velocity, an important correction to the group velocity of Bloch electrons in
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a Weyl semimetal, modifies the motion of electrons and hence leads to several exotic

phenomena which will be included in next chapter. There, we will also discuss Fermi

arc surface states, chiral anomaly and linear conductivity.

2.1 Brief overview of topology

Figure 2.1: Quantized Hall resistance of a graphene device. (a) Hall resistance RH = Rxy

in black and magnetoresistance Rxx in red for an electron gas at temperature T=30
mK and gate voltage Vg = 15 V. The inset is Hall resistance RH = Rxy in black and
magnetoresistance Rxx in red for hole gas at T=1.6 K and Vg = −4 V. The horizontal
arrows indicate the value of RH and Rxx in units of h/e2ν with ν the filling factor of the
quantum Hall states while vertical arrows correspond to the values of applied magnetic
field B and ν. (b) A schematic diagram of the Landau level density of states (DOS) and
corresponding quantum Hall conductance (σxy) as a function of energy [19].

In condensed matter physics, topology refers to invariant properties under continuous

evolution of material parameters. As a first example, and indeed the first known case

of topology in solid state physics, we consider the quantum Hall effect(QHE), which

refers to the quantization in transverse electrical Hall resistance RH measured in a two-

dimensional electronic gas(2DEG) as a function of applied, through-plane magnetic

field and was originally measured by Klaus. von. Klitzing et. al. in 1980 [1].

The example of the QHE we discuss here is the quantized Hall resistance study

conducted in a graphene device. A half-integer QHE has been theoretically predicted

in graphene owing to its topologically protected band structure [20]. As shown in

Fig. 2.1(a), the Hall resistance RH measured under strong magnetic field at low temper-
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ature appears as a staircase function of magnetic field while the longitudinal resistance

Rxx stays unchanged except at certain values of magnetic field where there is a jump

in RH. This jump in RH is due to the elevations of Landau levels (LLs) in energy by

increasing the applied magnetic field B.

The applied gate voltage Vg corresponds to the charge-neutral Dirac point, VDirac.

When Vg = VDirac, the Fermi energy EF crosses the band crossing point. The species

of charge carrier observed can be controlled by altering Vg: the carriers are holes (elec-

trons) when Vg < VDirac (Vg > VDirac). The quantized Hall conductance,

σxy =
1

RH
= ν

e2

h
(2.1)

is a product of constant e2/h and the filling factor ν quantized as

ν = ±gs (n + 1/2) . (2.2)

The integer n is nonzero, and gs is the degeneracy of each Landau level (LL) considering

spin and sublattice degeneracy, while ν is a positive (negative) for electrons (holes). The

quantization of the quantum Hall conductance derives from the quantization of LL with

the Landau level energy given as

En = sgn(n)
√

2e~v2
F |n| B (2.3)

in graphene under a magnetic field B perpendicular to 2D surface. The calculated LL

spectrum from Eq. (2.3) is shown in Fig. 2.1(b), where the density of states of the gs-

fold degenerate LLs is plotted. When Vg is tuned and hence the Fermi energy EF is

brought in between LLs, the number of carriers stay the same, and thus σxy falls on

a plateau, as shown in left panel in Fig. 2.1(b). The quantum Hall conductance σxy

and the corresponding quantum Hall resistance RH jump when EF crosses a LL. The

half-integer quantization of the QHE is due to the topological electronic band structure

of graphene with the half-integer indicating the existence of the Dirac particles, which
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yields the Berry phase in momentum space [21].

Figure 2.2: Cyclotron and skipping orbits in QHE under strong magnetic field B [22].

The quantization of σxy can also be viewed as a result of the quantization of the

cyclotron orbits of carriers: the conductivity changes when B is increased enough to add

in (or reduced to take out) one of the orbit since only integer numbers of the cyclotron

orbits are allowed, as shown in Fig. 2.2.

In addition to the QHE, the existence of a topological chiral edge state is indicated

by the zero longitudinal resistance Rxx. Carriers move in chiral skipping orbits on the

edge of the material, as shown in Fig. 2.2. This leads to the insensitivity of Rxx to the

modification of the edge. Hence, the vanishing Rxx is topologically protected since the

states themselves are topologically protected.

Topological insulators (TIs), which are insulators in the bulk while hosting Dirac

particles as surface states, also exhibits QHE with quantized σxy insensitive to the

change of shape of the sample. In this case, ν is an integer due to the contribution

from both top and bottom surface (each surface with half-integer LLs) [23]. A zero

longitudinal resistance presents on the surface of TI as well.

In this example, we have discussed some of the basic observations of topological

physics, in particular the existence of a protected edge state. We now move on to a

more rigorous description of the theoretical underpinnings of topological physics in

order to set the stage for a description of Weyl semimetals.
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2.2 Basic Background of Topology

In order to better understand Weyl semimetals, here we introduce some of the basic con-

cepts in topology and go through derivations to reveal the relationship between them.

We also show the modification of anomalous velocity to the group velocity vk = 1
~
∂εn(k)
∂k .

We will see that by comparing the equation of motion of electrons in a magnetic

field and the group velocity corrected with the anomalous velocity, the Berry connection

An(R) and the Berry curvatureΩn, as shown in Table 2.1, behave as gauge potential and

gauge field in momentum space, respectively. The Berry phase γn, defined as a phase

gained in a adiabatic cyclic process in momentum space, is analogous to the magnetic

flux. The Chern number Cn, obtained by integrating the Berry curvature, is the integer

number which defines the characteristic of an electronic band and topological charge.

Via the analogy of those notions in topology and magnetics, we will see Weyl node

can be considered as a magnetic monopole in momentum space.

2.2.1 Berry connection

The Berry connection An(R) is a local gauge potential that can be integrated to obtain

the Berry phase γn. In this subsection, we obtain An(R) in the process of deriving the

Berry phase γn through a cyclic adiabatic evolution of parameters.

Consider a Hamiltonian H(t) as a function of a set of time-varying parameters R(t)

H(t) = H[R(t)], (2.4)

where R(t) = (R1(t),R2(t), . . . ,RD(t)) is a D-dimensional vector in an abstract param-

eter space. The parameters can have dimensions of energy, momentum or even be di-

mensionless depending on the specific Hamiltonian. The nth eigenstate and eigenvalue

for H(R) are given by |n(R)〉 and εn(R) respectively, and satisfy

H(R)|n(R)〉 = εn(R)|n(R)〉. (2.5)
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As known from the Adiabatic Theorem due to Max Born and Vladimir Fock [24], if the

spectrum of H is discrete and nondegenerate in the whole parameter space, the system

will evolve back into its initial eigenstate after time t provided that the Hamiltonian H

varies adiabatically. Suppose we have an initial state given by

|ψn(t = 0)〉 = |n[R(t = 0)]〉, (2.6)

then the wavefunction at time t is

|ψn(t)〉 = Cn(t)|n[R(t)]〉, (2.7)

where Cn(t) must be a pure phase term due to the time-dependent nature of H, and is

given as [25]

Cn(t) = eiγn(t) exp
[
−

i
~

∫ t

0
dt′εn

(
t′
)]
. (2.8)

When this wavefunction is inserted into the Schrödinger equation, we eventually get

γn(t) = i
∫ t

0
dt′

〈
n
[
R

(
t′
)] ∣∣∣∣∣ ∂∂t′

∣∣∣∣∣ n [
R

(
t′
)]〉

=

∫
C
An(R) · dR,

(2.9)

here we have the Berry connection defined as

An(R) = i
〈
n(R)

∣∣∣∣∣ ∂∂R

∣∣∣∣∣ n(R)
〉
. (2.10)

The Berry connection An(R) is a function of R(t) and does not explicitly depend on

time. Thereby, we will drop the explicit time dependence in the discussion that follows.

We also note thatAn(R) can’t be physically observed since it is gauge-dependent. This

can be seen if we introduce a gauge transformation ζ(R) to the state,

|n(R)〉 ⇒ eiζ(R)|n(R)〉, (2.11)
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with which the Berry connection will transform into

An(R)⇒ An(R) − ∂Rζ(R). (2.12)

Even though the Berry connectionAn(R) can be gauge transformed, we will show later

that the Berry curvature Ωn, the Berry phase γn and hence the Chern number Cn(t) are

gauge invariant, meaning that they are physically measurable.

2.2.2 Berry phase

In an adiabatic process, the eigenstate of a system will return to itself with an extra

phase, plus a the phase due to time evolution of energy eigenstate, as long as the param-

eters R change slowly and form a loop in the parameter space [26]. This extra phase is

the Berry phase, which is defined as

γn =

∮
An(R) · dR. (2.13)

Considering the gauge transformation defined in Eq. (2.11), we have

γn(t)⇒ γn(t) + ζ(t) − ζ(0). (2.14)

It is required that ζ(t) − ζ(0) = 2πm (m = integer) by the close loop evolution in a

adiabatical process, thus this leads to gauge independence of the Berry phase. Hence, it

should be feasible to measure Berry phase directly.

Moreover, since the Berry phase is written as a line integral of the Berry connection

around a closed loop in parameter spaces as shown in Eq. (2.13), it is independent of the

exact rate of the change of parameters R. In the discussion of the anomalous velocity,

we will show that the Berry curvature, a gauge field in momentum space, results in the

Berry phase, which is analogous to gauge flux.
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2.2.3 Berry curvature

The Berry curvature tensor for the nth eigenstate is defined as

Ωn,µν(R) = ∂Rµ
An,ν(R) − ∂Rν

An,µ(R)

= i
∑
n′,n

〈
n(R)

∣∣∣∣(∂H/∂Rµ

)∣∣∣∣ n′(R)
〉
〈n′(R) |(∂H/∂Rv)| n(R)〉 − c.c.

[εn(R) − εn′(R)]2 ,

(2.15)

where c.c. denotes the complex conjugate [25]. In a 3-Dimensional parameter space,

the Berry curvature takes the form of pseudovector as

Ωn = ∇R ×An = i 〈∇Rn(R)|×|∇Rn(R)〉 . (2.16)

From the definition, we can see that the Berry curvature of the nth band is influenced by

all the other bands for a Bloch electron in a solid with k as the only parameter. More-

over, the Berry curvature behaves as a gauge field in which the electrons experience

an extra force equivalent to the existence of a magnetic monopole in k space. We will

include more details about this analogy in the discussion of the anomalous velocity.

The Berry curvature is physically observable because of its gauge independence [27,

28]. It becomes

Ωn ⇒ Ωn + ∇R × ∇ζ. (2.17)

under the gauge transformation given by Eq. (2.11). As known from mathematics,

the curl of gradient is zero, thus we come to a conclusion that the Berry curvature is

unchanged under gauge transformation.

Combining Eqs. (2.13) and (2.16) with Stokes’ Theorem, one can also obtain the

Berry phase as a closed surface integral of the Berry curvature

γn =

∮
An(R) · dR =

∫
S
Ωn · d~S . (2.18)
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2.2.4 Chern number

We first introduce the notion of genus in geometry before the definition of the Chern

number.

Figure 2.3: Geometrical objects with different genus. Genus basically refers to the
number of holes in an object [29].

In differential geometry, the Gauss-Bonnet theorem connects the geometry of a sur-

face to its topology. According to the Gauss-Bonnet theorem, the total Gaussian curva-

ture K of a closed surface is quantized to an integer multiple of 2π

∫
M

KdA = 2πχ(M) = 2π(2 − 2gM), (2.19)

where χ(M) = 2 − 2gM is a topological invariant of surface M and gM is genus of the

surface and counts the number of holes in the surface. χ(M) = 2 − 2gM is an intrinsic

property of a surface. that doesn’t change if one bends or deforms the surface. In

Fig. 2.3 we provide examples of different surfaces with different genus.

Analogously, the Chern number is an intrinsic characteristic of a band. The Chern

number for nth band is defined as

C(n) =
1

2π

∫
k∈1BZ

Ωn(k)dk. (2.20)

The Chern number for one band can be either positive or negative. The topologi-

cal charge of a Weyl node, which is a protected linear band crossing in the bulk 3-

dimensional k space of a crystal, is the total Chern number of all the bands intersecting

at that point. The sign of the Chern number indicates the handedness of the Weyl node.
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Figure 2.4: Examples for positive and negative Chern number. (a) Positive Cn as a
source of Berry curvature. (b) Negative Cn as a sink of Berry curvature.

When the Chern number of one Weyl node is positive(negative), this Weyl node is

a source (sink) of Berry curvature as shown in Fig. 2.4.

Figure 2.5: Linear band crossing of topological nontrivial bands and Berry curvature
from Weyl nodes. (a) The schematic of linear band crossing in Weyl semimetal. k2

‖
=

k2
x + k2

y with wave vector as (kx, ky, kz) (b) The vector plot of the Berry curvature in k
space [30].

The Nielsen-Ninomiya theorem dictates that the number of states with positive

Chern number should be equal to the number of states with negative Chern number,

implying that the total Chern number of all bands in 1st Brillouin zone adds to 0. This

requires that Weyl nodes with opposite chirality appear in pairs, as shown in Fig. 2.5(a).

The Chern number for the band crossing in pink (blue) is positive (negative), it is thus

the source (sink) of the Berry curvature in 3D momentum space as shown in Fig. 2.5(b).

Most importantly, the Eq. (2.19) shows that we obtained genus of a closed surface

from the surface integral of the curvature while the Chern number is functionally equiv-

alent to obtaining the integral of Berry curvature over a close surface in k space, given
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by Eq. (2.20). From this analogy, we see the rationale behind the nomenclature of the

Berry curvature.

2.2.5 Anomalous velocity

Figure 2.6: Schematic visualization of the anomalous velocity. The green arrows rep-
resent the spin of the charge carriers [31].

The anomalous velocity term is introduced by the Berry phase effects in the topolog-

ically non-trivial bands and is equated with the existence of a magnetic monopole in

momentum space. We now begin by considering the measurable velocity written as

〈ψnk|v|ψnk〉 =

〈
unk

∣∣∣∣∣1~ ∂H(k)
∂k

∣∣∣∣∣ unk

〉
=

1
~

∂εn(k)
∂k

. (2.21)

In the presence of a slowly varying external electric field E, the Hamiltonian H(k) is

perturbed by a term H′ of the form

H′ = eE · r. (2.22)

Meanwhile, 〈ψnk|v|ψnk〉 is modified to

〈v〉 =

〈
unk

∣∣∣∣∣1~ ∂H(k)
∂k

∣∣∣∣∣ unk

〉
+

〈
δunk

∣∣∣∣∣1~ ∂H(k)
∂k

∣∣∣∣∣ unk

〉
+

〈
unk

∣∣∣∣∣1~ ∂H(k)
∂k

∣∣∣∣∣ δunk

〉
. (2.23)
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From perturbation theory, one have the first order correction to the wavefunction |ψnk〉

|δψnk〉 = eE ·
∑
n′,k′

∣∣∣ψn′ |k′
〉 〈
ψn′ |k′ |r|ψnk

〉
εnk − εn′k′

= i~eE ·
∑
n′,k′

|ψn′k′〉 〈ψn′k′ |v|ψnk〉

(εnk − εn′k′)2 .

(2.24)

Since the wavefunction is Bloch wave, we have |ψnk〉 = eik·r |unk〉, and thus we have

〈ψn′k′ |v|ψnk〉 =

〈
un′k

∣∣∣∣∣1~ ∂H(k)
∂k

∣∣∣∣∣ unk

〉
δk′k, (2.25)

and which gives |δunk〉 as

|δunk〉 = ieE ·
∑
n′,n

|un′k〉 〈un′k|(∂H(k)/∂k)|unk〉

(εnk − εn′k)2 . (2.26)

After plugging Eqs. (2.25) and (2.26) back to Eq. (2.23), we finally obtain

〈v〉 =
1
~

∂εn(k)
∂k

+ va(n,k), (2.27)

where va(n,k) is the anomalous velocity induced by the Berry curvature effects

va(n,k) =
ie
~

∑
n′,n

〈unk|(∂H(k)/∂k)|un′k〉 [E · 〈un′k|(∂H(k)/∂k)|unk〉] − c.c.
(εnk − εn′k)2

=
ie
~

E ×
∑

n′,n

〈unk|(∂H(k)/∂k)|un′k〉 × 〈un′k|(∂H(k)/∂k)|unk〉

(εnk − εn′k)2


=

e
~

E ×Ωn(k).

(2.28)

The schematic visualization of alteration of the group velocity by the anomalous veloc-

ity is shown in Fig. 2.6.

If we consider a semiclassical Hamiltonian in an adiabatic process, then we have

dH
dt

= 0 =
dk
dt
· ∇kεn(k) +

dr
dt
· ∇U(r). (2.29)
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Since the group velocity is

dr
dt

= vn(k) =
1
~
∇kεn(k), (2.30)

from Eqs. (2.29) and (2.30), we have

~
dk
dt

= −∇U(r) = −eE(r). (2.31)

Plugging Eq. (2.31) back into Eq. (2.28), the anomalous velocity va(n,k) now takes the

form of

va(n,k) = −

(
dk
dt

)
×Ωn(k). (2.32)

Then we have the group velocity after considering the perturbation of a weak electric

field be written as

~
dr
dt

= ∇kεn(k) − ~
(
dk
dt

)
×Ωn(k). (2.33)

The velocity is altered by the Berry curvature due to the geometric phase acquired by

the momentum component of a localized wave packet when the Berry curvature Ω is

nonzero and the momentum k varies with time.

Meanwhile, the equation of motion of a charge moving in a magnetic field is

~
dk
dt

= −∇RV(r) −
e
c

(
dr
dt

)
× B(r). (2.34)

From the comparison between Eqs. (2.33) and (2.34), we see that the Berry curvature

affects the motion of electrons in a manner equivalent to a magnetic field in momentum

space. In Weyl semimetals, the Berry curvature gives rise to spin-momentum locking,

which refers to the characteristic that the orientation of the spin of electrons in the vicin-

ity of the band crossings are constrained to be always perpendicular to its momentum.

As mentioned above, the Berry phase γn =
∫

S
Ωn · d~S , obtained by integrating this

Berry curvature, acts as a gauge field over a closed surface in k space. Comparing

the Berry phase with the magnetic flux ΦB =
∫

S
Bn · d~S , we see that the Berry phase
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manifests as a magnetic flux in k space. Moreover, one can theoretically calculate

the Berry phase with the Berry connection γn =
∮
An(R) · dR, while the magnetic

flux can also be written as ΦB =
∮
∂S

A · d`. This leads to the analogy between the

Berry connection and magnetic potential. The linear band crossing with non-zero total

Chern number in k space is then a magnetic monopole that hasn’t been found in nature.

The Chern number represents the topological charge of the Weyl node. Hence, the

Weyl node can also be referred to as Berry monopole. The conclusive analogy between

concepts of topology and magnetism are shown in Table 2.1 at the beginning of this

chapter.

Furthermore, one should note that with the perturbation H′ we discussed above,

lattice translational symmetry is no longer preserved. The H′ is unbounded, and in turn

nullifies this perturbation. To avoid this problem, one can devise a r-independent vector

potential as new perturbation

E = −
1
c
∂A′

∂t
; A′ = −cEt. (2.35)

And one can finally get the anomalous velocity as

Va
µ = −~

∑
v

(
∂Rv

∂t

)
Ωµv, (2.36)

where R is momentum k in our system.

In summary, we have introduced the basic formalism of topology and drawn an

analogy between topology and magnetism. As we can see from Table 2.1 that the

topologically protected band crossing with non-zero Chern number C(n) behaves as a

magnetic monopole in k space and gives rise to the Berry curvature Ωn,µν(R) which can

be viewed as magnetic field induced by the magnetic monopole. The Berry connection

An(R) can be interpreted as vector potential while Berry phase γn the magnetic flux

generated by that magnetic monopole in momentum space.

The background knowledge of topology introduced in this chapter can clarifies the

phenomenology of topological materials, especially the exotic phenomena due to the
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topological protected properties. In next chapter, we will introduce more details about

Weyl semimetals and show some representative studies on them. Some theoretical pre-

dictions about these materials, which are the main focus of this thesis, are also included.

A brief introduction to the Weyl semimetal RhSi, which is the focus of this thesis, is

also contained therein.
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CHAPTER 3

INTRODUCTION TO WEYL SEMIMETALS

In this chapter, we will give a brief overview of topological materials. Dirac semimet-

als and Weyl semimetals will be discussed with a brief introduction to theory. We also

summarize some of the studies on the characteristics and phenomena of Weyl semimet-

als. Theoretical predictions about these materials which are related to this thesis are

also presented. Finally, we will provide some basic background on the chiral Weyl

semimetal RhSi, which is the primary material studied in this thesis.

3.1 Overview of the topological materials

Topology has been researched since as early as the 12th century. In mathematics, it

refers to the unchangeable properties of a continuously deformed geometric object. A

coffee cup and a donut are topologically equivalent since a cup can be transformed into

a donut without being cut or glued, as shown in Fig. 3.1.

Figure 3.1: Deformation of a coffee cup into a donut [32].

In condensed matter physics, topology is also concerned with properties which are

universal regardless of the change of Hamiltonian, and that cannot be turned off in a

similar manner to which a hole cannot be continuously removed from an object. Topo-

logical order was first discovered in the study of the quantum Hall effect in 2D electron
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gas, which we have described in Chapter 2. More recently, a stable gapless edge state in

topological insulator (TI) as predicted by Kane and Mele [33, 34] has led to the exper-

imental discovery of 3D topological systems [35, 36]. Topological insulators are bulk

insulators that retain metallic surface states with linear band crossings at certain discrete

points in momentum space as shown in Fig. 3.2(a). Those band crossings appear as a

result of band inversion induced by spin-orbital coupling (SOC) and are topologically

protected by the symmetry properties of the crystal. On the surface, quasiparticles with

the same (different) spin angular momentum (spin up or spin down) can only move in

the same (opposite) direction. This phenomenon is called spin-momentum locking, and

is depicted in Fig. 3.2(d). Since this discovery, the study of topological phase of matter

has entered a period of rapid development.

Figure 3.2: The topological materials. (a) TI, (b) Dirac semimetal (DSM) and Weyl
semimetal (WSM), (c) Dirac node splits into two Weyl nodes [37]. (d) Spin-momentum
locking [38].

Those materials with topological linear band crossings in the bulk that do not gap out

are known as Dirac semimetals. When either inversion (P) symmetry or time-reversal

(T ) symmetry is broken, one Dirac node is split into two nodes with opposite chirality

in different places in momentum space as shown in Fig. 3.2(c). This kind of material is

the Weyl semimetal and the nodes with opposite handedness are known as Weyl nodes,

as shown in Fig. 3.2(b).
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3.2 Introduction to Dirac semimetals and Weyl semimetals

3.2.1 Dirac equation

Figure 3.3: Transition from Dirac semimetal to Weyl semimetal. (a) Dirac semimetal
respects P and T symmetries with doubly degenerate bands crossing at Dirac node.
(b) Weyl semimetal breaking either P or T symmetry splits Dirac node into two Weyl
nodes with opposite chirality [39].

The Dirac equation was derived by Paul Dirac in 1928 as a relativistic wave equation

to describe massive spin-1/2 particles. Unlike the Klein-Gordon equation, which de-

scribes spin-0 particles, and depends on second derivatives of time and space, the Dirac

equation requires only first derivatives of its variables. The Dirac equation not only

describes particles in high energy physics, but also can describe quasiparticles in con-

densed matter physics, i.e., Dirac semimetals which host particles with linear dispersion

relation at discrete positions in momentum space.

As required by Krammers degeneracy theorem, bands are at least doubly degenerate

in the Brillouin zone in a system respecting both parity symmetry P and time reversal

symmetry T . Since Dirac semimetals respect both P and T symmetries, the Dirac

nodes should appear as fourfold band crossings as shown in Fig. 3.3(a).

The Hamiltonian for quasiparticles in Dirac semimetals, i.e., the Dirac equation

described above is

HD = vF~α · ~p + mβ, (3.1)

where vF is the Fermi velocity which is determined by band structure, and ~p is the

momentum measured from the Dirac point. Here we choose the Weyl representation
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for ~α and β for convenience:

~α =


~σ 0

0 −~σ

 , β =


0 I

I 0

 , (3.2)

with ~σ the set of Pauli matrices and I the 2 × 2 identity matrix.

As discussed above, ~p = 0 at the Dirac point, thus, the Hamiltonian is

HD = mβ. (3.3)

The m > 0 (m < 0) states correspond to conduction (valence) bands. This gives m = 0 at

the Dirac point, which is in agreement with the discussion that the Dirac point appears

as a touching point of conduction and valence bands. This is also the reason why Dirac

semimetals and Weyl semimetals are semimetals instead of metals; the linear crossings

of conduction and valence bands can only happen at discrete points in momentum space

at or close to the Fermi energy, as shown in Fig. 3.3. This leads to small Fermi surfaces

leaving a handful of quasiparticles which can either be electron or hole quasiparticles.

3.2.2 Weyl equation

The Weyl equation was first discovered by Hermann Weyl in 1929 shortly after the

derivation of Dirac equation and predicts the existence of chiral, massless spin-1/2 par-

ticles defined as Weyl fermions. It was long considered as a candidate to describe the

motion of neutrinos. However, neutrinos were found to be not massless due to the dis-

covery of neutrino oscillations [40]. Therefore, there isn’t a candidate in nature for

Weyl fermions so far.

In condensed matter physics, however, scientists discovered that the dispersion rela-

tion of the bulk quasiparticles around certain band touching points in momentum space

for some materials can be described by Weyl equation. Thus, although the Weyl particle

does not exit freely in nature, it exists as a quasiparticle in several hard condensed phase
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systems at special point in their Brillouin Zones (BZs). This is the hallmark of the Weyl

semimetal.

Since Weyl fermions are massless due to their linear dispersion relationships, they

are described by the Weyl Hamiltonian

HW = ±vF~σ · ~p, (3.4)

where ± signs represent the ± chirality of the Weyl fermions. As shown in Fig. 3.3(b),

the band crossings satisfying the Weyl Hamiltonian are Weyl nodes, and the material

with such a bulk band structure is a Weyl semimetal.

Figure 3.4: Relationship between DSMs and WSMs.

Since Weyl semimetals must either break T or P symmetry or both, it is worth

discussing the difference between breaking these two symmetries. When T symmetry

is broken, one Dirac node is split into two Weyl nodes with opposite chirality at ±k. This

meets the requirement that the topological charge of Weyl node at −k is opposite to that

of Weyl node at k by the nature of P symmetry. Moreover, the two Weyl nodes with

opposite chirality are still at ±k but at different energies if P is also broken. However,

in the T symmetric P breaking (non-centrosymmetric) material, it is required that the

Weyl node at −k has the same topological charge with its partner at k. Hence, one Dirac

node has to split into two pairs of Weyl nodes of the same chirality at ±k. Therefore, the
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minimum number of Weyl nodes is four for Weyl semimetals respecting T symmetry

and two for Weyl semimetals breaking T symmetry as shown in Fig. 3.4.

Figure 3.5: Weyl semimetal. (a) Type-I Weyl semimetal. (b) Type-II Weyl
semimetal [37].

Weyl semimetals can be further grouped into two categories based on the bulk band

structure. Type-I Weyl semimetals are defined as shown in Fig. 3.5(a). They comprise

an energy surface that intersects the Weyl cones giving rise to closed energy surfaces.

The energy surfaces shrink to the Weyl points when the Fermi energy gets close to the

touching points. In contrast, the energy surfaces for Type-II Weyl semimetals are open.

The touching points of hole and electron pockets in Fermi surface are Type-II Weyl

nodes as shown in Fig. 3.5(b).

3.3 History of topological materials

In 1980, when Klaus von Klitzing et al. were studying the quantum Hall effect in the

inversion layer of a MOSFET, they found that the Hall resistance responding to surface

carrier concentrations only depends on the fine-structure constant α and speed of light

c regardless of the geometry of the device [1]. Seven years later, Oleg Pankratov et al.

theoretically showed the existence of a stable, two-dimensional non-degenerate edge

state on the interface between two semiconductors in Hg1-xCdxTe in a definite energy

interval [41]. This edge state in HgTe/(Hg,Cd)Te quantum wells was experimentally

proven to exist by Markus König et al. [42]. The counterpropagating helical edge states,

due to spin-orbital coupling, are topologically non-trivial and robust to impurities and

interactions with spin-orbital coupling terms.
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Figure 3.6: Bulk electronic band structure around (0, 0, kD) for 3D DSW Cd3As2. (a)
Theoretical calculated electronic band structure along (−π,−π) − (0, 0) − (π, π) with
kz = kD = 0.15a(2π/c∗). (b) Projected bulk band structure onto the (001) surface. (c)
ARPES data along (−π,−π) − (0, 0) − (π, π) with kz = kD = 0.15a(2π/c∗) taken with
photon energy of 22 eV at 15 K [43].

Later on, theorists found that electrons are sensitive to a spin-dependent force when

moving through a crystal. This force can even exist in a non-magnetic material due

to spin-orbital coupling. In 2005, Kane and Mele included more realistic models in

theory and introduced a novel topological order (Z2) to predict if a stable 2D edge state

can exist without an external magnetic field. This kind of non-magnetic insulator is

the first bulk topological insulator to be discovered [33]. Moreover, S. Murakami et

al. found that the quantum spin-Hall (QSH) phases exist in T symmetric insulators

with odd Z2 topological numbers. The strong effective magnetic field produced from

spin-orbit coupling gives rise to quantum spin-Hall effect (QSHE) in analogy to the

external applied magnetic field for the detection of quantum Hall effect (QHE) [44].

The quasiparticles living on the edge states of topological insulators are Dirac fermions.

Even though there has been a great deal of research on the Dirac cones that exist on

the surface states of topological insulators [45, 4] and 2D materials [3, 46, 47], it was not

until the theoretical predictions of alkali pnictides as three-dimensional Dirac semimet-

als in 2012 and the experimental realization of Cd3As2 in 2014 that triggered an intense

search for 3D Dirac semimetals and Weyl semimetals [5, 43, 48]. A first-principles

calculation of bulk electronic band structure of Cd3As2 with kz = kD = 0.15a(2π/c∗)

(c∗ = c/a with a=12.67 Å and c=25.48 Å) is shown in Fig. 3.6(a). The projected bulk
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band structure and the ARPES data measured at 15 K of Cd3As2 by M. Neupane et al.

are shown in Figs. 3.6(b) and (c). By comparing theory and experiment, we see that the

dispersion relationship of the electronic band structure is linear in the vicinity of kz = k0

(k0 is the out of plane momentum value of the 3D Dirac node) and the experimental

data matches the theoretical calculation [43].

In 1937, Conyers Herring investigated the circumstances under which two or more

electronic bands intersect at certain positions in the BZ without gapping out, which was

later found to be a fundamental requirement to realize the Dirac and Weyl semimetal

states. It was further discovered that for the system that breaks at least one of T and

P symmetries, the isolated contact points of bands, which is later referred to be the

Weyl nodes in Weyl semimetals, can’t be destroyed by a infinitesimal perturbation of

potential [49].

Figure 3.7: Phase transition between the quantum spin Hall and insulating phases for
system without P symmetry. (a) In 2D case. (b) In 3D case [44].

In 2007, Shuichi Murakami studied the phase transition between QSH system and

two-dimensional insulator in a crystal with T symmetry but breaking P symmetry.

Weyl fermions were found to appear when tuning an external parameter m in Hamilto-
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nian [44]

H = E0

(
m, kx, ky

)
± (m − m0)σz + (kx − kx0)σx +

(
ky − ky0

)
σy. (3.5)

This phase transition is depicted in the Fig. 3.7. Weyl nodes with opposite chirality

appear at k = G/2 ± k0 only when m = 0 in 2D case. What is noteworthy is that in

the 3D case, a monopole with positive Chern number and an antimonopole with equal

negative Chern number is created when m = m1 at k = G/2, separated symmetrically

in momentum space when tuning m from m1 to m2 and annihilate when m < m1 and

m > m2. This annihilation leads to the arise of gaps in band structure [44].

3.4 Research on Weyl materials

Figure 3.8: Crystal structure, BZ and theoretical bulk electronic band structure of TaAs.
(a) Crystal structure of TaAs. (b) First BZ of TaAs. (c) The theoretical bulk electronic
band structure of TaAs with SOC from DFT [51]. (d)-(f) Band structure around W1
Weyl nodes (kz = 0.592π). (g)-(i) Band structure around W2 Weyl nodes [16].

In spite of a huge amount of theoretical predictions of Weyl semimetals such as py-

rochlore iridates (A2Ir2O7 with A as Eu, Sm, Nd [50] or Y [8]), TaAs was the first Weyl

semimetal verified by experiment [12, 11]. Due to the fact that it is stoichiometric, can

be produced as a single crystal, and P is symmetry breaking, TaAs outperforms the
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other candidates. Therefore, we choose TaAs as a representative to introduce studies on

Weyl semimetals.

Due to the availability of large single crystals, TaAs has been studied extensively

by photoemission spectroscopy and a variety of techniques. The crystal structure and

first BZ of TaAs is shown in Figs. 3.8(a) and (b). Fig. 3.8(c) shows the theoretical bulk

electronic band structure calculated with SOC from DFT with the Weyl nodes in the

vicinity of the Fermi level boxed in red. Figs. 3.8(d)-(f) are the band structure around

W1 Weyl nodes referred to as the band crossing points on the kz = 0.592π plane in the

presence of SOC, and Figs. 3.8(g)-(i) are band structure around W2 Weyl nodes with

W2 Weyl nodes as band crossing points far away from the kz = 0.592π plane.

Since the Weyl nodes are band crossings in discrete positions in momentum space,

a linear dispersion relation around Weyl nodes and a linear optical conductivity should

are expected [52]. The surface Fermi arcs which connect the projections of Weyl nodes

on to surface, the chiral anomaly and a negative magnetoresistance (MR) induced by

the chiral anomaly are also predicted and studied [12, 11, 53, 54].

3.4.1 Linear dispersion relation and surface Fermi arcs

Figure 3.9: Surface Fermi arcs. (a) Meaning of the surface states in 3D system [8]. (b)
Weyl nodes in bulk BZ and Fermi arc in surface BZ [55]. (c) Theoretical Fermi surface
around W2 Weyl nodes for TaAs [9].

Fermi arcs appear as exotic surface states due to the existence of Weyl nodes in the bulk

of Weyl semimetals. As shown in Fig. 3.9(a), a chiral state emerges as a curved surface

connecting the two Weyl cones with opposite chirality. The intersection between this
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surface and the Fermi surface gives the Fermi arcs connecting the two Weyl nodes on

the surface state. This is depicted in Fig. 3.9(b) more directly. The Fermi arc connecting

the projections of two Weyl nodes with opposite handedness only exists on the Surface

BZ. Fig. 3.9(c) gives a theoretical simulation of the Fermi surface around W2 Weyl

nodes (discussed more later in this chapter) for TaAs. Notably, the Fermi arcs no longer

connect the projections of Weyl nodes but instead are tangent to the projections of bulk

Fermi surface when the chemical potential deviate from the nodal energy (E = 0) as

shown in Fig. 3.9(a).

Figure 3.10: Observation of surface Fermi arcs and linear dispersion relation in TaAs.
(a) Weyl nodes in k-space in the presence of SOC. (b) Theoretical prediction of surface
band structure of Fermi surface on the TaAs (001) surface. (c) The ARPES measured
Fermi surface of the cleaved TaAs (001) surface. (d) E − ky Linear dispersion relation
around W2 Weyl node in bulk band structure. (e) E − ky Linear dispersion relation
around W1 Weyl node in bulk band structure [11].

Several groups have conducted ARPES research on TaAs to show they have ob-

served the Weyl nodes by showing the data of surface Fermi arcs and linear dispersion

relation [11, 12, 56]. Results from one of those groups are presented in Fig. 3.10.

Fig. 3.10(a) shows the position of W1 and W2 Weyl nodes in k-space. The surface

Fermi arcs shown in Fig. 3.10(b) is from the theoretical calculation of the surface band

structure of the Fermi surface. It shows the crescent Fermi arcs connecting the pro-

jections of W1 and W2 nodes on the TaAs (001) surface. Fig. 3.10(c) is the ARPES
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data from the TaAs (001) surface, which matches theoretical calculations. Figs. 3.10(d)

and (e) show the ARPES measured E − ky dispersion maps which confirm their linear

dispersion relation in the band structure around the Weyl nodes.

3.4.2 Chiral anomaly and negative magnetoresistance

Figure 3.11: Origin of chiral anomaly. Top: the energy spectrum of the left- and right-
handed fermions in equilibrium with nonzero magnetic field B and zero electric field
E, black dots denote filled states while gray dots represent empty states. Bottom: chiral
anomaly under parallel nonzero B and E under which all states have been displaced in
k-space by an amount of δk [58].

Although not studied here, the chiral anomaly is central to Weyl physics and thus we

will briefly describe it. The origin of the chiral anomaly is shown in Fig. 3.11. Quasi-

particles are pumped from a Weyl cone with one chirality to the other Weyl cone with

the opposite chirality provided that an applied magnetic field B and electric field E are

nonzero and parallel to each other. The change in the number of quasiparticles around

the 3D Weyl nodes in the presence of parallel, nonzero B and E is given by

dn3D
R/L

dt
= ±

e2

h2 E · B, (3.6)
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where R and L denote the handedness of the Weyl nodes, and ± represents increase (or

decrease) of the number of quasiparticles. The magnetoconductivity is [57]

σ(B) = σ0 +
e4B2τa

4π4g (εF)
, (3.7)

where g (εF) is the density of states at the Fermi energy, σ0 = e2g (εF) D the zero-

field diagonal charge density, D the charge diffusion constant and τa the axial charge

relaxation rate. As seen from Eq. (3.7), the magnetoconductivity is positive and hence

the magnetoresistance should be negative due to chiral anomaly of Weyl semimetals.

Figure 3.12: Angular and field dependence of MR in a TaAs single crystal at 1.8 K. (a)
MR as a function of magnetic field B at different angle (θ = 0◦ − 90◦), B ⊥ E when
θ = 0◦ and B ‖ E when θ = 90◦. The inset shows a longitudinal negative MR at θ = 90◦.
(b) MR measured in different rotating angle around θ = 90◦ (B ‖ E). Inset: The minima
of MR curves as a function of θ. (c) Experimental data and fitting curves for negative
MR at different temperature. (d) MR as a function of B cos(θ). It indicates the 3D nature
of the electronic states that the angle for minima of MR is not exactly 90◦ [16].

The existence of negative MR due to the chiral anomaly has been shown by ex-

periment, representative data of which was shown in Fig. 3.12. Fig. 3.12(a) is the
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MR data taken as a function of the magnitude of B at different field angle. From the

inset of Fig. 3.12(a), it is obvious that negative MR appears when B ‖ E. Fig. 3.12(b)

shows the negative MR more clearly by taking the data in different rotating angle around

θ = 90◦. The experimental data and theoretical calculation match perfectly, as shown

in Fig. 3.12(c). Fig. 3.12(d) reminds readers of the 3D nature of the electronic states

which may lead to the the deviation of minima angle of MR. Even though TaAs has

enormous positive MR, one still can observe the negative MR given the B and E are

aligned correctly.

3.4.3 Linear optical conductivity due to the interband transitions near

Weyl points

Theoretical predictions indicated that the optical conductivity is a combination of the

responses from free charge carriers, the interband transitions around Weyl nodes and

topological trivial bands which are close to Fermi energy [59, 60, 61]. The free charge

carriers will result in a Drude response which vanishes quadratically with T .

Figure 3.13: Optical conductivity for TaAs at 5 K. The blue and black solid lines are
linear guides for data comprehension. Inset: data at low frequency shows quadratic
dependence on ω [62].

As shown in Fig. 3.13, the Drude response is suppressed by taking the data at low

temperature (5 K here). Moreover, from theoretical calculations show that the interband

transition around W2 Weyl nodes occur above 336 cm−1 and the trivial interband tran-
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sitions turn on around 230 cm−1 for TaAs [62]. Thus the black guideline in Fig. 3.13

should include the response from interband transitions from both W1 and W2 Weyl

nodes and also interband transitions from topological trivial bands. Only the linear op-

tical conductivity alongside with the blue guideline is due to interband transitions of

topological nontrivial bands. In TaAs, these transitions happen around W1 Weyl nodes

and the experimental data falls in a reasonable range of theoretical calculation.

Besides the results been discussed above, research such as optical measurement of

Weyl fermion chirality and resonance-enhanced optical nonlinearity, et al. on TaAs

have also been conducted [63, 64]. Ever since the experiment verification of TaAs as a

nonmagnetic Weyl semimetal, there have been several predictions, realizations and ver-

ifications of Weyl semimetals other than TaAs. Furthermore, experimental phenomena

on Weyl semimetals, such as the chiral magnetic effect, the anomalous Hall effect, quan-

tum oscillations and axion electrodynamics have been largely studied [65, 66, 67, 68].

More details about those phenomena won’t be discussed here since our research focus

is on the nonlinear optical spectroscopy of RhSi.

3.5 Theoretical studies of Weyl semimetals

In this section, we briefly introduce some theoretical studies on Weyl semimetals as

relevant to some of the work done in this thesis.

3.5.1 Linear optical conductivity of chiral multifold fermions

Linear optical conductivity is another important characteristic worthy of mention. M.

Sanchez-Martinez et al. have shown that the optical conductivity of RhSi is dominated

by the electronic interband transitions in the vicinity of Γ point for photon energy greater

than 74 meV for RhSi where the band structure is dominated by a single Weyl node, as

shown in Fig. 3.14 inset. They calculated the linear optical of chiral multifold fermions

conductivity with tight-binding Hamiltonian.

As shown in the left inset in Fig. 3.14, the contribution of the Γ point coming from

the interband transition between bands drawn by the blue line and the green line. The
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contribution of the R point coming from the interband transition between bands marked

as green line and red line in the right inset. The contribution comes of the Γ point begin

to exceed the contribution of the R point when the photon energy ~ω is greater than 74

meV and far outweigh when ~ω > 150 meV.

Figure 3.14: Optical conductivity of RhSi obtained using the tight-binding model of
space group 198 including the spin degeneracy with chemical potential µ = 0 eV and
T = 5.8K [10].

While an optical conductivity measurement of a Weyl band structure should obey

a linear dependence on ω, the second order response should vanish. Thus, in Chapter

8, we will show that we are able to measure the second order corrections to the band

structure with second order nonlinear spectroscopy from RhSi. Specifically, we will

show a steep drop off in the SHG conductivity spectrum at ∼ 1.0 eV as the photon

energy is lowered is an complementary evidence of entering in the linearly dispersing

part of the band structure where SHG response should be small in that material.

3.5.2 Unconventional Photocurrents from surface Fermi arcs in topo-

logical chiral semimetals

In the next chapter, we will introduce laser-driven photocurrents that result from a sec-

ond order interaction of light with matter. When driven by linearly polarized light, this

results in the linear photogalvanice effect (LPGE), while circularly polarized beams

produce a circular photogalvanic effect (CPGE), both of which can be used to study

P-symmetry breaking Weyl semimetals. Importantly, a theoretical prediction by G.
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Chang et al. shows that the CPGE current due to the excitation beam normally inci-

dent on the RhSi(001) surface should only derive from electronic excitations from the

surface Fermi arc states [69].

Figure 3.15: Theoretical CPGE with laser incident normal onto the RhSi (001) surface.
(a) Schematics of photocurrent in xy plane from the bulk cone. (b) Schematics of pho-
tocurrent from Fermi arc surface states. (c) and (d) x and y component of the induced
CPGE photocurrents from surface Fermi arcs of RhSi (001) [69].

Figures 3.15(a) and (b) depict the generation of photocurrent from bulk cone and

Fermi arc surface states respectively. It is apparent that the photocurrents in the bulk are

cancelled out by the contribution from both sides of the cone. Hence, the photocurrent

measured from RhSi (001) should only derive from the surface Fermi arcs. Figs. 3.15(c)

and (d) gives the x and y component of the induced CPGE photocurrents by showing

CPGE tensor elements βs
x,z and βs

y,z as a function of the photon energy from the surface

Fermi arcs of RhSi (001). The surface CPGE current shown in Figs. 3.15(c) and (d) is

obtained from
dJi

dt
= βi, j(ω) [E(ω) × E(ω)∗] j , (3.8)

where β is the CPGE tensor for the surface and E is the electric field of incident light.

A more detailed discussion of CPGE will be included in Chapters 4, 9 and 10.

3.5.3 Quantized CPGE in Weyl semimetals

A. Grushin et al. have theoretically shown that the trace of the CPGE tensor is quantized

for Weyl semimetals which break P symmetry and all mirror symmetries [70].
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Figure 3.16: CPGE quantization for a two-band Weyl semimetal model. (a) Band struc-
ture for a generic two-band Weyl semimetal model. (b) Calculated CPGE traces for four
different values of the chemical potential [70].

Figure 3.16 shows the theoretical prediction of quantized CPGE for two-band Weyl

semimetal model. The trace of the CPGE tensor is quantized as

Tr[β(ω)] = iπ
e3

h2 CL ≡ iβ0, ω < 2εR, (3.9)

where CL is topological charge of the Weyl node at εL [70]. Therefore, one is expected

to be able to measure the topological charge of Weyl points directly by measuring CPGE

using an appropriate scheme. This is an essential discovery owing to the difficulties of

finding truly quantized signatures to prove the existence of the Berry monopole, in

contrast with the easily observable quantized response of the QHE described in Chapter

2.

In our research described in later chapter, we will show that we can approach to only

one of the Weyl nodes when the photon energy ~ω is smaller than minimum transition

energy for the other node EC [71]. The cutoff at 0.65 eV is due to that the Pauli blocking

disappears when the excitation photon energy is greater than the energy offset between

the two Weyl nodes.

Even though the existence of linear band crossings and surface Fermi arcs has been

experimentally approved, there hasn’t been all-optical technique to show these charac-

teristics of Weyl semimetals. In this thesis, we will show that we can attempt to observe

the topological charge and second order corrections to band structure with nonlinear
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optical process-RA-SHG spectroscopy and verify the existence of surface Fermi arcs

with CPGE on Weyl semimetal-RhSi.

3.6 The chiral Weyl semimetal–RhSi

In this section, we will provide some basic information about RhSi since it is the Weyl

semimetal at the focus of this thesis. We describe the crystal and band structure of RhSi,

the topological charge of the Weyl nodes and the growth of RhSi crystal.

3.6.1 Lattice and electronic structure

Figure 3.17: Lattice and electronic structure of RhSi. (a) Crystal structure of RhSi. (b)
The cubic bulk BZ of RhSi. (c) Band structure of RhSi in the absence of SOC. (d) Band
structure in the presence of SOC [72].

The crystal structure of RhSi is chiral cubic with space group (SG) 198 (point group

P213). As shown in Fig. 3.17(a), each unit cell contains four Rh and four Si atoms.

Fig. 3.17(b) is the first bulk BZ defining the position of Γ, X, M and R points. The

projections of those points onto (001) surface are also shown on the top from which we

can find that the projections of R and M points onto (001) surface overlap.

Figures 3.17(c) and (d) are the theoretical electronic bulk band structure without

and with SOC respectively. The blue curve represents the highest valance band while
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the red curve is the lowest conduction band. A fourfold-degenerate chiral fermion lies

at the Fermi energy at Γ point while at R point sit a chiral double spin-1 Weyl node

with energy 0.4 eV lower than Fermi energy [72]. This offset in energy is due to the

structural chirality. Since there are no mirror symmetries, this allows the Weyl node at

k to be offset from that at −k.

3.6.2 Multifold Weyl nodes

Figure 3.18: Energy dispersions and chiral character of the fourfold and sixfold-
degenerate Weyl fermions in RhSi. (a)-(c) 3D energy dispersions of the degeneracies
at Γ, R and M points respectively. (d)-(f) Band structures in the vicinities of Γ, R and
M points respectively. (g)-(h) The intensity of the (xy) and (z) components of Berry
curvature Ω on the kx = ky plane, respectively [72].

As shown in Figs. 3.18(a) and (d), theory predicts that the Weyl node at Γ point is

fourfold degenerate and with Chern number equal to +4. From Figs. 3.18(b) and (e)

we see that the Weyl node at R point is sixfold degenerate with Chern number −4.
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Figs. 3.18(c) and (f) implies that a fourfold fermion with Chern number +2 sits at the

M point. However, the Fermi energy almost covers all the bands dispersing in the

vicinity of the M point and hence we usually ignore the fourfold fermion there. From

Figs. 3.18(g) and (h) we can see that the Berry curvature always flows from the Γ point

to the R point. This is consistent with the Chern number at these two points since the

Weyl node with positive (negative) Chern number behaves as a source (sink) for Berry

curvature.

3.6.3 Crystal growth

The RhSi single crystals at the focus of this thesis were grown from a melt using the

vertical Bridgman crystal growth technique [71]. A crushed powder of polycrystalline

RhSi was filled in a alumina tube and sealed in a tantalum tube filled with argon gas.

The sample was gradually cooled to a cold zone with a rate of 0.8 mm/h after having

been heated to 1500◦C.

Figure 3.19: Crystal growth and diffraction of RhSi. Laue diffraction pattern of a [111]
oriented RhSi single crystal superposed with a theoretically simulated pattern. Inset:
picture of the RhSi single crystal [73].

Even though a large number of studies have been conducted on Weyl semimetals,

nonlinear optical spectroscopy on these systems is still underdeveloped field. In next

chapter, we will introduce two nonlinear optical technique which we employed for the

research on the Weyl semimetal RhSi.
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CHAPTER 4

SECOND HARMONIC GENERATION AND PHOTOGALVANIC

GENERATION

In this chapter, we will briefly introduce the basic theories of the two nonlinear pro-

cesses we have used to study the Weyl semimetal RhSi. These two nonlinear processes

are second harmonic generation (SHG) and the photogalvanic effects (PGEs). In addi-

tion to these theories, a number of research and applications of SHG and PGE will be

discussed as well.

4.1 Second Harmonic Generation

The invention of the laser in 1960 has led to burgeoning research in optics. In particular,

nonlinear optics is the most prominent since it has been widely employed in, e.g., imag-

ing, molecular study, symmetry examination in solid physics and so on [74, 75, 76]. As

the name implies, nonlinear optics is the study of nonlinear response from materials to

incident laser light.

The first nonlinear optical phenomenon to be observed was SHG from crystalline

quartz with 694.3 nm fundamental light, which was demonstrated by Franken et al.

in 1961 [77]. The theory of SHG was later derived by N. Bloembergen [78]. Since

SHG is stable, tunable and polarization sensitive, it has been applied to study surface

and bulk symmetry properties [79, 18], electronic properties [64], phase transitions [80]

and nonlinear microscopy [81].

In this section, we will briefly review the theory of SHG, and then discuss the rota-

tional anisotropy second harmonic generation (RA-SHG) and properties of the nonlin-

ear optical susceptibility.
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4.1.1 Introduction of SHG

One can view SHG as a process in which two identical photons of frequency ω anni-

hilate to generate a photon of frequency 2ω inside a nonlinear medium, as shown in

Fig. 4.1.

Figure 4.1: Second Harmonic Generation (SHG). (a) Geometry of SHG, (b) Energy
level diagram of SHG.

Classically, the radiation of the 2ω photon is due to the polarization of atoms inside

the medium caused by intense laser light of frequency ω, as shown in Fig. 4.2. The

atoms inside the nonlinear medium develop oscillating dipole moments at frequency

2ω as the nonlinear response to the incident light at ω. The dipole oscillations can then

generate radiation constructively at 2ω in the same direction as fundamental light at ω

(or be reflected) provided the phase-matching condition is met.

Figure 4.2: Second Harmonic Generation.

Both the electric and magnetic field can contribute to the generation of SHG, how-

ever SHG by electric field is the most prominent in most situations. Therefore, we will

give a simple explanation of SHG by electric field in this section. The electric displace-
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ment field D̃, the electric field Ẽ and the polarization density P̃ satisfy the relation

D̃ = ε0Ẽ + P̃, (4.1)

where the tilde (˜) denotes a quantity that varies rapidly with time. The polarization P̃

is induced by Ẽ and hence depends nonlinearly on Ẽ. We can separate the linear and

nonlinear part of P̃ as

P̃ = P̃(1) + P̃NL. (4.2)

We can also expand P̃ into Taylor series of Ẽ as

P̃ = ε0

(
χ(1)Ẽ + χ(2)Ẽ2 + χ(3)Ẽ3 + . . .

)
, (4.3)

with χ(n) the nth order susceptibility of the medium. Comparing Eqs. (4.2) and (4.3), we

have nonlinear terms as

P̃NL = ε0

(
χ(2)Ẽ2 + χ(3)Ẽ3 + . . .

)
, (4.4)

where χ(2)Ẽ2 represents a second order interaction of the field with a medium and χ(3)Ẽ3

a third order one. The second order nonlinear susceptibility tensor χ(2)
i jk (ωn + ωm, ωn, ωm)

is related to the polarization through

P̃i (ωn + ωm) = ε0

∑
jk

∑
(nm)

χ(2)
i jk (ωn + ωm, ωn, ωm) Ẽ j (ωn) Ẽk (ωm) , (4.5)

where i = (x, y, z) denotes the directions of fields. As shown in Eq. (4.5), χ(2) represents

the polarization-dependent nature of the second order process. In the case of SHG, ωn

and ωm are identical, and the induced polarization is

P̃i (2ω) = ε0

∑
jk

χ(2)
i jk (2ω,ω, ω) Ẽ j (ω) Ẽk (ω) . (4.6)

Since χ(n) must respect the spatial symmetry properties of the nonlinear medium, it is
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worth noting that the SHG produced by the electric field can only exist when there is a

lack of inversion symmetry in the electric dipole limit. This can be seen by assuming

that a monochromatic laser field is incident on the sample with electric field as

Ẽ(t) = E cosωt, (4.7)

and considering the nonlinear polarization field induced by this electric field inside the

medium

P̃(t) = ε0χ
(2)Ẽ2(t). (4.8)

If the medium respects inversion symmetry, the polarization field P̃(t) changes sign as

we apply inversion. The sign of the incident electric field Ẽ(t) also changes, but χ(2)

remains the same to yield

−P̃(t) = ε0χ
(2)[−Ẽ(t)]2. (4.9)

Comparing Eqs. (4.8) and (4.9), we have χ(2) = 0 for centrosymmetric materials. How-

ever, it should also be noted that the SHG from the surfaces or interfaces of centrosym-

metric media is allowed as inversion symmetry is broken at these locations.

4.1.2 Rotational anisotropy second harmonic generation (RA-SHG)

Since both the electric field and magnetic field can contribute to SHG, it is essential to

understand those responses and ascertain the correct origins. In this subsection we will

discuss possible origins for SHG and the consequences on the signal’s dependence on

polarization and scattering plane.

SHG can originate from electric dipole polarization, magnetization and quadrupole

polarization of atoms inside nonlinear medium induced by the electric and magnetic

fields of the incident light

Pi ∝ χ
eee
i jk E jEk + χeem

i jk E jHk + χemm
i jk H jHk,

Mi ∝ χ
mee
i jk E jEk + χmem

i jk E jHk + χmmm
i jk H jHk,

Qi j ∝ χ
qee
i jklEkEl + χ

qem
i jkl EkHl + χ

qmm
i jkl HkHl,

(4.10)
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where e, m and q represent electric dipole, magnetic dipole, electric quadrupole transi-

tions respectively.

Those tensors with no or an even number of magnetic dipole transition are polar,

while those with an odd number are axial. To understand Eq. (4.10), we consider χqem
i jkl

as an example: in the medium, there is one absorption of the electric field and one ab-

sorption of the magnetic field of the incident light; the SHG is then emitted through

quadrupole transition. The SHG produced by electric fields is dominant from an exper-

imental point of view.

After making clear the origins of the observed SHG, one should be able to theo-

retically calculate the SHG signal provided that all elements of susceptibility tensor

are known. If the crystal symmetry is already known, the χ(2) tensor elements can be

obtained by applying symmetry operations: for polar tensors, we determine χ(2) as in-

variant under all point group operation; for axial tensors, we do so for all rotations,

while there is a minus sign for all improper rotations and reflections. This is described

more below in Section. 4.1.3.

In many cases, however, the origins of SHG or the symmetry properties of the ma-

terials being studied are not clear. Thus, we require a method that can separate tensor

elements from one another and allow us to ascertain the difference between the various

responses of Eq. (4.10). This is the process of rotational anisotropy second harmonic

generation (RA-SHG).

In RA-SHG, the SHG intensity is recorded as a function of either polarization or

scattering plane angle and then compared with a theoretical model that takes into ac-

count the putative point group symmetry. To get the maximum number of tensor ele-

ments of χ(2), one should rotate the sample about an axis which is in the scattering plane

but not perpendicular to the surface of the sample.

From an experimental point of view, it is impractical to rotate the sample directly

since it requires the laser light to always on the same spot when the sample is rotating.

Moreover, experiments are frequently required to be performed under different condi-

tions such as in a magnetic field or in a cryostat. However, it is feasible to rotate the
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propagation direction and the polarization of the incoming and outgoing light by using

a reflective objective as firstly introduced [76] and later on improved in this thesis as

described in Chapter 5 as shown in Fig. 4.3.

Figure 4.3: RA-NHG setups. (a)RA-NHG setup change the incident angle by phase
mask [76], (b) RA-NHG setup change the incident angle by fast mirror [82].

An example of the application of RA-SHG is shown in Fig. 4.4. The Bi2Se3 bulk

respects inversion symmetry (point group D5
3d) while the surface respects three-fold

rotational symmetry and three planes of mirror symmetry (point group C3v).

Figure 4.4: Normalized SHG data from the Bi2Se3 (111) surface. The data was taken
immediately after cleavage as a function of azimuthal angle φ between the xz plane of
the crystal surface and the scattering plane with P (S) denotes polarization parallel (per-
pendicular) to the scattering plane. The black circles denote experimental data while
solid red lines theoretical fits [83].
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The theoretical RA-SHG responses from Bi2Se3 (111) surface are

IPP(2ω) = A ×
∣∣∣a(3) − 0.025a(1) cos(3φ)

∣∣∣2 ,
IS P(2ω) = A ×

∣∣∣a(2) − 0.016a(1) cos(3φ)
∣∣∣2 ,

IPS (2ω) = A ×
∣∣∣0.020a(1) sin(3φ)

∣∣∣2 ,
IS S (2ω) = A ×

∣∣∣0.013a(1) sin(3φ)
∣∣∣2 ,

(4.11)

where a(2) ≡ 0.061χzxx and a(3) ≡ −0.007χxxz + 0.096χzxx + 0.002χzzz. The perfect

match between experimental data and theoretical fits in Fig. 4.4 not only confirmed the

symmetry properties of the sample but also determined the origin of the SHG response.

4.1.3 Nonlinear Susceptibility

χ(2) =




χxxx

χxxy

χxxz



χxyx

χxyy

χxyz
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(4.12)

As mentioned above, it is essential to know each element of the susceptibility ten-

sor in order to fully understand SHG signal. Hence, in this section we will discuss

the properties of the susceptibility tensor which may eliminate the zero elements and

sequentially largely reduce the complication of the calculation.

There are 12 χ(2) tensors that completely describe the second order process when

considering any three waves interaction process with frequency at ω1, ω2, and ω3 =

ω1 + ω2:

Pi (ωn + ωm) = ε0

∑
jk

∑
(nm)

χ(2)
i jk (ωn + ωm, ωn, ωm) E j (ωn) Ek (ωm) . (4.13)
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In the case of SHG, we have ωn = ωm = ω. For each second order susceptibility χ(2)

tensor, there are 27 cartesian components. However, one can reduce the number of

independent tensor elements by applying certain restrictions and symmetry properties.

According to Neumann’s principle, the transformation properties of a physical ten-

sor must reflect the symmetry of the crystalline lattice. We thus may largely reduce

the number of χ(2) tensor elements by considering spatial symmetry properties of the

medium. For example, if the crystal is symmetric under transformation Ti j, then sus-

ceptibility tensor should also be invariant as

χ′lmn = TilT jmTknχi jk. (4.14)

The RA-SHG is a special sum-frequency generation of two photons with equivalent

energy by varying polarization and scattering plane angles as described above. We will

show in Chapter 8 that by measuring the RA-SHG spectrum of RhSi (111) sample, we

can study the second order corrections of band structure. Besides the RA-SHG work,

we also measured the CPGE spectrum of the chiral Weyl semimetal RhSi with CPGE

refers to the circular photogalvanic effect. Photogalvanic generation, which will be

introduced in the following section, is a difference-frequency generation.

4.2 Photogalvanic Generation

Photogalvanic effects (PGEs), in which a photocurrent is generated in a material due

to incident illumination, have been predicted to be an effective method to detect the

chirality of Weyl node, measure the Chern number and verify the existence of surface

Fermi arcs for mirror symmetry broken Weyl semimetals [63, 70, 69].

In this section, we will give a brief introduction of these effects in particular as they

are applied to study Weyl semimetals.
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4.2.1 Photocurrent

In order to understand PGEs, we start from relation between photocurrent ji and in-

cident electric fields in a homogeneous medium. The constant component of electric

current that comprises the PGEs can be represented by sum of series of electric field [84]

ji = σ0
i jE j + β0

inlElEn + σ0
ilnmElEnEm + γilnmElẼnẼ∗m + βilnẼlẼ∗n, (4.15)

where E is constant electric field and Ẽ, which satisfies Ẽ(ω) = Ẽ∗(−ω), denotes that

the electric field varies rapidly with time as we did in Section 3.1.1. The first three

terms, which depend only on constant electric field, depict the static conductivity with

nonlinear corrections. σ0
i j is the linear conductivity, while β0

inl is quadratic conductivity

and σ0
ilnm cubic. The γilnm term describes photoconductivity. The photogalvanic tensor

βiln includes all the information on the PGEs.

Figure 4.5: Photocurrent as response to the incident light. (a) Top view, (b)Side view.

The generation of photocurrent is depicted in Fig. 4.5. The direction of the pho-

tocurrent depends on the symmetry structure of the medium and the incident light in

the same manner as the SHG described above

jph
i = βilnẼlẼ∗n. (4.16)

The photocurrent generated when the incident fields are linearly polarized is linear pho-
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togalvanic effect (LPGE) current, while the circular photogalvanic effect (CPGE) cur-

rent is due to circularly polarized incident fields.

Since the photogalvanic tensor βiln includes all the information about PGE, we can

glean some of its characteristics from discussion of the transformation properties of

photocurrent:

1. Tensor βiln only exists in inversion symmetry broken media

Similar to the discussion in Section 4.1.1, the induced current jph
i (t) changes its

sign if we change the sign of the incident electric field Ẽ(t) in a medium with

inversion symmetry

− jph
i (t) = βiln[−Ẽl(t)][−Ẽ∗n(t)]. (4.17)

We thus observe the βiln vanishes for centrosymmetric media by comparing Eqs. (4.16)

and (4.17).

2. The imaginary component of the tensor βiln(ω) exists when the polarization of the

incident light is elliptical

Since the photocurrent jph
i must be real because it is at zero frequency, we have

jph
i = ( jph

i )∗ = (βilnẼlẼ∗n)∗. (4.18)

Eq. (4.18) only holds true when

βiln = β∗iln. (4.19)

Accordingly, we can rewrite βiln as the sum of real and imaginary component

jph
i = βs

ilnẼlẼ∗n + iβas
il |ẼẼ∗|l, (4.20)

wherein imaginary component βas
il is antisymmetric about the last two indices,

whereas the real component βs
iln is symmetric part that stay unaltered when ex-
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changing the last two indices

βs
iln = βs

inl. (4.21)

The second term of Eq. (4.20) only exists when the polarization of the incident

light is elliptical, therefore is assigned to describe CPGE while the first term is

the LPGE. In the following discussion, we will mainly focus on the CPGE.

4.2.2 Circular photogalvanic effect

In nonmagnetic materials, the second term in Eq. (4.20) can be written as the second

order response to the incident electric field E(ω) = E∗(−ω):

d ji

dt
= βi j(ω) [E(ω) × E∗(ω)] j , (4.22)

where βi j(ω) = iβas
il is purely imaginary, and is given as[69]

βi, j(ω) =
πe3

~2V
ε jkl

∑
k,n,m

f k
nmvi

k,nmrk
k,nmrl

k,nmδ
(
~ω − Ek,mn

)
, (4.23)

where i gives the direction of the photocurrent while j is the propagation direction of

the incident light, and n and m represent bands n and m respectively. V is volume of

the sample and k =
(
kx, ky, kz

)
is the momentum. The energy difference between bands

n and m is defined as Ek,nm = Ek,n − Ek,m, and the Dirac-Fermi distribution difference

between bands n and m is given as f k
nm = f k

n − f k
m . The difference of Fermi velocities is

given by

vi
k,nm = ∂Ek,nm/∂ki = ∂Ek,n/∂ki − ∂Ek,m/∂ki, (4.24)

and the elements for cross gap Berry connection tensor, which is also a velocity tensor,

is given as

rk,nm = i 〈n |∂Hk/∂kl|m〉 . (4.25)

It is notable that the βi j(ω) only exists in media without centrosymmetry and that

belongs to one of the gyrotropic point groups.
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CPGE currents have been used to study a number of effects in Weyl semimet-

als. Fig. 4.6(a) shows a schematic of the experimental geometry used to measure the

CPGE current. This setup permitted measurement of the chirality of Weyl fermions in

TaAs [63].

Figure 4.6(b) shows the apparatus used to measure the terahertz radiation emitted by

a photocurrent parallel to the crystal surface in response to incident infrared radiation

(1200∼2600 nm). We applied this apparatus on the chiral Weyl semimetal RhSi to

measure both bulk helical currents and surface currents using CPGE [71].

Figure 4.6: Research by study CPGE on Weyl semimetals. (a) Schematic illustration
of the mid-IR photocurrent microscope setup [63], (b) Schematic of the experimental
geometry for helical radiation measurement [71].

The theoretical prediction that CPGE currents arise from the response of the sur-

face Fermi arcs to incident laser light on RhSi (001) surface is shown in Fig. 4.7 [69].

The measured surface Fermi arcs in Fig. 4.7(b), denoted by the black dot line, match

the results of theoretical calculations given in Fig. 4.7(c). The cyan arrows in both

Figs. 4.7(d) and (e) indicate possible photon-absorption channel between different sur-

face Fermi arcs as the surface states evolve spirally and clockwise with energy.
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Figure 4.7: Spiral Fermi arcs on the (001) surface of RhSi. (a) Electronic band structure
of RhSi in the presence of SOC. (b) ARPES-measured (001)-surface states of RhSi at
20 meV below the Fermi level. The white box indicates the first surface BZ, while
the color bar represents spectral weight distributions on the surface with H (L) as high
(low). (c) First-principles calculations of (001)-surface states of RhSi at the Fermi
level. (d) The energy dispersion along the red dashed line in panel (c). The white
line denotes the Fermi level, and the cyan arrow shows a possible photon excitation
between the different Fermi arcs. (e) Evolution of helicoid Fermi arcs around M̄ at
different energies [69].

Considering screw rotational operation S 2z = {C2z|0.5, 0, 0.5} relates k = (kx, ky, kz)

to its partner k′ = (−kx,−ky, kz), the Fermi velocities must obey the relation

vx
k = −vx

k′ , vy
k = −vy

k′ , vz
k = vz

k′ , (4.26)

while the velocity tensor elements satisfy

rx
kry

k = rx
k′r

y
k′ , ry

krz
k = −ry

k′r
z
k′ , rz

krx
k = −rz

k′r
x
k′ , (4.27)

where b denotes bulk. When considering CPGE as driven by a beam propagating along

a principle axis of RhSi, we have βb
x,z = 0 and βb

y,z = 0 by integrating of all the states over

momentum space. βb
y,x = 0, βb

z,x = 0, βb
x,y = 0 and βb

z,y = 0 are obtained considering the

cubic symmetry of the RhSi crystal. The only nonvanishing bulk CPGE tensor elements

are βb
x,x, β

b
y,y and βb

z,z parallel to the laser direction, which give no photocurrent that we
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can measure from the bulk. The (001) surface breaks the screw rotation S 2z instead,

thus leading to nonzero photogalvanic tensor elements βs
x,z and βs

y,z, and hence nonvan-

ishing βs
y,x, β

s
z,x, β

s
x,y and βs

z,y with s denotes surface. Therefore, we can measure nonzero

photocurrents from RhSi (001) surface, perpendicular to the direction of incident light.

In subsequent chapter, we will show the study of RhSi (001) surface to show that we

are able to approach only surface Fermi arcs using CPGE and LPGE. Our collaborative

work on helicity-dependent photocurrents in the RhSi (111) are also included in Chapter

10.
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CHAPTER 5

FAST REFLECTIVE OPTIC-BASED ROTATIONAL

ANISOTROPY NONLINEAR HARMONIC

GENERATION SPECTROMETER

This chapter has been published as:

Baozhu Lu, Jason D Tran, and Darius H Torchinsky. Fast reflective opticbased

rotational anisotropy nonlinear harmonic generation spectrometer Fast reflective optic-

based rotational anisotropy nonlinear harmonic generation spectrometer. Review of

Scientific Instruments, 90(053102), 2019.

We present a novel Rotational Anisotropy Nonlinear Harmonic Generation (RA-

NHG) apparatus based primarily upon reflective optics. The data acquisition scheme

used here allow for fast accumulation of RA-NHG traces, mitigating low frequency

noise from laser drift, while permitting real-time adjustment of acquired signals with

significantly more data points per unit angle rotation of the optics than other RA-NHG

setups. We discuss the design and construction of the optical and electronic components

of the device and present example data taken on a GaAs test sample at a variety of wave-

lengths. The RA-second harmonic generation data for this sample show the expected

four-fold rotational symmetry across a broad range of wavelengths, while those for RA-

third harmonic generation exhibit evidence of cascaded nonlinear processes possible in

acentric crystal structures.

54



5.1 Introduction

Rotational Anisotropy Nonlinear Harmonic Generation (RA-NHG) is an all-optical

probe in which the amplitude of the nth harmonic frequency of an optical field reflected

from a crystalline sample is measured as a function of the rotation of either the polar-

ization angle or crystal axes [85, 86, 87, 75]. In recent years, the technique has found

increasing applications as a measurement of both lattice symmetry and electronic sym-

metry breaking states of periodic condensed phase systems [88, 80, 89, 90], as well

as a serving as a sensitive spectroscopic probe of magnetic [91, 92, 93, 94, 95, 96]

semiconducting [97, 98] and topological systems [64].

There are two general types of RA-NHG experimental geometries found in the lit-

erature: those in which the incident and analyzed polarizations are rotated with a static

relationship between the scattering plane and the crystalline axes, and those in which

either the scattering plane or the crystal is rotated with a static configuration of incident

and outgoing polarizations. Experiments in the former geometry are relatively easy to

perform and provide essential information on inversion symmetry breaking or spectro-

scopic information of nonlinear susceptibility. Those in the latter geometry generally

probe a greater number of nonlinear susceptibility tensor elements per scan since they

can access components combining the out-of-plane direction z with in-plane compo-

nents x or y separately in contrast with the former geometry where in-plane components

are generally combined. This latter geometry thus provides a more direct picture of the

materials’ inherent symmetries, motivating our focus on this geometry for our device.

Earlier experimental implementations of this geometry consisted of a rotating sam-

ple, which presented significant experimental challenges to alignment and for working

in cryogenic environments. Incorporation of a custom-made transmissive binary phase

grating, i.e.,a phase mask, in conjunction with high numerical aperture imaging optics

largely addressed these issues. This configuration allows for oblique incidence upon the

sample, defining a scattering plane relative to which the polarization may be described

as s-polarized (perpendicular to the scattering plane) or p-polarized (within the scatter-
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ing plane); as the diffractive optic is rotated, the scattering plane rotates relative to the

crystalline axes, mimicking physical rotation of the crystal [76].

The first diffractive-optic based experimental setup operated in a "stop-start" man-

ner, wherein a series of optics were repositioned for each acquired angle, taken in 5◦

increments. The extremely slow pace of data collection made the setup sensitive to

low frequency noise components, most significantly laser drift, which could not be fil-

tered out by lock-in detection. These issues motivated a further significant improvement

through a diffractive optic based "fast-scanning" approach, made possible by spinning

a collection of optics at 5 Hz using a drive shaft [99]. In this configuration, the emitted

second harmonic generation (SHG) light is accumulated onto a CCD camera in the form

of a spatially dependent pattern that embeds the rotational anisotropy signal I(φ) which

is recorded as a function of rotation angle φ. Numerical data that can be analyzed for

symmetry changes are recovered via radial numerical integrals of the acquired image.

One of the main drawbacks of both aforementioned RA-NHG setups is that the

phase grating is a highly wavelength-dependent optics. First, the grating’s diffraction

efficiency is set by the etch depth of the optic and can be inefficient outside of the design

wavelength. Additionally, the diffracted beam angle is determined according to the

grating equation Λ = λ/2 sin(θ), where Λ is the grating feature size, λ is the wavelength

of light, and θ is the angle subtended relative to the surface of the grating. This strong

wavelength dependence presents a problem for spectroscopic studies that could reveal

magnetic [91, 92, 93, 94, 95, 96] or electronic [98, 64, 100] resonances in condensed

phase systems. As multiple experimental parameters involving alignment change with

λ, the combination of different tensor elements of interest will change as a function

of the angle of incidence for p-polarized incoming or outgoing beams, obscuring their

intrinsic energy-dependence. This drawback has meant that truly spectroscopic studies

have been done exclusively in a static scattering plane geometry.

Here, we describe a novel design for a fast RA-NHG spectrometer that requires nei-

ther custom made diffractive optics nor CCD camera detection and allows for continu-

ous wavelength tuning so that spectral features can be accurately resolved. The system
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is built upon lockstepped motion of a stepper motor driven polarizer and a voice-coil

fast turning mirror as synchronized by a data acquisition card and stepper motor con-

troller. Owing to the predominance of reflective optics in its construction, the setup

can be achromatized. Being driven by precisely timed controllers, the spectrometer

described here can be interfaced directly with more sensitive RA-SHG measurement

techniques [101].

This chapter is organized as follows. In Section 2, we describe the principle behind

the experimental construction, providing detailed layouts of the optics and the system

electronics. In Section 3, we provide a detailed alignment procedure we have developed

for the apparatus. In Section 4, we present an example of the use of the device to

examine the RA-SHG signal of GaAs at multiple wavelengths, and in Section 5, we

conclude by summarizing the essential points of the paper and providing directions for

further improvements.

5.2 Experimental design

5.2.1 Optics

The RA-NHG setup we have developed is suitable for virtually any pulsed laser system.

Here, we used a Coherent Astrella regeneratively amplified Ti:sapphire laser lasing at

800 nm at 5 kHz repetition rate and producing 35 fs pulses to seed the input of an Opti-

cal Parametric Amplifier (OPA-Light Conversion TOPAS TIWN). The OPA produced

tunable laser pulses from 480 nm to 2.6 µm, allowing a wide range of incident photon

energy.

The novel setup is depicted in Figs. 5.1 and 5.2. The OPA output beam passes

through multiple short and long pass filters chosen to remove the output of parasitic

nonlinear processes from the OPA’s collinear second stage. Although focusing of the

beam into the setup is at the discretion of the experimentalist, two particular configu-

rations are of note. First, the beam may be focused onto the point at which its oblique

angle is introduced [here, the kinetic mirror (KM)] so that it simultaneously focuses on
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the surface of the sample, allowing extremely small samples to be measured. In the

second configuration, it may be focused to a point immediately before the reflective

objective (RO) so that it may be approximately collimated and avoid excessive SHG

contributions from longitudinal field components [102, 103]. We have depicted the for-

mer scenario in the figures for clarity although for the data presented below, we operated

in the latter configuration using a 50 cm reflecting spherical mirror.

Figure 5.1: The RA-SHG spectrometer. (a) Perspective diagram of the optical con-
figuration showing all elements. These are, in order of first incidence: CP-cleanup
polarizer, QWP-quarter wave plate, KM-kinetic mirror, SM-spherical mirror, TM1-first
periscope mirror, TM2-second periscope mirror, LF-group of long-pass filters, TD1-
dichroic one, P-polarizer, RO-reflective objective, S-sample, A-analyzer, TD2-dichroic
two, TD3-dichroic three, L-lens, and SF-group of shortpass and/or bandpass filters. Not
shown is the optic used to focus the beam into the setup. (b) Top-down view. Note that
the beam is reflected upwards by KM, but due to the right-angle periscope, it emerges
to the right-hand side of the RO entrance aperture. The sense of rotation of the kinetic
mirror and the scattering plane is thus offset by 90◦.

After the lens (not shown), the OPA output passes through a cleanup polarizer (CP)

to purify the polarization state and then a quarter wave plate (QWP) to convert the

polarization from linear to circular. It then passes through protected aluminum spherical

mirror (SM-Edmund Optics 32-821). The beam then passes through the middle of a

4.92 mm hole bored at a 45◦ angle in a tilted turning mirror (TM1-Edmund Optics

68-333), after which it is incident upon the center of the kinetic mirror (KM). KM

comprises a standard silver mirror (Newport 10D20ER.2) seated upon voice coil motors

(Optics in Motion OIM5001) which are able to tilt at high speeds to deflect the beam
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so that it may ultimately be introduced at oblique incidence on a sample. We note that

KM plays the same role as the phase mask [76, 99] that it introduces an oblique angle

by reflection instead of by diffraction, with the tilt angle proportional to input control

voltage in the X and Y direction by 1◦/V. The KM is capable of extremely fast motion

with a 3 dB point in the conversion of voltage to angle at ≈ 430 Hz with accompanying

shift in phase of −100◦. Both the attenuation of the tilt angle and the phase delay are

negligible at the 5 Hz frequency used here.

Figure 5.2: Side view of the RA-SHG apparatus. Note that the incoming beam passes
through holes in SM and TM1 before being incident on KM. The bore of the hole in
TM1 is canted such that it is parallel to the incoming beam path when TM1 is in place
at 45◦ angle. The mirror KM here is depicted laterally further away from TM1 than it
is in practice for clarity. The tilt angle of KM was chosen to be such that it would not
clip on either the bores of TM1 and SM or on the entrance aperture of RO.

The KM reflects the beam at an angle chosen such that it may pass back through the

bore in the center of TM1 but not through the hole in SM. It is essential that the surface

of KM lies in the focal plane of SM so that reflection off of SM brings the beam parallel

to, but offset from, the incoming optical axis. The beam then reflects off of the two

turning mirrors TM1 and TM2 (Thorlabs PF20-03-P01), offset from the hole in TM1.

The turning mirrors are in a 90◦ rotated periscope configuration chosen to compensate

for reflectivity anisotropy between the s- and p-polarized light. Since the beam is at

near-normal incidence for both KM and SM, there is little p-polarization component in

the beam and s/p asymmetry in these optics can be ignored.

After the beam is reflected by TM2, parasitic nonlinear harmonic light is removed

by long pass filtering (LF-Various Thorlabs FELH and FESH series optics) before pass-
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ing through a triple-dichroic group (TD1-3–Various seated in a Thorlabs CM1-DCH

mount, Thorlabs DMLP550R used below) that has equal amount of s-polarization and

p-polarization reflectivity and transmissivity, maintaining a circular polarization for the

OPA field upon its emergence [99]. In Principle, the use of a triple dichroic is unneces-

sary for the wavelengths where the s/p asymmetry in both reflection and transmission

is minima, but if it is to be used, all dichroics must be of the same specification. In

particular, for DMLP550R, this falls at the native Ti:sapphire wavelength of 800 nm.

Next, the laser pulse passes through a spinning broadband wire grid polarizer (P-

Thorlabs WP12L-UB) to determine the incoming polarization as either in (p-) or in

perpendicular to (s-) the scattering plane. The polarizer is seated in a custom made

mount attached to the spinning stepper motor stage (Standa 8MRU-1) that has had its

front plate removed. The beam is then delivered off-center of a NA=0.5 reflective objec-

tive (Edmund Optics, 68-188), which brings it in at ∼ 26◦ angle of incidence, allowing

for ready discrimination between s- and p- polarized light. As described above, the

beam can be roughly collimated by the RO primarily to avoid undesired contributions

to the NHG signal as tightly focused beams contain much larger longitudinal electric

field components and thus constitute a large departure from the ideal plane wave for

which RA-NHG signals are generally calculated. Furthermore, a larger spot size on

the sample can allow for an overall increased emitted signal strength for the following

reason. All crystalline samples have a threshold fluence beyond which tighter focusing

of the incident beam irreversibly damages the surface. The beam may be maintained

slightly below this fluence but be physically larger to allow or a larger incident power,

resulting in a larger emitted NHG signal.

After reflecting off the sample (S) and reemerging from the RO, the second harmonic

component of the beam passes through the analyzer (A–Thorlabs WP12L-UB) which is

in the same rotation stage as the polarizer P, selecting the outgoing polarization as either

s- or p-polarized depending upon how it is set by the experimentalist. The SHG pulse

then reflects from the triple dichroic mirror stack toward the detection arm. A 7.5 cm

lens (L–Thorlabs LA4380-A) then focuses the beam down past two shortpass filters and
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one bandpass filter (grouped in SF–various, Thorlabs FESH550 and FBH400-40 used

below) to remove the fundamental before the amplitude is detected by a photomultiplier

tube (PMT–Hamamatsu R12829).

5.2.2 Electronics

Figure 5.3: Schematic diagram of electrical connections in the RA–SHG spectrometer.
Abbreviations are DAC–data acquisition card, PMT–photomultiplier tube, SC–stage
controller, Enc to CC–Encoder to counter converter, and FMC–Fast mirror controller.
The various other labels (AI0, PFI12, etc.) indicate input and output connections on the
DAC.

The PMT used here is biased by a high voltage power supply socket assembly (Hamamatsu–

C12597-01). Upon excitation by incident SHG photons, it emits a short current pulse

proportional to the light intensity through conversion by a factor of roughly 4×104 A/W

or, more appropriately for pulsed light, 4 × 104 C/J. The PMT output was connected to

the input of a charge integrator (Cremat, CR-Z-PMT) with a 1.3 mV/pC conversion

and then converted into a voltage pulse by a shaper instrument (Cremat, CR-S-8us-US)

with the amplification factor set to 10×. Ignoring the quantum efficiency of the PMT,

the PMT bias voltages used here provided a conversion efficiency of 260 µV/emitted

photon at a photon energy of 3.0 eV. The overall sensitivity is determined by the am-

plification and dark current of the photomultiplier, while the electronic noise floor is

determined by the amplification from the integrator and shaper.
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Figure 5.4: Timing diagram for the electronics depicted in Fig. 5.3. The DAC is trig-
gered to start acquisition every 360◦ by SC which is taken from Zaber and input into
PFI12 of the DAC. The ENC A and ENC B inputs represent the quadrature encoder
monitoring the stage rotation through 3000 pulses per revolution connected to PFI8 and
PFI14 inputs of the DAC, respectively. ENC to CC is the output counter pulse that rig-
gers once every time the encoder has detected rotation by 0.12◦ as read through DAC
channel PFI17. The instantaneous voltage driving the X (Y) coordinate of the FM is
shown as FMC X (FMC Y) output from DAC channel AO0 (AO1) and representing the
function X = A cos(φ) + X0 (Y = A sin(φ) + Y0). A laser-synchronized trigger on DAC
channel PFI1 records the output of the detection electronics on DAC input AI0. Al-
though shown here as being synchronous with the stage rotation, it was asynchronous
in our experiments.

Obtaining a full 360◦ RA-SHG signal requires accurate timing between the kinetic

components (KM, P and A) as well as synchronization with the laser output. A diagram

of the electrical connections is shown in Fig. 5.3, while a timing diagram is shown in

Fig. 5.4. All components communicated with a data-acquisition card (DAC, NI USB-

6281) that simultaneously read the instantaneous angle of the polarizer, directed the tilt

angle of the kinetic mirror, and recorded the voltage value of the SHG from the PMT.

The DAC was programmed in the LabView environment.

The polarizer/analyzer stage is rotated by software to the starting position and then

spun at 300 RPM by a stepper motor controller (Zaber X-MCB2-KX12B). We were

able to drive the stage rotation speed to 600 RPM (i.e., 10 Hz) with minimal problems

and could, in principle, push it significantly higher with the use of servo motors at the

expense of the number of data points per trace. The stage is equipped with a digital
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encoder (Broadcom HEDM-5500#B14) that provides 1000 counts per revolution of the

stepper motor. Due to the 3:1 gearing ratio between the drive and the stage mount, this

equates to 3000 counts per revolution of the spinning optic and, in principle, gives the

experiment a 0.12◦ angular resolution provided that data can be acquired at 15 kHz.

While the encoder is output to the stepper controller to assist in closed-loop motion,

only the A and B encoder outputs are needed to synchronize the spinning of the stage

with the KM as described below. These encoder outputs are connected to counter inputs

on the DAC card (DAC channels PFI8 and PFI14, respectively) to provide an instanta-

neous count read of the number of 0.12◦ steps advanced by the stage. The stage spins at

a constant rate for the duration of the measurement, set in software as a predetermined

number of revolutions depending upon how many averages are needed to provide us-

able data. The stage controller is simultaneously programmed to provide a positive edge

transistor-transistor logic (TTL) trigger output to the DAC card exactly when the stages

reach 0◦ (PFI12) to indicate to the DAC to send the data to the computer and begin the

next 360◦ acquisition.

The voice-coil KM is controlled by two analog voltage inputs on X and Y channels

(DAC channels AO0 and AO1, respectively) to tilt the mirror by 0.5◦/V in the X and Y

directions, respectively. In order to generate the requisite obliquely incident beam, the

signals on the two channels must be given by X = A cos(φ) + X0 and Y = A sin(φ) + Y0

where the angle φ is identical to the rotation angle of the stages from their starting

positions, A is the amplitude of the deflection in volts, and X0, Y0 are offsets determined

in order to make the beam retroreflect upon its input path when A = 0, which is essential

to ensure that the beam is centered about the optical axis.

As the encoder resolution is 3000 steps per revolution of the stages, we sampled the

functions X = A cos(φ) + X0 and Y = A sin(φ) + Y0 by 3000 equally spaced angular

points that were uploaded into the regeneratively output onboard memory of the DAC.

As the stages rotate, each encoder pulse pair from its A and B outputs is converted into

a counter pulse by an encoder to counter interface board (US Digital PC6-C-I-H5) pro-

viding a single TTL output (DAC channel PFI7). This TTL pulse triggers the DAC to
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output the next sample of the X and Y signals on the AO0 and AO1 analog channels

represented as Fast mirror controller (FMC) X and FMC Y in Fig. 5.4. Each subsequent

point in the sampled waveform is thus triggered by the encoder detecting movement by

one count. In this way the voice coil-driven mirror is perfectly synchronized with the

fast stages. We emphasize that the encoder signals must be converted into a counter

signal. If an encoder output is directly used as a trigger, the resulting improper count-

ing of pulses/revolution introduces a continuously worsening phase slip between the

kinetic mirror and stages. Given the sufficiently high bandwidth of the kinetic mirror

and the small sampling step of the mirror dirve voltage, any phase slip between the

synchronization between the stages and mirror was immeasurable.

The output of the digital delay generator (DDG) electronics timing the Pockels Cell

of the regen cavity provides an appropriate TTL signal that acts as a data acquisition

trigger for the analog input of the DAC (laser in Figs. 5.3 and 5.4). Every such pulse

triggers the DAC to simultaneously sample the shaper output at its maximum and record

the angular position of the encoder. We note that timed sampling significantly reduces

spurious signals as may arise from incoherent stray light, cosmic rays, or dark current

from the PMT since the data were only sampled over the sampling period of the DAC

as compared with the 200 µs repetition period of the measurement, resulting in a low

duty cycle measurement and commensurate reduction in noise. Due to the ∼ 5 Hz

speed of the stages, 1007 data points are taken per revolution (503 points per revolution

are acquired at ∼ 10 Hz), and every voltage acquisition is assigned a unique angular

step. Every full revolution, the DAC uploads the data points to a computer that records

a running average of the data. Both Cartesian and polar plots of the last 360◦ sweep

and the running average are simultaneously plotted to allow real-time fine tuning of the

apparatus during alignment and to monitor the signal during data acquisition.

We note that the laser and the stages do not need to be synchronized. Within one

revolution of the stages, there are 3000 identifiable angular steps and, at these repetition

rates, the possibility of ∼ 1000 data points. Every time the laser fires, both the SHG

amplitude and the angle are simultaneously measured and averaged with the previous
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sweep. Thus, each data point represents an average voltage for an average angle within

an angular range of ∼ ±0.18◦.

5.3 Alignment procedure

Here, we describe a detailed alignment procedure. After roughly positioning all the

optics, the focusing lens is placed in the path of the incoming beam and the focus fixed

roughly an inch in front of the RO. Then, the focusing beam is introduced along the

central optical axis of the bottom tier of the optics of Fig. 5.2, taking care to ensure that

the beam is centered on the bores of the mirrors SM and TM1. This step is assisted by

mounting optics SM, TM1, TM2 and KM in a Thorlabs 60 mm cage system, which is

a form of optical rail comprising four rigid, parallel metallic bars that permit the use of

special tools for accurate alignment of the beam down the central axis. Once this has

been done as precisely as possible, the KM is adjusted so that the beam is centered on

the reflective surface.

Next, constant voltage offsets are applied to the X and Y inputs of the KM controller

using the DAC in order to retroreflect the beam. These values are tuned to within 10

mV, following the beam as far back as possible. The offset values are used to drive the

KM according to the function X = A cos(φ) + X0 and Y = A sin(φ) + Y0, where the

value of A is chosen such that the ring described by the beam is approximately 9 mm in

diameter. This diameter is small enough such that the beam is not clipped on the bore

of TM1 upon reflection off of the KM but not so small that it would make through the

bore of the SM or be obscured by the central reflector of the RO.

The KM is then driven regeneratively by the DAC at a fast enough rate so that the

exiting beam appears as a ring upon reflection from SM and is made to traverse the

lower tier parallel to optical axis. Next, the angles of TM1 and TM2 are adjusted so that

the ring is directed directly upwards and then at a right angle to lower tier of optics and

parallel with the optical table.

We determined that the incoming polarization is as close to circular as possible by

placing a photodiode after the spinning polarizer (optic P in Figs. 5.1 and 5.2) and
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sending the output into the sampling system. A perfectly circularly polarized beam

results in a round, featureless output. This was achieved by gradually adjusting the

QWP both by rotation and by tilting about its axis until as flat of a line was observed as

possible, as this also compensates for the residual ellipticity generated in the setup. In

practice, we were able to recover flatness with peak-to-peak deviation 0.9% routinely.

The sample is aligned by stopping the KM such that the laser is at a single point and

making the beam retroreflect off of it. The KM is restarted, and the sample is translated

to the center of the ring. In our apparatus, the RO is mounted in a rotatable tip/tilt

mount (Thorlabs KS1RS). Before the RO is placed into the setup, a mirror inside of a

les tube is inserted into the mount and the mount adjusted to retroreflect the beam. Then

a target is placed in the mount in place of the lens tube and the mount translated on an

XYZ translation stage to center the ring on the target. These steps ensure centration and

normal incidence of the RO.

Once the RO is placed in the setup, the sample is adjusted on an XYZ stage to bring

it to the center of the beam, and the beam is made to reflect straight back upon itself.

We then checked that the beam would be able to only hit one point on the sample for

the full 360◦ revolution of the experiment. In principle, this is accomplished by making

sure that the beam emerging from the turning mirror TM2 describes a circle centered

on the optical axis of the upper tier of the optics in Fig. 5.2. More careful adjustment

of this step is accomplished by using a pellicle beamsplitter (Thorlabs BP250) to image

the surface of the sample focusing the beam emerging from the RO onto a bare CCD

(Logitech C170 Webcam with the optics removed) using a 40 cm lens (Thorlabs AC508-

400-B), i.e., through building a basic microscope. As the surface is imaged, fine tuning

adjustment of the sample plane is made to ensure that the beam walks on the sample as

little as possible.

The triple-dichroic stack is then placed such that is center matches that of the ring

and the mirror sits at 45◦ relative to the incoming beam. Although rated to transmit the

fundamental, enough of it is reflected so that the ring to be imaged by an IR viewer and

centered on the position where the active area of the PMT normally sits. The lens L is
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adjusted to make sure that the beam is as stationary as possible at this point, after which

point the remaining optics are placed in the beam, i.e., A, P, and SF. The polarizers were

configured so that the required incoming and outgoing polarizations were chosen.

5.4 Results and discussion

GaAs was chosen as a test sample due to widespreaded availability of high quality

single crystals, as well as due to a relatively large second harmonic generation (SHG)

susceptibility χ(2)
i jk. The expected RA-SHG signals as a function of scattering plane

rotation φ for a (001) oriented sample are given by

IS S
2ω (φ) = 0, (5.1)

IPS
2ω (φ) = 2χ2

xyz(1 + cos(4φ)), (5.2)

IS P
2ω (φ) = χ2

xyz/2(1 − cos(4φ)), (5.3)

IPP
2ω (φ) = χ2

xyz/2(1 − cos(4φ)), (5.4)

where the superscript indicates the polarization of the incoming and outgoing beams

in succession, i.e., IS P
2ω (φ) specifies incoming light with polarization vextor in the plane

of incidence and outgoing light with polarization vector perpendicular to the plane of

incidence. The PS geometry of Eq. (5.2) was chosen for experiments here since other

responses are shown to be strongly influenced by electric field induced second har-

monic (EFISH) from surface charging [104]. Consequently, SHG also proceeds at the

third order with one of the field components being the zero frequency electric field per-

pendicular to the surface; the resulting EFISH heterodynes with the direct SHG and

yields asymmetric RA-SHG traces, least notably for the PS geometry.

We also recorded third harmonic generation (THG) signals. For the GaAs test sam-

ple, the RA-THG signals were computed to be

IS S
3ω (φ) =

(
3
4

(
χxxxx + χxxyy

)
+

1
4

(
χxxxx − 3χxxyy

)
cos(4φ)

)2

, (5.5)
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IPS
3ω (φ) =

((
χxxxx − 3χxxyy

)
sin(4φ)/4

)2
, (5.6)

IS P
3ω (φ) =

((
χxxxx − 3χxxyy

)
sin(4φ)/4

)2
, (5.7)

IPP
3ω (φ) =

(
χxxxx + 3χxxyy

)2
+

(
3
4
χxxxx +

15
4
χxxyy

+
1
4

(
χxxxx − 3χxxyyy

)
cos(4φ)

)
/4

)2

.

(5.8)

In this study, we focused on the incoming wavelength range from 800 nm to 1.3

µm. Significantly longer wavelengths would produce second harmonic photons below

bandgap in GaAs, which thus need to be measured in transmission, while significantly

shorter ones would generate harmonics at wavelengths not easily detected by the PMT.

Figure 5.5: Data on GaAs taken in the p-polarized beam incoming, s-polarized beam
outgoing experimental geometry with different degrees of averaging, including (a) sin-
gle shot (i.e., one circulation of the optics) (b) 50 averages, and (c) 200 averages. Each
average takes 200 ms.

In Fig. 5.5, we show RA-SHG for 800 nm light in/400 nm light out using the PS-
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polarization combination, i.e., IPS
2ω (φ), for various degrees of signal averaging. The

dichroics used were Thorlabs DMLP550 longpass dichroic mirrors with TD1-3, and the

filters in SF were 3 Thorlabs FBH400-40 bandpass filters with two Thorlabs FESH0500

shortpass filters and one Thorlabs FESH0600 filter. As the optics rotate at 5 Hz, the data

are acquired every 200 ms and recorded as the "signal shot" data shown in panel (a).

Even though there are, on average, only ∼ 150 photons/shot at the laser fluences used

here, we are still able to perceive the four-fold symmetry described by Eq. (5.2). We

have found that having real-time, quickly updated scans available is extremely useful for

the fine tuning experimental alignment and are a unique characteristic of this apparatus.

Also shown in Figs. 5.5(b) and 5.5(c) are progressively larger degrees of averaging.

After 50 averages, which take ∼ 10 s, the data have become significantly cleaner with

only 120 photons/shot on average at the maximum. The additional 150 averages, as

shown in panel (c) of the Figure, yield only marginal benefit in the signal-to-noise ratio.

Figure 5.6: Wavelength dependent polar plots of RA-NHG data on GaAs. In all panels,
the r-dimension is in units of photons/shot, and in all panels, the data from the shortest
incoming wavelength have not been scaled while all other traces have. All data were
taken in the p-polarized incoming s-polarized outgoing geometry. (a) RA-SHG data
taken every 20 nm from 800 nm incident wavelength. (b) RA-SHG data taken at 1200
nm and 1290 nm using the same setup. (c) RA-THG data on GaAs taken at 1200 nm
and 1290 nm obtained simply by changing the filters on the PMT from the configura-
tion used for panel (b). The clear departure from expected 8-fold symmetric pattern
for RA-THG is likely due to interference between direct THG and light at 3ω genera-
tion through a cascaded process of SHG photons combining with fundamental photons
through sum frequency generation.

Next, we demonstrate the functionality of the apparatus at different incoming wave-

lengths. Fig. 5.6(a) shows data from 800 nm to 880 nm acquired in steps of 20 nm.

The filters in SF from 820 nm to 880 nm are two each of Thorlabs FESH0500 and

69



FESH0650 shortpass filters and one Thorlabs FESH0600 shortpass filter. The data for

820-880 nm have been scaled by arbitrary factors so that they can all be represented

in the same plot. However, the data at 800 nm have not been scaled and, thus, yield

∼ 260 photons/shot on average at the peaks. Accounting for the spectral throughput

of the detection optics using the manufacturer’s specifications, the stated quantum effi-

ciency of the photomultiplier tube at 400 nm, angle of incidence θ = 26◦, pulse duration

60 fs, and using the measured incident power of 1.03 mW, we calculated a value of∣∣∣χ(2)
xyz

∣∣∣ = 5.7 ± 0.5 × 102 pm/V at this wavelength from our data, which is in excellent

agreement with the literature value of
∣∣∣χ(2)

xyz

∣∣∣ = 6.0 × 102 pm/V for incoming wavelength

at 800 nm/outgoing wavelength at 400 nm [98]. We further observe that there is no

change in symmetry in the plot as a function of wavelength. We note that data acquisi-

tion of one trace to the next was performed without any change in alignment whatsoever

and thus proceeded very rapidly, i.e., in a few minutes.

Extending the range of data acquisition to longer incident wavelength, RA-SHG

data recorded with incoming λ=1200 nm and 1290 nm are shown in Fig. 5.6(b). The

dichroic mirrors TD1-3 were Thorlabs DMLP900 longpass dichroic mirrors, while the

filters used as SF for 1200 nm incident light were one Thorlabs FB600-40 bandpass

filter with two Thorlabs FESH0650 shortpass filters and one Thorlabs FESH0700 short-

pass filter. The filters used as SF for 1290 nm incident light were one Thorlabs FB650-

40 bandpass filter with two Thorlabs FESH0700 shortpass filters. This wavelength

range is below the 1.424 eV bandgap, and thus higher laser influences could be applied

to the sample before damaging it, yielding ∼ 10× larger signals. Again, the longer

wavelength data in the panel have been scaled by an arbitrary relative factor so that they

can be easily discerned from one another on the same plot. The data are of exceptional

quality and again show the characteristic four-fold rotational anisotropy expected for

SHG from GaAs in the PS geometry.

Finally, we show RA-THG data obtained at 1200 nm and 1290 nm for the PS-

polarization combination, i.e., IPS
3ω (φ). The dichroic mirrors used were the same as for

RA-SHG. The filters used as SF for 1200 nm were three Thorlabs FBH400-40 bandpass
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filters, two Thorlabs FESH0500 shortpass filters, and one Thorlabs FESH0600 short-

pass filter, while those for 1290 nm were one Thorlabs FB430-10 bandpass filter with

two Thorlabs FESH0650 shortpass filters and one FESH0600 shortpass filter. We note

that the traces do not match the expected pure eight-fold symmetry as derived from the

simple calculation in Eq. (5.6). We posit that, in common with the RA-SHG traces of

geometries not shown here (i.e., SP and PP), this is due to the presence of heterodyning

signal channels. Whereas, in SHG, contributions can arise from EFISH as described

above, THG in noncentrosymmetric materials allows for a parallel but significant two-

step pathway for photons to be converted from ω to 3ω known as a cascade process. In

a cascade, THG proceeds first the generation of SHG and then mixing of the SHG pho-

ton with a fundamental photon through sum-frequency generation [105, 106]. This is in

contrast to pure THG only allowed in centrosymmertic samples where the THG from

the simultaneous confluence of three fundamental frequency photons. The rotational

anisotropy of the cascaded process is considerably more complicated than is accounted

for by the model that yielded Eq. (5.6). As can be seen in Fig. 5.6 (c), there is a notice-

able wavelength dependence to this effect which will not be a focus of the discussion

here.

5.5 Conclusions

We have described the design, alignment, and implementation of a fast, reflective ro-

tational anisotropy nonlinear harmonic generation spectrometer and demonstrated its

ability to measure RA-NHG signals at various wavelengths for both SHG and THG

responses. The spectrometer provides data of exceptional quality, even down to the

regime ∼ 100 photons/laser shot, allowing it to be fine-tuned in real time by using vi-

sual feedback of the signal. The primarily reflective optic composition of the device

allows for spectroscopic applications to be performed relatively quickly, with the pri-

mary speed bottlenecks arising from the collection of filters and dichroics that must

be continuously changed to block the residual fundamental and parasitic nonlinear pro-

cesses, as well as undesired harmonic wavelengths from being measured by the detector.
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Notably, this does not change any of the more crucially aligned elements, implying that

data acquisition of RA-SHG traces can proceed in a relatively expedient manner and

with arbitrarily small or large changes in incident wavelength. However, data acquisi-

tion could be further streamlined by replacing the triple-dichroic stack by a spinning

thin silver mirror angled to reflect the NHG beam, provided a rotary stage that is either

thin enough (or of large enough aperture) could be found to allow for the incoming

beam to not be occluded over the full rotation of the optics.

Although not demonstrated here, it would be possible to perform nondegenerate

nonlinear optical rotational anisotropy experiments, such as sum-frequency or difference-

frequency generation by combining both beams collinearly before the setup and intro-

ducing them into the spectrometer. Finally, we note that with additional holes drilled

into selected optics, a pump beam to photoexcite the sample for pump-probe measure-

ments could be introduced to the setup.
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CHAPTER 6

FOURIER DOMAIN ROTATIONAL ANISOTROPY-SECOND

HARMONIC GENERATION

This chapter has been published as:

Baozhu Lu and Darius H. Torchinsky. Fourier domain rotational anisotropysecond

harmonic generation. Optics Express, 26(25):33192–33204, 2018.

We describe a novel scheme of detecting rotational anisotropy-second harmonic

generation (RA-SHG) signals using a lock-in amplifier referenced to a fast scanning

RA-SHG apparatus. The method directly measures the nth harmonics of the scanning

frequency corresponding to SHG signal components of Cn symmetry that appear in a

Fourier series expansion of a general RA-SHG signal. GaAs was used as a test sam-

ple allowing comparison of point-by-point averaging with the lock-in based method.

When divided by the C∞ signal component, the lock-in detected data allowed for both

self-referenced determination of ratios of Cn components of up to 1 part in 104 and

significantly more sensitive measurement of the relative amount of different Cn compo-

nents when compared with conventional methods.

6.1 Introduction

Rotational anisotropy-second harmonic generation (RA-SHG) has emerged as an ef-

fective tool for the study of crystallographic point group symmetry as well as elec-

tronic symmetry breaking states of the surface and bulk [85, 86, 87, 75]. In the electric
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dipole approximation, second harmonic generation only arises from inversion symme-

try breaking, thus applications of RA-SHG have commonly focused on ferroelectric

order and acentric lattice and magnetic symmetry breaking. Recent experimental im-

provements [76, 99] have led to more ready application of the technique to single crys-

tals and in cryogenic sample environments, enabling observation of lattice and elec-

tronic symmetry breaking that may be hidden to more conventional scattering probes [88,

80, 89, 107], highlighting the technique’s promise for investigating contemporary prob-

lems in condensed matter physics.

In a typical RA-SHG measurement, pulsed laser light is converted to its second

harmonic frequency whose magnitude is measured as a function of rotation φ of ei-

ther the polarization of the incoming and outgoing beams or between the scattering

plane and crystalline axes. The resulting rotational anisotropy "pattern" is then fit to a

model where the nonlinear optical susceptibility encapsulates the point group symme-

try of the crystal and any possible superposed symmetry breaking electronic order. A

significant impediment to observing subtle symmetry breaking using RA-SHG is the

quality of the rotational anisotropy pattern obtained. To this end, a major advance in-

spired by low-noise approaches to THz polarization [108] and time-resolved reflectivity

measurements [109, 110, 111] was the incorporation of fast-scanning into the RA-SHG

technique [99]. While these improvements make the measurement insensitive to the

low-frequency laser drift that plagues stop-start approaches, subtle alignment defects

and imperfections in the apparatus optics can still lead to skewed and/or jagged RA-

SHG curves. Extraneous signal sources can also arise from competing SHG channels

as may occur, e.g., from heterodyning between surface second harmonic and a bulk

quadrupolar responses, resulting in asymmetric or otherwise flawed RA-SHG traces

that obscure measurement of the desired signal. In other cases, the signal to noise ratio

may simply be too small to fit data and reveal the presence of small relative changes

in symmetry that may result from either a phase transition or laser excitation. These

complications may be contrasted with more conventional diffraction-based scattering

probes that exploit periodicity more directly, either reducing series of lattice planes into
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individual reciprocal space points of Laue patterns from single-crystals or generating

sets of concentric rings in power diffraction patterns from polycrystalline or pulverized

samples. This relationship between periodicity and singular measured values makes

diffraction measurements relatively more insensitive to small defects or other imperfec-

tions in a manner that current RA-SHG data acquisition schemes do not .

In this chapter we describe a novel method to detect RA-SHG signals and, in the

spirit of diffraction probes, leverage their inherent periodicity as universally sinusoids

as a function of rotational angle φ. This method, built upon a fast-scanning RA-SHG

spectrometer[82], is based on a Fourier decomposition of a signal by a lock-in ampli-

fier’s demodulators to select a single frequency component and phase of a periodic time-

domain signal. When several concurrent frequencies are detected, one may be divided

by the other to permit referencing of various signal components to remove correlated

noise. This scheme provides direct access to combinations of second order susceptibil-

ity tensor components and can result in up to a 102 improvement in the signal-to-noise

ratio of measurements of relative degrees of Cn symmetry breaking, making the mea-

surement more robust to signal imperfections, alignment defects and low signal-to-noise

ratios compared with currently used techniques.

6.2 Background and principle

In the electric dipole approximation, an electric field Ei(ω) of frequency ω incident

upon a noncentrosymmetric crystal induces a radiated electric field proportional to the

second order induced polarization Pi(2ω) through

Pi(2ω) = χ(2)
i jkE j(ω)Ek(ω), (6.1)

where χ(2)
i jk is the second order optical susceptibility tensor reflecting the crystallographic

point-group symmetry of the material through Neumann’s principle [112]. Here we

focus on RA-SHG measurements in which the crystalline axes rotate relative to the

scattering plane although essentially identical arguments apply for all other RA-SHG
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geometries. In this geometry, the mathematical representation of rotating the crystalline

axis by angle φ is given by transforming χ(2)
i jk using the tensor

ai j =


cos(φ) − sin(φ) 0

sin(φ) cos(φ) 0

0 0 1

 , (6.2)

according to the standard transformation law for polar tensors

χ′(2)
lmn = aila jmaknχ

(2)
i jk. (6.3)

In an experimental realization of this scattering geometry, the beam is introduced

oblique to the sample surface allowing four different polarization combinations where

the incident and/or emitted fields are polarized in (P) or perpendicular (S ) relative to

the scattering plane. The corresponding emitted intensities are denoted IS S
2ω (φ), IS P

2ω (φ),

IPS
2ω (φ) and IPP

2ω (φ), where the first (second) superscript denotes the incident(emitted)

polarization. In the absence of interfering signals sources that may mix - and hence het-

erodyne - with the χ(2)
i jk response being studied, any given individual transformed tensor

element χ′(2)
lmn is thus at most proportional to the third power of a trigonometric function

due to the transformation law Eq. (6.3) that requires one factor of ai j per tensor rank.

Since field intensities are measured with a square-law detector, an arbitrary emitted

intensity is given by IMN
2ω (φ) ∝ |Pi(2ω)|2 (M, N = P or S ), implying that the angular

dependence of any RA-SHG data may be most generally expressed as

IMN
2ω (φ) =

∣∣∣∣∣∣∣
3∑

r=0

r∑
s=0

br,s cosr−s(φ) sins(φ)

∣∣∣∣∣∣∣
2

, (6.4)

where the br,s represent linear combinations of individual tensor elements of χ(2)
i jk. The

use of trigonometric product and reduction formulae allows Eq. (6.4) to be recast as

IMN
2ω (φ) = X0 + X2 cos(2φ) + X4 cos(4φ) + X6 cos(6φ) + Y2 sin(2φ)+

Y4 sin(4φ) + Y6 sin(6φ)
(6.5)

in a "Cartesian" representation or, equivalently
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IMN
2ω (φ) = A0 + A2 cos (2φ + ψ2) + A4 cos (4φ + ψ4) +

A6 cos (6φ + ψ6) ,
(6.6)

in a "polar" representation. In the above, the coefficients Xn, Yn and An comprise dif-

ferent combinations of the tensor components χ(2)
i jk contributing signals of Cn symmetry.

The phases ψn in Equation 6.6 allow for rotational anisotropy components to be ori-

ented arbitrarily relative to φ = 0 and may also be expressed in terms of the χ(2)
i jk. At all

orders, these phases may have an offset that accounts for extrinsic tilt of the crystalline

axes relative to the scattering plane if the sample axes themselves are tilted relative to

the scattering plane at φ = 0.

Equations. (6.5) and (6.6) constitute equivalent, exact Fourier expansions of a gen-

eral dipolar homodyne RA-SHG signal. Odd orders of φ have been omitted as they may

only appear either in a deliberately heterodyned experimental geometry or when more

than one signal component is present, e.g., if a surface electric dipole signal interferes

with the main bulk electric dipole contribution. In the absence of heterodyned signals,

it is easily seen that each additional tensor rank of the susceptibility increases the order

of the homodyne response by two; the nonlinear susceptibilities of second harmonic

electric quadrupole radiation and third harmonic generation are both rank four, i.e., χ(2)
i jkl

and χ(3)
i jkl, respectively, thus the corresponding rotational anisotropy patterns include an

additional term X8 cos(8φ) + Y8 sin(8φ) in Eq. (6.5) or A8 cos(8φ + ψ8) in Eq. (6.6).

In a fast scanned RA-SHG measurement, φ = 2π frt where fr is the rotational fre-

quency of the experiment and t is the elapsed time. The various signal components

Xn, Yn and An manifest as sinusoids at frequencies n fr for n ≥ 1 and are well suited to

lock-in detection referenced to fr and its harmonics. Significantly, n-fold symmetries

of the RA-SHG traces, representing intrinsic n-fold symmetries of the sample, appear

on the nth demodulated harmonic response through the coefficients Xn, Yn and An. As

each term in Eq. (6.6) is determined directly and independently, the coefficients may be

inverted to yield the values of individual χ(2)
i jk tensor elements provided that the system

is not underdetermined.

Recording the Xn, Yn and An values accurately using a lock-in amplifier requires the
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voltage input signal to be appropriately conditioned since the series of voltage spikes at

the laser repetition rate produced from a photomultiplier tube or other optical detector

contains Fourier components across the entire frequency spectrum in a complex manner

depending upon the detector instrument response rather than only at signal frequencies

n fr. To address this issue, we sample the peak voltage using a sample-and-hold (SAH)

circuit that, upon triggering by a TTL pulse synchronized with the laser output, sustains

the voltage amplitude until the next TTL pulse triggers the SAH to acquire the next peak

value. The signal s(t) is thus directly sampled at regular intervals to produce a contin-

uous output where every laser pulse is sustained over a laser repetition period. Lock-in

demodulation at frequency fr and harmonic n is proportional to
∫

cos(2π frt)s(t)dt, ef-

fectively projecting out the n fr Fourier component of the piecewise constant function

s(t). When performed on the SAH output, this operation is akin to a Riemann sum

as evaluated by the midpoint rule, with the error scaling inversely with the number of

points, here the number of samples per revolution of the optics.

The coefficients X0 = A0, however, cannot be demodulated reference to fr as they

represent the average value of a RA-SHG response 1/2π
∫ 2π

0
IFG
2ω (φ)dφ. These terms

can be recovered by mapping the signal onto a carrier frequency at the repetition rate

of the laser fl and then demodulating the signal referenced to the laser output using a

lock-in time constant τ � 1/ fl, i.e., long relative to the rotational period of the optics.

In practice, this is well executed using a carrier square wave so that correct values of A0

may be obtained. The overall signal s(t) is thus given by

s(t) = IMN
2ω (2π frt) ×

1
2

+

∞∑
k=1

2
kπ

sin
(
kπ
2

)
cos (2πk flt)

 , (6.7)

where IMN
2ω (2π frt) is as represented in Eqs. (6.5) and (6.6) and the term in brackets is

the Fourier expansion of an even square wave oscillating between 0 and 1. Examining

the k = 1 value of the expansion in Eq. (6.7), we see that A0 may be recovered by

demodulation at fl and multiplication by π/2 to account for the fact that the signal has

been mapped onto a square wave. An additional fact of
√

2 is required in the event the
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lock-in provides a rms value rather than a peak-to-peak value.

Significantly, we note that the electronic mechanism by which the pulses are sam-

pled commonly leads to "glitching," i.e., an instantaneous jump or spike of the voltage

beyond the sampled value at each voltage change. This voltage overshoot corresponds

to the Gibbs phenomenon known from Fourier analysis, which rescales every partial

sum of the square wave expansion by a well known factor [113]. Since we did not

deglitch our SAH (which amounts to low-pass filtering of the signal), we multiplied the

demodulated signal by an additional factor of 0.91 to account for the Gibbs overshoot.

In the above description, the signal modulates a carrier square wave at 5 kHz and

the signal input to the lock-in effectively has a 50% duty cycle. As discussed above,

the mathematical description of lock-in demodulation of these data is reminiscent of

Riemann sums. It can be shown that setting every other term of a Riemann sum to

zero yields approximately 1/2 the original value, and exactly 1/2 the original value of

the integral in the limit [114]. The measured fr frequency input and all harmonics are

thus, to an excellent approximation, demodulated as 1/2 of the value if there were no

carrier wave meaning all measurements of Xn, Yn and An (n = 1) must be multiplied

by 2 to account for the signal having support over 1/2 its domain. The signal must also

multiplied by
√

2 to convert from a rms to a peak-to-peak voltage.

Equation (6.7) suggests additional demodulation schemes. The nth harmonic of the

signal may be given as proportional to

An cos (2πn frt) cos (2πk flt) = An/2
[
cos (2π (k fl + n fr) t) + cos (2π (k fl − n fr) t)

]
(6.8)

showing that the An are carried as the n harmonic sidebands of the carrier frequencies

k fl. Provided that the appropriate reference frequencies can be generated, the An thus

may be directly demodulated at k fl ± n fr where each sideband accounts for 1/2 the

spectral weight of the An signal. Sideband demodulated signals must also account for

glitching and rms voltage, as described above. Finally, we note that although it was not

explored here, the signals may also be recovered by in tandem demodulation using two

lock-ins.
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The above description provides a faithful representation of the signal as emitted by

the signal and is useful if the magnitudes of individual susceptibility tensor components

are to be measured. We emphasize that the SAH may be omitted if such accuracy is

not required as in, e.g., experiments designed to record changes in Cn symmetry as a

function of temperature rather than to deduce accurate values of the χ(2)
i jk.

6.3 Experimental setup

As the RA-SHG apparatus will be described in detail elsewhere [82], we only give

essential details here, although any appropriately fast RA-SHG spectrometer, such as

in [99], Harter et al., may be used provided it can be interfaced with a lock-in. Briefly,

the output of a 5 kHz repetition rate laser pumped an optical parametric amplifier (OPA)

allowing for tunable incident photon energies over the range 0.48 eV-2.58 eV. A 1.5

eV OPA beam from the second harmonic of the signal field was used in all-reflective

fast-scanning RA-SHG spectrometer whose kinetic optics were programmed to rotate

synchronously at fr = 10Hz repetition frequency. The emitted SHG pulse was mea-

sured by a photomultiplier tube (Hamamatsu-R12829) biased by a high voltage power

supply socket assembly (Hamamatsu-C12597-01), and the resultant current pulses con-

verted to voltage pulses by a combination of charge integrator and shaper instrument

(Cremat-CR-Z-PMT and CR-S-8us-US). For the gain settings used here, the detection

electronics were calculated to produce an output of ∼ 260 µV/photon at the detected

3.0 eV energy. In our RA-SHG spectrometer, each voltage pulse from the PMT is in-

dividually sampled by a fast data acquisition card (DAC-NI USB-6218) at its peak and

recorded as a function of angle. Here the voltage pulses were first input into a sample-

and-hold circuit (SAH-Maxim DS1843) externally triggered at 2× the laser repetition

rate (10 kHz) generated by a combination of XOR circuit and digital delay generator

(Highland Technology-T560) to alternately sample both the output voltage pulse and in

between voltage pulses, each over a 300 ns window, thus modulating a 5 kHz square

carrier wave by the signal.

The differential output of the SAH circuit was then connected to both the sampling
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input of the DAC and into the differential voltage input of a multi demodulator lock-in

amplifier with AM/FM demodulation capability (Zurich Instruments MFLI + MF-MD

+ MF-MOD). The first lock-in reference was taken from a laser synchronous trigger

at 5 kHz and used to demodulate the SAH output with a time constant 20s � 100 ms

(i.e., τ � 1/ f ) at a filter slope of 48 dB/oct, providing a voltage proportional to the

average value of the RA-SHG pattern to give A0. The analog output generated a sinu-

soidal reference signal to the second lock-in demodulator. This allowed synchronous

measurement of the 5 kHz signal with one of the three possible harmonics of 10 Hz

RA-SHG electric dipole signal (i.e., at 20 Hz, 40 Hz, or 60 Hz) present in Eq. (6.6) (in

the event that A0 is not measured, all three harmonics can be recorded simultaneously).

The same value of time-constant τ = 20 s was chosen for the 10 Hz demodulator as

for the 5 kHz one. We also performed the experiment using simultaneous carrier wave

and sideband demodulation at frequencies fl=5 kHz and fl−4 fr=4960 Hz, respectively,

using the same value of τ.

Both the in-phase Xn and out-of-phase Yn components were measured for all de-

modulated signals. The amplitude An of the nth harmonic signal An =

√
X2

n + Y2
n and

the phase ψn = tan−1 (Yn/Xn) were also directly recorded. In order to experimentally de-

termine the uncertainty in the signal, we used a procedure similar to that implemented

in hardware on the Stanford Research System SR830 lock-in amplifier and described

in its manual [115]. After waiting for ∼ 20τ for the voltage values to settle, a constant

data stream was acquired for an additional 20τ at a sampling rate of 837 samples/sec.

The mean and standard deviation of the output signal were calculated to provide the

measured values and their errors, respectively.

6.4 Results and discussion

GaAs was chosen as a prototypical test system due to widespread availability of high

quality single crystal samples. A cubic crystal with acentric space group F4̄3m (point

group Td), the RA-SHG bulk electric signals of GaAs can be easily computed to be
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IS S
2ω (φ) = 0, (6.9)

IPS
2ω (φ) = 2χ2

xyz(1 + cos(4φ)), (6.10)

IS P
2ω (φ) = χ2

xyz/2(1 − cos(4φ)), (6.11)

IPP
2ω (φ) = χ2

xyz/2(1 − cos(4φ)), (6.12)

which, in principle, indicate that only the coefficient A0 = A4 is necessary to de-

termine the full signal for any given polarization combination. In practice, the emitted

RA-SHG signals from GaAs are significantly more complex due to interference from

surface charging contributions [116]. We selected IPS
2ω (φ) since this response is four

times stronger than the other responses and is significantly less influenced by the surface

than the others at an incident photon energy of 1.5 eV. However, due to these extra signal

contributions, we chose to model the data by two independent values A0 + A4 cos(4φ).

Plots of raw strong, high SNR signal data as input into the lock-in from the SAH are

shown in Fig. 6.1(a). The four-fold symmetry of the GaAs IPS
2ω (φ) polarization geometry

signal is evident in the panel from the four peaks of roughly equal height measured over

the 100 ms period of revolution of the kinetic optics. The voltage oscillates between the

emitted SHG intensity and a negligible background level due to the 5 kHz carrier square

wave, which is more clearly seen in a zoomed-in portion of the data in Fig. 6.1(b).
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Figure 6.1: Raw data from the RA-SHG spectrometer. (a) On the timescale of one
revolution of the kinetic optics, the four-fold symmetry of the GaAs response is observ-
able through the four equally tall peaks over the 100 ms period of the experiment at
frequency 4 fr. This frequency may be demodulated to yield A4. (b) At short times, the
50% duty cycle output of the sample-and-hold hard ware is evident, accounting for the
"filled-in" appearance of the data in panel (a). This fl = 5 kHz carrier frequency can be
demodulated to yield A0. The sampling rate of the data are not sufficiently fast enough
to see the effect of glitching.

RA-SHG data were acquired in four representative experimental configurations:

well aligned with strong signal to noise ratio (SNR) (∼ 1000 detected photons/shot

at measurement maximum on average); poorly aligned, i.e., a highly anisotropic plot

as may arise from parasitic heterodyned SHG responses or samples with dirty surfaces

at moderate SNR (∼ 100 detected photons/shot at maximum on average); Well aligned

with poor SNR (∼ 10 photons/shot at maximum on average); and well aligned at the

limit of experimental detection (∼ 1 detected photon/shot at maximum on average).

Data spanning these three decades of sensitivity are shown in Fig. 6.2 and the cor-

responding fit values are provided in Table 6.1. Figs. 6.2(a)-(d) show the output of the

two demodulators as scaled by the appropriate numerical factors described in Section

6.2 after subtracting an experimentally measured background with the laser blocked.

The values of A0 and A4 are constant for large signal levels and appear to have

larger degrees of variability as the strength of the overall signal is reduced, where this

variability is more prominent in the A4 component than the A0 one at lower signal levels.

From these time-series data, we determine the measured value of An as the mean of

its respective time-series data trace and the uncertainty in this mean as its standard

deviation σ. We also computed the phase ψ4 of the A4 component from the lock-in
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time-traces of X4 and Y4 as ψ4 = tan−1 (Y4/X4) in a similar manner.

Figure 6.2: RA-SHG data as acquired by the lock-in amplifier and from the DAC. (a)-
(d) show the lock-in amplifier amplitudes of A0 and A4 as a function of time for 20τ in
various circumstances including: (a) well-aligned with good SNR, (b) poorly aligned
with moderate SNR, (c) well-aligned with low SNR and (d) at the limit of experimental
detection (on average ≤ 1 photon/shot at maximum). The variation of the corresponding
ratio A4/A0 is shown in panels (e)-(h). The DAC acquired traces are shown in panels
(i)-(l). Depicted in these panels are overlap of the DAC acquired raw RA-SHG data
(blue), a reconstruction of the lock-in data (red) and a line of best fit to the DAC data
using the minimal model (green). The vertical scale is given in terms of a voltage output
by the detection electronics with ∼ 260 µV corresponding to the output voltage pulse
equivalent to a single 3.0 eV photon,

Simultaneous to acquiring the lock-in data, we performed a standard point-by-point

average of the SAH voltage output signal during the exact same time period using the

DAC. These data are plotted in Figs. 6.2(i)-(l) after subtracting a separately measured

background signal when the laser was blocked. We note that for the DAC-sampled
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data at the detection-limited voltage level, this background had to be estimated due to

the stated absolute accuracy of the DAC. Superposed with the data are reconstructions

of the RA-SHG signals using the parameters from the "LIA" column of Table 6.1 as

well as fits to the DAC data in the MATLAB environment using the function s(φ) =

A+B sin(4∗φ+ψ). The fit values with errors determined as 67% confidence interval are

given in Table 6.1. There is excellent agreement between all three quantities, indicating

that the factors discussed in Sec.2 faithfully replicate the data.

The"data-dense" traces of Figs. 6.2(i)-(l) comprise 503 data point per revolution

and are atypical for most other RA-SHG measurements which are more "data-sparse"

by roughly an order of magnitude. In order to compare the method with more common,

"data-sparse" RA-SHG techniques, we include a plot of a "Windowed" trace in which

our fast scanned data are averaged over a 5◦ interval, as well as "sampled" measure-

ment in which the data point is selected from every 5◦. Plots of these data with their fits

are shown in Fig. 6.3 alongside the reconstructed lock-in signal. The corresponding fit

values and errors are also compiled in Table 6.1. An are the magnitudes of the demod-

ulated signals, ψ4 is the angle of the C4 component signal, and r(A0, A4) is the Pearson

correlation coefficient between the A0 and A4 components. Uncertainties are reported

as the standard deviation of the data or 67% confidence interval for both sets of values.

Figure 6.3: Comparison of lock-in with "data-sparse" traces representative of most cur-
rently used RA-SHG detection schemes for signals at the threshold of experimental
detection. The data from Fig. 6.2(i) are either (a) averaged over a window every 5◦

or (b) sampled every 5◦. Also shown are fits to each data acquisition scheme and the
reconstructed lock-in signal using the data of Table 6.1.

Several trends emerge from examining the data for A0, A4 and ψ4 in the Table 6.1.
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Table 6.1: Comparison between fitted values and lock-in amplifiermeasured values for
the various configuration discussed in the text.

Coefficient Lock-in Data Fitted Windowed Sampled

High signal to noise ratio

A0 134.50 ± 0.06 mV 132.4 ± 1 mV 132 ± 3 mV 132 ± 3 mV

A4 133.10 ± 0.06 mV 142 ± 2 mV 141 ± 4 mV 142 ± 4 mV

ψ4 −1.5976 ± 3 × 10−4 −1.58 ± 0.01 −1.73 ± 0.03 −1.88 ± 0.03

r(A0, A4) 0.965

A4/A0 0.9901 ± 1 × 10−4 1.07 ± 0.01 1.07 ± 0.04 1.07 ± 0.04

Poor alignment and moderate signal to noise ratio

A0 9.70 ± 0.01 mV 9.7 ± 0.1 mV 9.7 ± 0.4 mV 9.7 ± 0.4 mV

A4 10.60 ± 0.01 mV 10.6 ± 0.2 mV 10.5 ± 0.5 mV 10.5 ± 0.5 mV

ψ4 −1.677 ± 0.001 −1.66 ± 0.02 −1.81 ± 0.05 −1.96 ± 0.05

r(A0, A4) 0.982

A4/A0 1.0995 ± 3 × 10−4 1.09 ± 0.02 1.09 ± 0.07 1.09 ± 0.07

Low signal to noise ratio

A0 790 ± 1 µV 830 ± 10 µV 840 ± 20 µV 840 ± 20 µV

A4 810 ± 7 µV 850 ± 10 µV 840 ± 30 µV 850 ± 40 µV

ψ4 −1.65 ± 0.01 −1.60 ± 0.01 −1.77 ± 0.03 −1.89 ± 0.04

r(A0, A4) 0.2

A4/A0 1.04 ± 0.01 1.02 ± 0.02 1.01 ± 0.04 1.02 ± 0.05

Detection limited

A0 58 ± 3 µV 76 ± 4 µV 76 ± 6 µV 80 ± 9 µV

A4 97 ± 7 µV 49 ± 6 µV 135 ± 9 µV 110 ± 10 µV

ψ4 −1.67 ± 0.08 −2.4 ± 0.1 −1.38 ± 0.06 −1.9 ± 0.1

r(A0, A4) 0.486

A4/A0 1.7 ± 0.1 0.65 ± 0.08 1.8 ± 0.2 1.4 ± 0.2

Sideband demodulated, no sample and hold

A0 34.7 ± 0.7 µV 221 ± 9 µV 220 ± 10 µV 220 ± 20 µV

A4 34.7 ± 0.6 µV 230 ± 10 µV 220 ± 20 µV 2300 ± 30 µV

ψ4 −1.62 ± 0.04 −1.61 ± 0.05 −1.71 ± 0.08 −2.1 ± 0.1

r(A0, A4) -0.37

A4/A0 1.00 ± 0.03 1.01 ± 0.07 1.0 ± 0.1 1.0 ± 0.2
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The lock-in based data generally have smaller error bars, with the relative error in-

creasing as the signal strength decreases. Comparing "data-dense" and "data-sparse"

fits, there is a further increase in the uncertainty of the fitted values with a reduction in

data density. These findings not only emphasize the difference between commonly used

RA-SHG data acquisition techniques and the lock-in based method, but also the poorer

precision obtained with fewer data points. Significantly, we note that the uncertainty

in the lock-in acquired values varies by roughly one order of magnitude, from the most

60 µV for the strongest signals to at least 3 µV for the weakest, never representing an

average change of more than a fraction of a single photon, i.e., 260 µV, on average. The

range in uncertainty of the DAC based data varies by three orders of magnitude over

the three signal strength decades of the measurement, demonstrating the lock-in mea-

surement to be considerably more precise, particularly at higher SNR levels. The only

parameter range in which the lock-in and DAC-based methods show marked disagree-

ment is at the limit of experimental detection comprising, on average, a single photon

per shot at the maximum of the RA-SHG trace. We believe this is due to error from the

SAH as described below.

Noise in the demodulated signal derives from a combination of slow laser drift, the

noise spectrum of both the detection electronics and the laser, and the signal shot noise

that emerge through the passband of the lock-in amplifier filter. Except for laser drift,

all these noise sources are incoherent between different parts of the frequency spectrum

and thus produce uncorrelated drifts in the An. By contrast, laser drift affects the am-

plitude of the signal as a whole and thus causes a uniform and simultaneous change

in the magnitudes of all frequencies, i.e., in the An. In order to discriminate between

correlated and uncorrelated sources of noise, we computed the Pearson correlation co-

efficient r(A0, A4) of the two vectors of measured data points of A0 and A4 as plotted

in Figs. 6.2(a)-(d). Correlation values r (A0, A4) ≈ 1 indicate that the noise derives

exclusively from laser drift, while r (A0, A4) . 0 specifies an incoherent, electronic ori-

gin. In the case of a large positive value of r (A0, A4), one time-series data set may

thus be divided by the other to yield an effectively self-normalized and self-referenced
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representation of the data. The ratio A4/A0 may then be computed by calculating the

mean of this point-by-point division, while the error is computed as its standard devi-

ation. Plots of the ratios for the four representative signal configurations are shown in

Figs. 6.2(e)-(h). The corresponding quantities for the various kinds of fitted values are

obtained by dividing the fitted values for A4 by that those for A0 and using standard

error propagation to obtain the error.

The calculated correlation coefficients and A4/A0 values obtained by both division

of the lock-in data and fitting to the various forms of DAC acquired data are all given

in Table 6.1. We note that at the highest signal amplitudes probed, r (A0, A4) ≈ 1,

indicating that essentially the entirety of the error in the signal is due to laser fluctuations

and the corresponding error in the ratio A4/A0 is 100 times lower than the next best data

acquisition method, the "data-dense" fitted values. When compared with the "data-

sparse" methods representative of all other RA-SHG apparatus, the error is 400 times

less.

The correlation coefficient generally drops with the SNR, indicating that increasing

amounts of noise come from electronic sources as signal strength diminishes. This is to

be expected as the SHG experiment is a dark-field, homodyne measurement: excepting

shot noise, the intrinsic optical noise will constitute the same percentage of the total

signal at all emitted SHG levels, making electronic noise progressively more prevalent

as light levels diminish. We attempted to improve the measured SNR of the A4/A0 ratio

in the lock-in based measurement through the adjustment of several experimental pa-

rameters, but neither greater amplification by the PMT nor higher gain in the detection

electronics changed the degree of relative noise and relative error in the ratio. Simi-

larly, the use of longer time constants and/or accumulating data for a larger number of

time constants did not make a discernible difference on the error in any of the measured

quantities beyond extending the measurement duration to 40τ. We did not observe a

demonstrable improvement in relative error for the ratio when using sideband demodu-

lation for various signal levels, but noticed a decrease in absolute error in A4 relative to

A0 along with a decrease in correlation coefficient r (A0, A4).
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We remark that values from the detection limited case are considerably less accurate

than those obtained with stronger signals. We posit that this derives in part from error

in the SAH electronics at extremely low voltage levels, but also from the stated accu-

racy limit of the DAC. Thus, we have also taken data near the detection limit threshold

in a configuration without the SAH. In order to require the fewest amount of multi-

plicative correction factors, we took these data using the AM demodulation option of

the MFLI lock-in, referencing the two demodulators to the fundamental (k = 1) car-

rier wave at fl=5 kHz and to the difference between this carrier and signal frequency

at fl − 4 fr = 4960 Hz. An experimentally measured background was also subtracted

from the signal. As expected, we observed a large discrepancy between the absolute

values as measured by the lock-in and the DAC as the Fourier coefficients of an ex-

pansion like that in Eq. (6.7) now depend on the instrument response function of the

detection electronics. However, we recover excellent agreement of the value A4/A0 as

compared with the high SNR case, with the lock-in based method again representing

the smallest relative uncertainty by roughly a factor of 2 to the next cleanest method.

We note that for the lowest light levels measured, r (A0, A4) was negative for sideband

demodulation, indicating completely uncorrelated noise and requiring that the ratio be

computed according to standard error propagation.

6.5 Conclusion

We have shown that a RA-SHG signal may be exactly represented as a finite Fourier

series in factors of the rotational angle φ of Cn symmetry and have described a method

of interfacing a fast RA-SHG spectrometer with a lock-in amplifier to directly measure

these Fourier coefficients. An example of our technique applied to single crystal GaAs

indicates that our lock-in based method performs better than competing RA-SHG mea-

surement techniques for a wide range of SNR values, particularly at higher SNR, i.e.,

≥ 1000 photons/shot on average. Our results also show that even at moderate to low

SNR levels, the correlated nature of the noise allows for time-series measurements of

different components of Cn symmetry to be divided by one another to deduce their ra-
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tios to significantly more sensitive levels than was accomplished with signal averaging

and fitting. As various frequency components corresponding to different terms in the

expansions of Eqs. (6.5) and (6.6) can be measured simultaneously and independently,

we propose that our method will allow for sensitive detection of changes in crystalline

or electronic symmetry even in the absence of "well-aligned" signals.

Having determined that our primary source of noise is likely electronic, we suspect

that the use of cleaner electronics than those we have used here, in particular a more

low-noise deglitched SAH, would allow more precise and accurate measurement. The

PMT used here could also be replaced by one that is cooled to reduce the dark cur-

rent. A faster repetition rate laser could be used along with a more stable mechanism

of increasing fr to decrease 1/ f noise components and averaging time. However, since

the lock-in method is clearly superior to any form of sampling measurement at moder-

ate SNR levels and above (≥ 100 photons/shot), we suggest that further experimental

improvements focus on enhancing the detected photon yield of SHG above this limit.

Simple experimental corrections, such as using larger spot sizes or shorter pulse du-

rations, can be used to preserve the same sample fluence (and avoid sample damage)

while yielding more SHG photons per laser shot. For small samples and systems em-

ploying high numerical aperture objective optics, this solution may not be practical,

meaning schemes employing heterodyne detection [117, 118] or stimulated SHG [119]

should be investigated. Such optical signal amplification techniques will allow for mea-

surement of additional signal components that are buried in the noise and difficult to

resolve, with the primary limitations being the number of demodulators that simulta-

neously analyze the signal. Finally, we note that this method could be interfaced to

time-resolved pump-probe measurements [120] to detect similarly small photoinduced

changes in symmetry, as well as time-domain measurement of impulsively driven col-

lective modes [121] with a potential resolution approaching ∆An/An ≈ 10−4.
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CHAPTER 7

TRANSIENT GRATING MEASUREMENTS AT ULTRALOW

PROBE POWER

This chapter has been published as:

Baozhu Lu, Mykola Abramchuk, Fazel Tafti, and Darius H. Torchinsky. Transient

grating measurements at ultralow probe power. Journal of the Optical Society of Amer-

ica B, 37(2):433, 2020.

We report on an ultralow probe-power transient grating apparatus with probing

based on a laser diode pulser, a digital delay generator, and a data acquisition card.

The electronic triggering of the diode pulser permits stroboscopic measurement of arbi-

trarily slow laser-induced dynamics using pulses of probe light with average power ∼ 5

nW, significantly lower than what is currently used by continuous wave measurement.

The proposed method also allows for flexibility in selection of the probe wavelength

limited only by availability of low threshold current laser diodes. Examples of impul-

sive stimulated thermal scattering measurements are presented on liquid isopropanol,

single crystal solid CrCl3, and a thin film of Cu vapor deposited on a Si substrate,

demonstrating the flexibility of the technique.

7.1 Introduction

The transient grating (TG) technique has been established as a mainstay spectroscopic

tool owing to its applicability to a broad array of phenomena [122]. On short time
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scales (10 fs–1 ns), TG measurements permit the study of, e.g., electronic excited state

lifetimes [123, 124], diffusion of electronic quasiparticles [125, 126], and propagat-

ing excitations such as optical phonon and polariton modes [127, 128]. Application to

longer time scale (1 ns–1 ms) processes is no less diverse, with TG experiments re-

vealing various relaxation dynamics of viscoelastic media [129, 130, 131, 132, 133],

the mechanical properties of thin films [134, 135] and single crystals [136, 137], as

well as the interplay between magnetism and elasticity [138, 139, 140]. Studies have

also revealed the longitudinal viscosity of nanofluids [141] and the evolution of the me-

chanical moduli of materials under the conditions of static high pressure [142, 143] and

shock loading [144]. TG has even been used to observe ballistic thermal transport in sil-

icon [145], record phonon mean free paths [146], measure second sound propagation in

graphite [147], and determine the thermal diffusivity of thin films [148]. Through-plane

thermal diffusion can also be observed [149].

Although the TG excitation process can be easily performed using a variety of

sources including, e.g., Ti:sapphire, Nd:YAG, and passively Q-switched diode lasers [150],

the probing process presents multiple challenges that serve as significant limitations of

the technique. Excitations on the ≤ 1 ns time scale must be measured using a "pulsed

probe" configuration, where the probe laser comprises a low-power, mechanically de-

layed portion of the original driving laser. A benefit of this approach is that the use of

a 100 fs time scale probe allows for a high peak intensity that can be used to detect

weak signals at only moderate average power, limiting sample heating while simulta-

neously providing a high density of photons per unit time interval of signal. However,

pulsed probing is only of limited utility for slow dynamics, as temporal windows ≥ 30

ns require prohibitively long optical delay lines.

In principle, the issue of a limited temporal window may be addressed by the use of

high bandwidth electronic detectors and continuous wave (CW) laser-based probing. A

strength of this method is that the entire data trace may be acquired at one time as op-

posed to point by point as in pulsed probing. Nevertheless, the peak photon yield of CW

probing is often much weaker than that of pulsed probing. With fewer photons per unit
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time interval of signal, this scheme typically requires high-gain detection electronics

and the use of optical heterodyning techniques to measure the photoinduced dynam-

ics [151]. Thus, CW probing may also necessitate ∼ 100 mW average laser power in

the probe beam alone, presenting a significant heat load to nontransparent media. The

need for such high average power restricts the selection of usable probe wavelengths to

those for which strong single transverse optical mode diode lasers are available. Gating

the probe beam through an electro-optic modulator can reduce this heat load signifi-

cantly for short-lived excitations by limiting its relative duty cycle to the time window

of the relatively short acoustic signal being measured, producing thermal loads as low

as ∼ 100 µW, but is not feasible for long-lived responses.

Another challenge to CW detection is the proper selection of the detector and as-

sociated electronics. The measurement of phenomena that span the 1 ns–1 ms time

scales requires high bandwidth, and thus noisier, AC-coupled detectors connected to

high bandwidth oscilloscopes in parallel with bandwidth-limited DC-coupled devices

to observe the slow dynamics. The data must then be matched in software to reconstruct

the full time-domain response. Furthermore, the use of DC-coupled detectors is com-

plicated by an unstable baseline signal level driven by thermal drift and laser pointing

fluctuations deriving from air currents. This optical instability makes data acquisition

difficult, especially for very slow processes or weak signals.

Here, we describe the design and construction of a novel TG device that effectively

surmounts the issues of thermal loading by the probe beam, challenging accessibility to

expensive high-power laser diodes at different wavelengths, and the need to use two dif-

ferent types of detectors to access the different time scale responses. Our design hinges

on using an electronically triggered diode laser pulser capable of generating tunable

pulse width laser pulses as short as 100 ps in duration or as long as 2 ns. As the de-

lay between the pump and probe pulses is electronic instead of mechanical, our device

does not suffer from the limitations set by delay stage length. From the specified jitter

of 12 ps, the apparatus potentially allows detection of acoustic waves up to ∼ 5 GHz

in frequency. Due to the ultralow duty cycle of the diode pulser, the average power
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incident upon the sample is limited to the nW regime, significantly mitigating probe-

laser-based heating. The pulser also allows for use of affordable arbitrary wavelength

laser diodes, permitting use in spectroscopic applications, and allows for the use of

low-noise, narrow-bandwidth detectors. Below, we demonstrate our technique by mea-

suring the mechanical and thermal properties of a liquid, the longitudinal modulus of a

transparent single crystal, and the thickness of a vapor-deposited thin film for temporal

windows limited in duration only by the pulse to pulse time interval of the laser, with

measured acoustic frequencies in the range of ∼ 50 − 900 MHz.

7.2 Experimental design and considerations

Figure 7.1: Representation of the TG process. (a) Pump beams of wavelength λe crossed
at an angle θ produce a grating of wavelength Λ = λ/(2 sin(θ/2)). (b) The probe beam
diffracts off of propagating excitations and the slowly decaying grating with the signal
amplified by a local oscillator field in the heterodyne configuration.

In a typical TG measurement, depicted schematically in Fig. 7.1, a pulse from a pump

laser of wavelength λe is split into two equal portion that crossed at an angle θ relative to

one another in the sample, forming an interference pattern, or "gating," of wavelength

Λ = λ/(2 sin(θ/2)) that in turn creates a spatially periodic, transient change in the index

of refraction. This excitation is measured by recording the time-dependent intensity of

second laser diffracted at Bragg angle from this TG, as shown in Fig. 7.1(b).

Figure 7.2 shows a top-down experimental layout of the device with side-on portion

in the inset. A beam from a 5 kHz regeneratively amplified Ti:sapphire laser was used

to pump an optical parametric amplifier (Light Conversion, TOPAS Twins) to produce

an excitation beam of wavelength λe = 480 nm – 2.6 µm, where λe was chosen to be

absorbed by the medium under study. The pump and probe beams were then focused
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by a 20 cm cylindrical lens (Thorlabs, LJ1653L1-B) onto a diffractive optic comprising

several different binary phase mask patterns of wavelength Λ ranging from 1 µm to

200 µm (Tessera, Custom) to provide the ±1 orders of diffraction of both beams that

were recombined onto the sample, allowing heterodyne detection with the probe [152].

After the phase mask, the beams were recollimated by a reflective spherical optic, and

then focused by a second spherical reflector (Thorlabs, CM508-200-P01 and CM508-

150-P01, consecutively) with a 4 : 3 imaging ratio onto the sample. Since the laser

beams form a line-shaped focus on the phase mask from the cylindrical lens, the two-

lens telescope formed by the spherical reflectors creates an interference pattern that

incorporates several fringes, resulting in long-lived acoustic responses. After interacting

with the sample, the pump beam was blocked by a piece of black paper. Any remaining

residual pump scatter was removed using long- or short-pass filters that transmitted the

probe wavelength only (Thorlabs, various FESH and FELH series filters).

Figure 7.2: Top-down diagram of ISTS setup with side-on inset. CL, cylindrical lens;
PM, phase mask; SM, spherical mirror; S, sample; F, filter; L, lens; A and B, photo-
diode detectors; G, galvanometer mounted coverslip; P, phase and delay compensating
coverslip.

Two different chopping schemes were used to modulate the pump beam. In the

first, we chopped the pump amplitude at half the laser repetition rate using a chopper

wheel. In the second approach, we modulated the pump beam by phase rather than by

amplitude. This was accomplished by placing a ∼ 125 µm thick fused silica coverslip

(Valley Design, FS-226) manually cut with a diamond scribe to a size such that it inter-

sected only one arm of the pump beam at a 45◦ angle as depicted in the Fig. 7.2 inset.

The cut coverslip was attached to a galvanometer (Pangolin Laser Systems, Saturn 1
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B) by Pangolin Laser Systems. This galvanometer oscillated the coverslip at half the

laser frequency such that it introduced a π phase delay in one pump arm relative to the

other on every other pulse, effectively reversing the sign of the impulsive stimulated

thermal scattering (ISTS) signal. We also took care to place the same thickness of glass

into the second pump arm so that both pump pulses would arrive at the sample simul-

taneously. We observed that this produced unstable signals for excitation wavelengths

λe < 1.2 µm, which we posit is due to the impact on the optical phase from the me-

chanical instability produced by oscillating a very thin piece of glass at extremely high

frequencies. However, this method provided a better signal-to-noise ratio (SNR) than

amplitude chopping for λe > 1.2 µm, for which the optical wavelength was long enough

such that the optical phase was not impacted by this instability.

The probe laser consisted of a laser diode pulser (Highland Technology, T165-2)

specified to deliver 700 mA current transients into a laser diode over a tunable 100 ps to

2 ns time span as triggered by an external digital delay generator(Highland Technology,

T560). The bias and current settings of the T165-2 were chosen for maximum output

through electronic control by a data-acquisition card-based (DAC) control board (MC-

CDAQ, USB-3101). The timing window, which set the optical width of the pulse, was

picked to generate the shortest possible pulse that was still detectable, corresponding to

roughly above the lasing threshold for all wavelengths used. We did not have access to

adequate high bandwidth electronics to measure this pulse duration.

In performing this study, we tested several laser diodes at the following probe

wavelengths λp (all part numbers in parentheses from Thorlabs): 405 nm (L405P20

and DL5146-101S), 520 nm (L520P50), 635 nm (L635P5), 650 nm (L650P007), 785

nm (L785P050), 808 nm (L808P101 and L808P200), 833 nm (HL8338MG), 904 nm

(L904P010), and 980 nm (L980P010). The only laser diode that did not work in our

apparatus was a diode-pumped solid-state laser (Thorlabs, DJ532-10), which we posit

is because there was insufficient photon yield to produce a population inversion in the

Nd:YVO4 lasing medium. Eventually, we settled for probe wavelengths λp = 405, 635

and 808 nm as these were minimally absorbed by the materials we investigated. The
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visible wavelengths were easy to work with since their reflections from a business card

were clearly visible to the naked eye when the diode pulser was run with maximum

pulse width. In contrast, the infrared (IR) laser diodes were difficult to use since the

output power was so low as to be dim even when viewed by a sensitive IR viewer (FJW,

FIND-R-SCOPE89400).

The 635 nm laser diode (Thorlabs, L635P5) and the 808 nm laser diode (Thorlabs,

L808P101) were each separately placed into collimation packages (Thorlabs, LT230P-

B) that were modified so that the end of the diode could be placed flush with the driver

board. The laser diodes were thus directly plugged into the board to reduce circuit

inductance and capacitance and eliminate oscillations in the output amplitude. For

small diode packages, we found it sufficient to splay the diode leads wide enough to fit

into a photodiode socket (Thorlabs, S8060) before attaching to the pulser, while 9 mm

laser diodes could be plugged into the device directly. The 405 nm laser diode (Thor-

labs, L405P20) was integrated into a fiber-coupled pigtailed diode package (Oz Optics,

LDPC-02-405-3/125-S-40-3A-1-1-30-CSP:L405P20) by Oz Optics that was then di-

rectly plugged into the pulser board. This diode was collimated by a screw-on optic

(Thorlabs, F671APC-405), providing a narrow, low-divergence Gaussian output.

Although the T165-2 specifies that it provides 700 mA over the duration of the

laser pulse, we found that laser diodes with low maximum operating current (∼30 mA)

could be run at the full 700 mA with the longest available pulse width. This allowed

us to purchase affordable laser diodes with low threshold current, which we noticed

produced cleaner signals than high threshold current diodes. We attribute the robust-

ness of the laser diodes to the fact that their primary failure mode is heating, which

results in catastrophic optical damage (COD) [153, 154, 155]. At the 5 kHz repetition

frequency used here, the duty cycle of the laser diode is approximately 5 × 10−6, which

is sufficiently low to avoid heating-induced COD for most laser diodes. When the duty

cycle was increased to ∼ 1 × 10−4, some of the laser diodes failed irretrievably, further

suggesting low duty cycle as important to proper diode function. However, even at the

lowest duty cycles used, we noticed that a handful of the 635 nm laser diodes we tested
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could only generate TEM01 output after a long period of use. We observed that each of

the two output antinodes appeared to contribute ISTS signal of opposite optical phase

that nearly canceled to zero, which we addressed by spatially filtering out one of the

antinodes through a pinhole aperture.

After interacting with the sample, both probe fields were focused onto photodiodes

(Hamamatsu S5973-02) that were connected to charge-sensitive preamplifiers (Cremat,

CR-Z-110) with a specified gain of 1.4 V/pC. The outputs of the two preamplifiers were

input into a shaping instrument (Cremat, CR-S-8us) to convert the charge-integrated

signal into a Gaussian voltage pulse. Data were acquired using a DAC balanced detec-

tion scheme [156] that we found to be better suited to this measurement–and faster–than

lock-in detection. This required that the output of the shaper be connected to the inputs

of a DAC (National Instruments, NI PCI-6143) via a shielded cable (National Instru-

ments, SHC68-68-EPM) to its breakout box (National Instruments, BNC-2110).

7.3 Results and discussion

The TG response we focused on here is ISTS, which probes the ∼ 1 − 100 µm length

scale thermal and mechanical properties of liquid and solid materials through the heat-

driven generation of acoustic waves. In the ISTS process, the absorbed light is trans-

ferred into heat in the sample on the 1–10 ps time scale, raising the local tempera-

ture and resulting in an immediate thermal expansion profile matching the sinusoidal

excitation pattern. This thermal expansion generates a modulated strain profile that

launches counterpropagating acoustic waves of wavelength Λ or, equivalently, wave

vector q = 2π/Λ. Longitudinal acoustic waves are generated in the bulk of the mate-

rial in the case of weakly absorbing media, while for strongly absorbing samples with

short optical penetration depths, the excitation comprises a surface acoustic wave whose

strain profile penetrates on order ∼ q−1 into the sample. Simultaneous to these acoustic

responses, the thermal excitation grating diffuses from the interference pattern peaks to

nulls exponentially at a rate Γth = Dq2, where D is the thermal diffusivity.

We tested our TG apparatus by performing ISTS measurements on three repre-
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sentative material systems: a transparent liquid sample of isopropanol, a transparent,

magenta single crystalline sample of CrCl3, and a copper thin-film vapor deposited

onto a silicon substrate. Raw data traces from these various materials are shown in

Fig.s 7.3, 7.4 and 7.5 and were numerically Fourier transformed in order to determine

the acoustic frequency. In the case of the thin film, up to three acoustic frequencies

were simultaneously observed deriving from the simultaneous excitation of multiple

pseudo-Rayleigh modes, permitting an analysis to determine the thickness of the film,

as described below.

Although a significantly better SNR may be obtained with an attenuated hetero-

dyne, in which the local oscillator field is reduced by several orders of magnitude to

suppress the background component and its associated noise, we used an unattenuated

heterodyne to allow for maximum detection bandwidth. In doing so, we often used

the laser diodes at the limit of detectable output to minimize the probe pulse duration,

resulting in light pulses that were too weak to be attenuated by a ND2 or ND3 filter

as required for attenuated heterodyne. Using the specified parameters of the detection

electronics described above, we estimate that there were roughly 106 photons/pulse in

this configuration. We remark that if we had used photomultiplier tubes instead of pho-

todiodes for detection, the photon flux could have been further reduced to allow for

either measurement of faster dynamics with shorter pulses or attenuated heterodyne.

7.3.1 Liquid Measurements

Isopropanol was obtained from Sigma Aldrich and used without further purification.

The liquid was poured into a UV fused quartz cuvette (Thorlabs, CV10Q3500F-E) with

10mm transmitted path length. Two different experimental configurations were used.

In the first, the excitation wavelength was chosen at λe = 1370 nm to correspond to

weak absorption into the first overtone of the O–H stretching mode at 3650 cm-1, which

allowed the use of only 2.8 mW of power at the sample, corresponding to 560 nJ/pulse.

The 405 nm, fiber-coupled laser diode described above was used as the probe beam

in the unattenuated heterodyne configuration. In the second, we acquired data using
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λe = 1480 nm excitation and the λp = 808 nm probe laser with similar pulse energies.

In order to prevent blooming of the liquid as well as white light continuum generation

and self-focusing of the beam, the pump pulse was temporally dispersed by transmis-

sion through a ∼ 15 cm thick piece of glass (Newlight Photonics, SF11L1150), which

suppressed nonlinear interaction of the laser with the liquid but still allowed the exci-

tation beam to be impulsive relative to the acoustic period. All data on the liquid were

taken using the galvanometer as a modulator in the pump arm to “chop” the pump beam

at 2.5 kHz while the 5 kHz repetition rate probe beam recorded data with synchronous

delay time scanning.

Figure 7.3: ISTS data in isopropanol. (a) Acoustic data comprising 1020 data points
taken with a 1 ns time step. The decay of the acoustic oscillations is governed by
acoustic wave propagation away from the probed area as opposed to intrinsic damping.
(b) Thermal data comprise 170 data points taken with a 5 ns time step. In both cases,
data acquisition lasted ∼ 2 min.

The raw acoustic data are plotted in Fig. 7.3(a) for a grating period of 21.45 µm

using pump excitation wavelength λe = 1370 nm and probe wavelength λp = 405 nm.

The data show a time-domain trace of an oscillating signal at 54.55 MHz where the

disappearance of the signal is primarily governed by acoustic wave walk-off rather than

by damping, as apparent from the Gaussian shape of the acoustic wave envelope. From

a Fourier transform of the data in the figure, we determined the longitudinal speed

of sound in isopropanol to be 1170 m/s at room temperature, in agreement with the

literature data. Fig. 7.3(b) shows thermal data using λe = 1480 nm and λp = 808 nm at

a grating spacing of Λ = 17.48 µm. Fitting the data of the figure to a simple exponential,

we obtain a measured thermal diffusivity of D = 7.4 m2/s. Literature values of the room
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temperature density ρ = 785 kg/m3, specific heat at constant pressure cp = 2.56 J/gK,

and thermal conductivity κ = 0.14 W/mK for isopropyl alcohol yield a literature thermal

diffusivity D = 7.0 m2/s, which is within 6% of our measured value.

7.3.2 Single Crystal Measurements

Figure 7.4: ISTS data on CrCl3. The data comprise 321 data points taken with a 500
ps time step and required 5 min of averaging. The acoustic amplitude is considerably
smaller relative to a large, slowly decaying background.

CrCl3 is a van der Waals solid with in-plane magnetic anisotropy that holds potential for

applications in magneto-optical devices. High-quality single crystal samples of CrCl3

were grown by vacuum sublimation [157]. An as-grown flake was immersed in a small

amount of MC704 silicone diffusion pump oil and attached to a sapphire substrate by

capillary force in order to obtain better index matching and produce less scattered light.

The top of the crystal was then covered by a small dab of the oil and subsequently by

a circular glass coverslip. The pump laser wavelength was selected to be 800 nm with

approximately 7 mW of power (1.4 µJ/pulse), and the probe diode wavelength was se-

lected to be 635 nm (Thorlabs, L635P5). The pump beam was chopped by a mechanical

chopper wheel at 2.5 kHz, while the probe operated at 5 kHz and data were recorded

using synchronous delay time scanning and the DAC-based method of Ref [156]. The

setup was aligned such that a relatively clear transmitted beam could be focused into

both of the detectors; even though we observed scattered light due to inhomogeneity of

the sample, a faintly visible beam could be observed for both ±1 orders of the probe.
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Acoustic waves for Λ = 24.1 µm are shown in Fig. 7.4, where oscillations of frequency

213 MHz are observed, providing a longitudinal acoustic velocity of 4920 m/s and a

corresponding longitudinal (Young’s) modulus of 72.0GPa at room temperature.

7.3.3 Thin-Film Measurements

Cu was vapor deposited onto a silicon substrate to a ∼ 3 µm thickness. ISTS measure-

ments were performed using λe = 495 nm excitation and probed using the λp = 405 nm

fiber-coupled laser diode described above. The pump power was reduced to 25 mW,

i.e., 5 µJ per pulse. The pump was amplitude chopped at 2.5 kHz while the probe op-

erated at 5 kHz with data acquisition proceeding by synchronous delay time scanning.

Representative data using 4000 averages per data point at Λ = 8.03 µm wavelength

are shown in Fig. 7.5(a) along with the corresponding Fourier transform in Fig. 7.5(b).

The data and corresponding Fourier transform of Fig. 7.5 show the presence of three

pseudo-Rayleigh modes. The highest frequency acoustic wave we could detect with this

method was at 855 MHz for Λ = 3 µm acoustic waves in the lowest acoustic branch.

Figure 7.5: ISTS data for a 3.2 µm film of Cu evaporatively coated on Si comprising
538 data points taken with a 400 ps time step, necessitating ∼ 7 min of data acquisition.
(a) Time-domain signal for acoustic wavelength λ = 8.03 µm. (b) Fourier transform
of the time-domain signal in panel (a) showing three acoustic modes at the labeled
frequencies. (c) Fits to the measured acoustic dispersion curves for the three observed
acoustic branches.

Data from the acoustic wavelengths Λ = 17.5 µm, 12.6 µm, 10.3 µm, 8.03 µm, 6.83

µm, 6.00 µm, 5.40 µm, 4.99 µm, and 4.47 µm were used to build acoustic dispersion

curves of the pseudo-Rayleigh modes, plotted as the measured acoustic velocity versus

the product of the wave vector and thin-film thickness qh in Fig. 7.5(c). The thickness

h was extracted using an analysis procedure described in the literature[134] with values
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for the acoustic velocity in amorphous, rolled copper of vt,Cu= 2260 m/s for the trans-

verse speed of sound, and vl,Cu= 5010 m/s for the longitudinal speed of sound, on a

silicon substrate with transverse speed of sound vt,S i=5341 m/s and longitudinal speed

of sound vl,S i= 8945 m/s [134]. We used densities of 8.93 g/cm3 for Cu and 2.32 g/cm3

for Si. Lines of best fit to the acoustic dispersion curves yielded a thin-film thickness of

h = 3.2 ± 0.2 µm, as shown in Fig. 7.5(c).

7.3.4 General Considerations

Although this technique presents several clear advantages, specifically through the use

of less probe power, as well as gaining access to a wide array of affordable laser diodes

at various wavelengths, we note that there is a compromise in time spent on measuring

the individual points of the time-domain traces in series as opposed to in parallel as is

done using CW probing and high bandwidth detectors. This was particularly conspicu-

ous for materials with low thermal expansion coefficients that yielded weaker acoustic

and thermal signals. Here, the use of lock-in detection did not significantly improve the

SNR, and we suggest that further development focus on more sensitive detection elec-

tronics, such as, e.g., photomultiplier tubes or avalanche photodiodes, in conjunction

with attenuated heterodyne detection.

We also note that the coherence lengths of all the diode lasers tested with the pulser

were considerably shorter than those derived from their CW operation, necessitating

careful selection of optics for the two beams of the probe arm of the experiment. This

was discovered by imaging the interference pattern generated by the two probe arms

on a bare CCD (Logitech, C170 Webcam with the optics removed) and observing the

disappearance of the interference with the addition of a thin (100 µm) piece of glass in

one arm relative to the other. Owing to the crudeness of the measurement, we were not

able to obtain a reliable estimate of the coherence length. This was especially important

for implementation of the attenuated heterodyne, which was not tried here due to lack of

ND filters matched in thickness to uncoated substrates. We suggest that custom optics

made by coating only one half of a piece of glass by a reflective, attenuating film should
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allow implementation of this technique.

Figure 7.6: Response of pulsed laser diode to “excitation” by parasitic backscattered
pump light reminiscent of ISTS data. There was no sample in the beam path.

We also discovered the need to protect the laser diode from scattered stray pump

light. For CW output, this was to prevent COD of the laser diode. When the diodes were

driven in pulse mode by the T165-2, the effect of the parasitic excitation laser on the

diode was to induce a “ringing” feedback in the diode pulser output that was reminiscent

of ISTS signals, a representative trace of which is shown in Fig. 7.6 for λe = 952 nm

excitation, λp = 635 nm pulsed laser diode probe, and no sample in the beam path. This

occurred for several different combinations of the excitation wavelength and the probe

laser diode and only required a small amount of parasitic backscattered light. Although

the data in the figure only show an initial sharp response followed by oscillations with

no offset, some diodes produced signals that also comprised a decaying background,

much like the data of Fig. 7.4. We addressed this issue by placing filters in front of the

laser diode output to permit transmission of the diode wavelength while blocking the

pump laser.

7.4 Conclusion

We have demonstrated the use of a laser diode pulser for ultralow-power probing in

TG measurements as applied to ISTS. Since the apparatus performs well with very

low threshold current laser diodes, the technique may be applied at a variety of probe
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wavelengths at a fraction of the cost required to perform the same measurements with

CW lasers, making it particularly well suited to spectroscopic studies. The acquired

data demonstrate that the method can successfully measure the mechanical properties of

liquids and single crystals, as well as determine the thickness of a Cu thin film deposited

on a silicon substrate. Although not tried here, we suggest that this method could be

applied to other experiments where slow dynamics are observed, including, e.g., the

propagation of acoustic waves in gas-phase samples, or non-TG measurements of other

analogously slow photoinduced dynamics.
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CHAPTER 8

THE LOW ENERGY SECOND HARMONIC GENERATION

SPECTRUM OF THE CHIRAL MULTIFOLD

FERMIONS SYSTEM RhSi

In Chapter 4, we described the basic physics of second harmonic generation (SHG), a

nonlinear optical probe in which two electromagnetic fields of fundamental frequency

ω interact with a medium to produce an emitted electromagnetic field of frequency 2ω.

In this Chapter, we describe our SHG spectroscopy experiments on the chiral Weyl

semimetal RhSi, a material we introduced in Section 3.6. Our study is motivated by the

observation of an unusually large SHG response from the Weyl semimetal TaAs that

was originally thought to derive from Weyl physics [17]. A followup investigation on

TaAs that we conducted collaboratively, summarized in Section 10.1 of this thesis and

published in Ref. [64], indicates that this is instead due to characteristics of the Bloch

wavefunction rather than topological behavior. Thus, a characterization of Weyl SHG

behavior is missing from the literature.

Our measurements were conducted over the unprecedented incident photon energy

range of 0.25 − 1.5 eV. This energy regime was chosen considering that optical transi-

tions found in RhSi in this range are dominated by one single chirality Weyl node. As

we describe below, our data show clear evidence for the entrance into the topological

energy window at ∼ 1 eV through a large drop in the SHG susceptibility as measured

with decreasing photon energy. This drop is due to the fact that linearly dispersing band

structures cannot emit SHG. Our data also directly reveal the Pauli blocking condition,

in which the lower energy Weyl node becomes optically dark due to higher energy states

being occupied. This finding is in contrast with the linear optical spectrum, which is
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dominated by the Drude response at these energies.

Looking beyond the scope of this thesis, the data presented here may be used to

provide an estimate for the second order curvature of the band structure, as well as

to determine the position of the chemical potential relative to the energy of the two

nodes [158]. Furthermore, our results on SHG circular dichroism are suggestive of

plateau behavior similar to that observed in the photogalvanic responses described in

Section 10.2 and published in Ref. [71].

The work from this chapter has not yet been published but is expected to be submit-

ted by January of 2021.

8.1 Introduction

Second order nonlinear optical spectroscopies have recently emerged as a promising

probe of exotic responses in Weyl semimetal systems. One example, studied collabora-

tively in this thesis, predicts that the magnitude of a photocurrent driven by a circularly

polarized incident beam obeys a quantized condition

d ji

dt
=

2πe3

h2 cε0ICi =
4παe

h
ICi. (8.1)

where I = cε0
2 |E|

2 is the intensity of incident electric field, Ci is the Chern number,

and e, h, c, ε0 and fine structure constant α are all constant. Notably, this is free of

microscopic, material-dependent parameters.

Another example of exotic behavior in a Weyl semimetal is given by the inversion-

symmetry breaking material TaAs. This compound was discovered to host the largest

SHG magnitude to have been observed to date [17], a full order of magnitude stronger

than the next highest response material, GaAs. Our further study of this effect, sum-

marized briefly in Section 10.1, is contrary to the statement of the paper. Rather, we

revealed that the strong SHG response was ultimately not due to Weyl physics, instead

having an origin in the strong skew parameter of the Bloch wavefunction, which is com-

mensurate with the observation that the topologically nontricial energy window of TaAs
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is 60 meV, while the lowest and highest energies probed in our study, or in Ref. [17]

were at ∼ 470 meV and 1.5 eV, respectively.

Nevertheless, even if the Weyl nodes in TaAs were to be probed resonantly, tran-

sitions driven within the Weyl cone would probe sets of opposite chirality nodes si-

multaneously, resulting in any chiral quantity to cancel by symmetry. Thus, a correct

spectroscopic investigation of the second harmonic generation behavior of Weyl nodes

has yet to be conducted and is the aim of this chapter.

Figure 8.1: Band structure and Pauli blocking. (a) Band structure for RhSi in presence
of SOC [72]. (b) A depiction of Pauli blocking. The Weyl node at R lies µ below
the Fermi energy, and the Weyl node at L lies above the Fermi energy. The optical
transitions excited by photon energy less than 2µ are forbidden for the Weyl node at R,
while optical transitions are always permitted for the Weyl node at L.

The recently discovered class of chiral Weyl semimetals provides a new path to

study the basic characteristics of the Weyl nodes. Since these materials’ lattice struc-

tures lack mirror symmetry planes, the requirement that Weyl nodes of opposite chiral-

ity exist at the same energy relative to the Fermi level is relaxed. As a result, the two

opposite helicity nodes are at a different energy relative to the Fermi level. Here, we

have chosen to study the compound RhSi, which was described earlier in Section 3.6. A

calculated version of the RhSi bandstructure is shown in Fig. 8.1(a). At the Γ point, we

observe one Weyl node, while the other is at the R point. As can be seen in the Figure,

the nodal separation is 315 meV, which permits for optical transitions to be excited in

one node that are not present in the other for photon energy ≤ 630 meV, as depicted in

Fig. 8.1(b).
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8.2 Experimental Setup

Figure 8.2 shows a schematic diagram of our SHG setup. The output of a regeneratively

amplified Ti:sapph laser system (Coherent - Astrella) producing 1.2 mJ, 35 fs pulses

centered at 800 nm with a repetition rate of 5 kHz was used to seed an optical parametric

amplifier (OPA, Light Conversion - TOPAS Twins) capable of producing tunable output

over the wavelength range 490 nm - 16.1 µm.

Figure 8.2: Schematic diagram of RA-SHG setup. Optics in order of first incidence: P,
polarizer; HWP, half wave plate; LP, longpass filters; CM, concave mirror; S, sample;
RA, rotational polarizer; L, lens; SP, shortpass filters; D, detector.

The polarization of the OPA output was purified using a linear wire grid polarizer

(Thorlabs - WP25M-UB) and then passed through a mechanically-driven half waveplate

(Thorlabs - AHWP05M-980 for λ = 690 − 1200 nm, AHWP05M-1600 λ = 1100 −

2600 nm, and ALPHALAS - PO-TWP-L2-25-FIR λ = 2500 − 4500 nm) matched

to the photon energy to generate a varying incoming polarization angle φ, the beam

passed through longpass filters removing parasitic wavelengths due to other nonlinear

optical processes in the OPA (as well as from interactions with the optics themselves).

The beam was then focused onto the sample using a 100 cm reflecting mirror at near-

normal incidence so as to produce a relatively large spot, enabling high laser power to

be incident on the sample while restricting the fluence to below the damage threshold.

This permitted for more SHG photons to be emitted per laser shot, yielding large enough

signals to be measured by detection electronics in the IR frequency range where detector

responsivity is relatively low. We note that we replaced the 100 cm reflecting mirror
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with a NA=0.5 reflective objective (Edmund Optics - 68-188) to focus the pump tightly

to generate a SHG signal strong enough to be detected at incoming wavelengths in the

range 2600-4500 nm. The incident angle introduced by the reflective objective was

accounted for in the data analysis.

Table 8.1: Filters, detectors and fundamental wavelength range correspondingly

Wavelength (nm) Filters before detector Detector

800-1200
2*FESH0650

2*FESH0700
Hamamatsu R12829

1140-1500
2*FESH0800

2*FESH1000
Hamamatsu R12829

1400-1620

2*FELH0600

2*FESH0900

2*FESH1000

Hamamatsu R12829

1580-2000
2*FELH0700

2*SP1326

Hamamatsu R12829

Thorlabs FGA01

2000-2600
SP1326

2*SP1500
Thorlabs FGA01

2600
2*SP1326

2*SP1500

Thorlabs FGA01

Hamamatsu G12183-203K

2800 Two SP1500
Thorlabs FGA01

Hamamatsu G12183-203K

3500-4500
2*SP2500

Bandpass filters
Hamamatsu G12183-203K

After reflecting from the sample, the beam was incident on a D-shaped mirror and

then passed through an analyzer that was chosen to remain stationary in the vertical

orientation to produce a signal that we will denote as I0◦ or in the horizontal orientation

to produce a signal that we will denote as I90◦ . After emerging from the polarizer, the

beam passed through a filter assembly to remove the fundamental wavelength while pre-

serving the second harmonic response. The FESH and FELH filters are from Thorlabs,

SP1326 is short pass filter from Semrock, and SP1500 and SP2500 are from Spectro-
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gon. The filters and detectors used in corresponding photon energy ranges are shown in

Table 8.1.

Finally, the intensity was recorded using a data acquisition card-based fast-sampling

technique. A more detailed description of the detection electronics is provided in Chap-

ter 5, which was published in Ref. [82].

Experiments were conducted on the polished (111) face of RhSi. On this face, the

second harmonic generation susceptibility tensor is given by

χb
i jk(2ω;ω,ω) =

1
√

3




0

√
2χb

xyz

−χb
xyz



√

2χb
xyz

0

0



−χb

xyz

0

0


√

2χb
xyz

0

0




0

−
√
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0
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xyz

0


−χb

xyz

0

0




0

−χb
xyz

0




0

0

2χb
xyz





, (8.2)

where the superscript b refers to a bulk response. Data were taken for incident polar-

ization of the fundamental light dynamically rotating as angle φ. As mentioned above,

there was a static polarizer in front of the detector to measure the emitted SHG for both

vertical and horizontal outgoing polarization, referred to as I0◦ and I90◦ , respectively.

Using the tensor of Eq. (8.2), we derive

I0◦ =
2
3

[
χb

xyz(2ω;ω,ω) cos(2φ)
]2
, (8.3)

I90◦ =
2
3

[
χxyz(2ω;ω,ω) sin(2φ)

]2
, (8.4)

as the expected responses.
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Figure 8.3: Raw SHG data on (111) RhSi and (111) GaAs for λin = 1000 nm and
λout = 500 nm. (a) RhSi I0◦ and (b) RhSi I90◦ . (c) GaAs I0◦ and (d) GaAs I90◦ . Here, the
data match the prediction, indicating that the extra component is not an experimental
artifact.

An example of raw data taken on RhSi with the setup is shown in Fig. 8.3. Panel

(a) should correspond to Eq. (8.3) while panel (b) should correspond to Eq. (8.4). We

clearly observe that I0◦ matches the expectation but I90◦ does not, instead showing the

presence of an extra response not accounted for by the predicted result. This extra signal

component did not change as a function of wavelength likely because of how the crystal

was cut.

In order to confirm that this was due to the intrinsic response of the sample and

not due to an artifact of the device, we compare these data with another set taken in

the same configuration on (111) GaAs, which is expected to have the same response

based on their respective point group symmetries. As these signals match Eqs. (8.3)

and (8.4), as shown in Fig. 8.3 panels (c) and (d), we can conclude that the discrepancy

between the data and the expected response is not due to the optics but rather is due to

an additional response which phenomenologically modifies the expression for I90◦ into

I90◦ =

√2
3
χxyz(2ω;ω,ω) sin(2φ) + A

2

, (8.5)
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where A is a background signal that “heterodynes” with the bulk SHG response.

Further confirmation that the modulation is an extra background signal that is con-

stant as a function of rotation angle is provided by linear photogalvanic effect (LPGE)

data, which is broadly expected to be similar to the SHG data [64, 159]. Briefly, in the

LPGE, discussed in greater detail in Chapters 9 and 10, a linearly polarized laser beam

generates a second order current response of the form ji(ω = 0) = σi jkE j(ω)Ek(ω).

When this current is driven by a femtosecond pulse, as used for all the experiments

conducted in this thesis, the sudden start and stop of the driven current results in radi-

ation emitted in the 0.1 − 10 THz frequency band that is collected and measured using

the standard technique of electro optic sampling [71]. The THz field magnitude, which

is proportional to the driven current ji, can then be measured as a function of incident

photon energy and polarization, selecting for either horizontally or vertically emitted

THz radiation. For the (111) face of RhSi, we expect these signals to be

E0◦ =

√
2
3

[
σxyz(0;ω,ω) cos(2φ)

]
(8.6)

and

E90◦ =

√
2
3

[
σxyz(0;ω,ω) sin(2φ)

]
, (8.7)

where φ is the incident polarization angle.

A plot of this measurement at normal incidence on the same sample as used in the

SHG measurements is shown in Fig. 8.4. In both cases, we observe the predicted 2φ

variation in amplitude, however, there is a marked offset in the horizontally polarized

traces. When the two traces are squared to produce an intensity that can be compared

with SHG, we observe remarkable agreement between the LPGE and SHG measure-

ments, providing further evidence that the departure of the SHG data from expectation

is due to a constant background signal, which is polarized explicitly in the horizontal

direction for all incoming photon polarization angles φ.

We suggest that the extra component is produced by a surface-based response. Be-

fore proceeding to a discussion of this proposal, we first explore two alternative causes
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for the discrepancy between Fig. 8.3(b) and the prediction of Eqs. (8.4). The first possi-

bility is that the global bulk crystal symmetry is lower than originally refined, i.e., that

RhSi does not belong to space group 198. This conclusion is controverted by abun-

dant crystallographic x-ray diffraction data taken by our collaborators and reported in

Ref. [71], and thus may be ruled out on this basis alone.

Figure 8.4: RA-LPGE at normal incidence. (a) Vertical component of LPGE at normal
incidence. (b) Horizontal component of LPGE at normal incidence. (c) Squared vertical
component of LPGE at normal incidence. (d) Squared horizontal component of LPGE
at normal incidence. Note the good agreement between panel (d) and Fig. 8.3(b).

The second possibility is that the crystal cut departs significantly from the (111)

orientation. Using the same formalism that was used to derive the signals of Eqs. (8.3)

and (8.4), we may derive an expression for a miscut crystal as

I0◦ =
1
3

[
χb

xyz(2ω;ω,ω)(
√

2 cos(α) + sin(α)) cos(2φ)
]2
, (8.8)

and
I90◦ =

1
3

[χxyz(2ω;ω,ω)(cos2(φ)(
√

2 cos(α) + sin(α))

−(
√

2 cos3(α) − 3 cos2(α) sin(α) + 2 sin3(α)) sin2(φ))]2.

(8.9)
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Comparison of these expressions with the data revealed that the miscut of the crystal

orientation α would have to be ∼ 8° to explain the observation. This is at odds with the

crystallographic data, which indicates that any miscut is ≤ ±1° [71]. Thus, this second

alternative may also be ruled out.

Table 8.2: Symmetry operations of space group 198

No. (x, y, z) form Symmetry operation in Seitz symbols

1 x, y, z { 1 | 0 }

2 −x + 1
2 , −y, z + 1

2

{
2001 |

1
2 0 1

2

}
3 −x, y + 1

2 , −z + 1
2

{
2010 | 0 1

2
1
2

}
4 x + 1

2 , −y + 1
2 , −z

{
2100 |

1
2

1
2 0

}
5 z, x, y

{
3+

111 | 0
}

6 z + 1
2 , −x + 1

2 , −y
{

3+
−11−1 |

1
2

1
2 0

}
7 −z + 1

2 , −x, y + 1
2

{
3+

1−1−1 |
1
2 0 1

2

}
8 −z, x + 1

2 , −y + 1
2

{
3+
−1−11 | 0

1
2

1
2

}
9 y, z, x

{
3−111 | 0

}
10 −y, z + 1

2 , −x + 1
2

{
3−1−1−1 | 0

1
2

1
2

}
11 y + 1

2 , −z + 1
2 , −x

{
3−
−1−11 |

1
2

1
2 0

}
12 −y + 1

2 , −z, x + 1
2

{
3−
−11−1 |

1
2 0 1

2

}
The only remaining interpretation is that the extra contribution arises from surface

SHG. It can be shown that the (111) surface preserves a symmorphic three-fold rota-

tional symmetry from the bulk. This is may be seen by transforming the collection of

space group 198 operations given in Table 8.2 to the (111) orientation and preserving

only those operations that do not involve z in rotation, reflection or translation. Thus,

this surface and all associated surface states are C3. However, since this surface is pol-

ished and not cleaved, an infinitesimal tilt will still reduce the symmetry to C1, which

is the assumption made below that is consistent with the data.

8.3 Surface responses

The SHG tensor for the surface χs
i jk is an independent entity from that of the bulk χb

i jk.

An incident laser field induces a bulk polarization Pb(2ω) = χb
i jkE jEk as described
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above and a separate surface polarization Ps(2ω) = χs
i jkE jEk. As the overall emitted

fields superpose as E(2ω) ∝ Pb + Ps [160], the measured intensity I = |E(2ω)|2 can

result in mixing between the surface and bulk responses as in heterodyning, i.e., I =

P2
b + P2

s + 2 cos(ψ)PbPs, where ψ is the relative optical phase between Pb and Ps.

If we consider a C3 symmetric surface for the condition of a perfectly oriented (111)

polish, then the surface SHG responses are

I s
0◦ =

[
χs

xxx cos(2φ) − χs
yyy sin(2φ)

]2
, (8.10)

I s
90◦ =

[
χs

yyy cos(2φ) + χs
xxx sin(2φ)

]2
, (8.11)

which have the same φ-dependence as the bulk, Eqs. (8.3) and (8.4). Thus, changes

in χs
xxx or χs

yyy relative to χb
xyz would rotate the four-fold patterns of Fig. 8.3(a) and (b)

and change their amplitude but would not change the overall symmetry. We did not

observe a significant enough rotation as a function of energy to either permit a further

analysis and thus cannot be responsible for the modulation of the signal.

Instead, if we consider the case of C1 symmetry due to a ±1° tilt, the responses

become

I s
0◦ = (χs

xxx cos(φ)2 + χs
xyy sin(φ)2 + χs

xxy sin(2φ))2, (8.12)

I s
90◦ = (χs

yxx cos(φ)2 + χyyy sin(φ)2 + χs
yxy sin(2φ))2. (8.13)

These responses must evolve continuously from C1 to C3 as the perfect orientation of the

crystal is restored. Considering that C3 symmetry implies χs
xyy = −χs

xxx, χ
s
xxy = −χs

yyy,

χs
yxx = −χs

yyy, and χs
yxy = −χs

xxx, we can consider a perturbative departure from these

tensor elements as

χs
xyy = −χs

xxx + δxyy, (8.14)

χs
xxy = −χs

yyy + δxxy, (8.15)

χs
yxx = −χs

yyy + δyxx, (8.16)

χs
yxy = −χs

xxx + δyxy. (8.17)
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This makes the total signal

I0◦ ∝
[
A cos(2φ) − B sin(2φ) + δxyy/2

]2
(8.18)

=
[
RH cos(2φ − ψH) + δxyy/2

]2
, (8.19)

where

A =
√

2/3χb
xyz + χs

xxx − δxyy/2, (8.20)

B = χs
yyy − δxxy/2, (8.21)

RH =
√

A2 + B2, (8.22)

ψH = tan−1 (B/A) , (8.23)

while

I90◦ ∝
[
C sin(2φ) − D cos(2φ) + δyxx/2

]2
(8.24)

=
[
RV sin(2φ + ψV) + δyxx/2

]2
, (8.25)

where

C =
√

2/3χb
xyz − χ

s
xxx + δyxy/2, (8.26)

D = χs
yyy − δyxx/2, (8.27)

RV =
√

C2 + D2, (8.28)

ψV = tan−1 (D/C) . (8.29)

By visual inspection of the data in Fig. 8.3, we see that δyxx � δxyy since these are the

terms that represent a departure from the ideal (111) face.
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Figure 8.5: Ratio between δyxx/2 and Rv.

In order to further understand the data, we plot the magnitude of the surface response

in ratio to the bulk response obtained from fits to Eq. (8.25) as a function of incoming

photon energy as shown in Fig. 8.5. The observed magnitude does not vary appreciably

with wavelength, strongly suggesting that the surface response must also incorporate

transitions between surface and bulk electronic states, i.e., surface-to-bulk and bulk-to-

surface transitions.

8.4 Bulk responses

We now proceed to an analysis of the bulk signal response, represented by χxyz. Fig. 8.6(a)

shows the measured linear SHG spectrum. Considering the data from higher energy to

lower, there is a buildup in the optical susceptibility as a function of decreasing energy

until the peak at around 1.2 eV, followed by a steep drop-off at 1.05 eV that resembles

the saddle point van Hove singularity of a linear spectrum. According to preliminary

results from our theoretical collaborators [71], this steep drop-off may be due to two

effects. First, there are the large number of transitions at the M point that become in-

creasingly strong as transitions come closer to being between band edges. However,

since tight-binding calculations as performed by our collaborators in the Grushin group

do not have sufficient accuracy to confirm this conclusively, we can not comment on

this result further at this time.
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More importantly, the drop in amplitude occurs at the energy in which optical tran-

sitions are purported to enter into the topologically relevant window of 1.0 eV [71].

In this regime, the band structure begins to be dominated by the (nearly perfectly) lin-

ear band structure at the Γ and R points of the Brillouin zone, as shown in Fig. 8.1(a).

This is commensurate with the expectation that second harmonic generation in the Weyl

node cannot derive from the predominantly linear band structure [10]. Thus, the only

contribution to the optical susceptibility at this point is due to second order corrections

to the linear band structure.

The susceptibility is flat from 900 meV until ∼ 700 meV where it becomes roughly

linear down to the next plateau, which begins at 550 meV and persists as low in energy

as we were able to measure, i.e., 275 meV. We note that these lowest energies are less

than 2× 330 meV, i.e., less than the separation in energy between the Weyl nodes. This

means that all three transitions contributing to SHG in this energy range are within the

Γ-point multifold fermion energy bandwidth alone and thus measure the second order

nonlinear optical properties of a simple Weyl fermion.

The susceptibility is translated into conductivity σ(2) as σ(2) ∝ ωχ(2) and rescaled us-

ing GaAs as an intensity standard [98]. A plot of the low energy portion of the spectrum

is shown in Fig. 8.6(b) along with a fit to a minimal model described below. Examining

this portion of the spectrum from low to high energy, we see that the conductivity is

linear with increasing energy from 275-550 meV, vastly increases in energy at around

700 meV and then is linear again from 780 meV until 900 meV. Again, we stress that the

response from the lower slope is due to SHG transitions within one Weyl node whereas

the response from the higher slope are is due to SHG transitions within both Weyl nodes

simultaneously. If we assume that the node at R is exactly at 315 meV below that at Γ,

as suggested by DFT calculations [72], then it is clear that the ∼ 80 meV crossover is

broadened due to finite-temperature smearing. Interestingly, this interpretation implies

that transitions that occur at ω are not “echoed” at 2ω, which we posit is due to strict

selection rules for optical transitions.

We assume that transitions within the manifolds of states of the two Weyl nodes at
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Figure 8.6: Experimental SHG susceptibility and conductivity spectra. (a) Susceptibil-
ity plot on an arbitrary scale. (b) Conductivity on an absolute scale. Also shown in
the plot is a minimal phenomenological model. The dotted line at 2∆ = 630 meV is at
twice the difference in chemical potential between the two Weyl nodes. The blue arrow
marks the start of the decreasing of the spectrum with the photon energy around 780
meV.

Γ and R contribute the same to the linear susceptibility. Using the expression for the

Fermi-Dirac average occupation number n(ω, µ), where µ is the chemical potential, we

can simulate the data with the expressions

σ(2) ∝ 2ω + n(ω, µ)8ω. (8.30)

and using the values of µ = 630 meV and T = 300 K, we are able to get a remarkably

good representation of the data.

As a rough justification for this model, we can consider Miller’s rule, i.e.,

χ(2)(2ω;ω,ω) ∼ χ(1)(2ω)
[
χ(1)(ω)

]2
(8.31)

and assume that 1) the only contribution to χ(1) is from the two Weyl nodes at Γ and at R,

and 2) the two nodes contribute equally, i.e., χ(1)(ω) ∝ C for both since they basically

share the same Fermi velocity (or σ(1) ∝ ω for both [10]). This model specifically

takes as input the linear susceptibility χ(1), which is dominated by linearly dispersing

bands and hence should not produce SHG. However, we assume that the second order

corrections are similarly proportional to χ(1) and do not appreciably change over this

energy window.
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As the incoming photon energy is tuned below 2∆ = 630 meV, i.e., as Pauli block-

ing eliminates optical transitions from one node, the linear susceptibility decreases by a

factor of 2. By Miller’s rule, this would entail that across this energy, the SHG suscep-

tibility should drop by a factor of 4. Thus, the nonlinear conductivity spectrum should

comprise two straight lines with a 4:1 ratio in slopes. This is, in fact, the key obser-

vation of Fig. 8.6. Our minimal phenomenological model also predicts that the slope

should halve across 315 meV due to the same change in χ(1)(2ω), but we do not have

the experimental sensitivity to observe this: we could not properly characterize the in-

coming field at 3.0 − 4.5 µm since we could not measure the pulse duration or spot size

accurately due to technical limitations. Furthermore, our data only comprise one single

point below 315 meV for which the signal was too weak and the detection electronics

too noisy to be sensitive to this drop.

Figure 8.7: Optical conductivity determined by reflectivity measurement in blue with
theoretical optical conductivity from Weyl nodes at Γ and R points in orange [71].

At the time of the writing of this thesis, a theoretical description does not exist

to provide a numerical fitting of the data and give a quantitative value for the second

order corrections to the band structure. However, our data clearly show the entrance

into the topologically relevant energy window at ∼ 1 eV and the presence of the Pauli

blocking condition, which is observed across transitions at ∼ 630 meV. This feature

was predicted to exist in the linear optical spectrum, as shown in Fig. 8.7, but was

not observed due to being overwhelmed by the Drude response as a result of a short

scattering time in this material (8 fs) [71].
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8.5 Circular Dichroism

Figure 8.8: Elliptically polarized light (green) is the superposition of left (blue) and
right (red) circular polarized light. The blue arrow marks the start of the decreasing of
the spectrum with the photon energy around 780 meV.

We now briefly describe our spectral results of the SHG-circular dichroism (SHG-CD).

These experiments were conducted by using right- and left-circularly polarized light

and measuring the intensity as a function of analyzer angle φ. Calculating the SHG-CD

as defined by

tan θ =
EL(2ω, φ) − ER(2ω, φ)
EL(2ω, φ) + ER(2ω, φ)

=
ECD(2ω, φ)

EL(2ω, φ) + ER(2ω, φ)
(8.32)

where θ is the degree of ellipticity, and ER(2ω, φ) (EL(2ω, φ)) is the magnitude of the

electric field for right-hand (left-hand) circularly pumped response, shown in Fig. 8.8,

as a function of analyzer polarization angle (φ) yields zero theoretical response using

the formalism that produced Eqs. 8.3 and 8.4. Nevertheless, we have measured a finite

SHG-CD amplitude, whose photon energy dependence we describe here.

Figure 8.9: SHG-circular dichroism of RhSi (111) at 1140, 1380 and 1600 nm, respec-
tively.

A plot of each individual helicity at three wavelengths is shown in Fig. 8.9. These
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data were fit the functions

IR(2ω, φ) = [ER(2ω, φ)]2 = [A sin(φ + α)]2 (8.33)

IL(2ω, φ) = [EL(2ω, φ)]2 = [B sin(φ + β)]2 (8.34)

in order to derive an amplitude parameter ER(2ω, φ) (EL(2ω, φ)) for the right-handed

(left-handed) electric field, and then the expression Eq. (8.32) was evaluated. The SHG-

CD spectrum is shown in Fig. 8.10 as D/(A+ B) as a function of photon energy ~ω with

D obtained from D sin(φ+ϑ) = A sin(φ+α)− B sin(φ+β). A plot of this result shows a

response reminiscent of that observed in the CPGE response, also plotted in the Figure

and described more in detail in Section 10.2. When described with decreasing photon

energy, the key spectral features here are that at high energies (≥ 0.9 eV), the SHG-CD

response is relatively flat, with only tiny bumps around 1.1 eV which we ascribe to poor

performance of the waveplates at this range of wavelengths. The CD signal starts to

increase as the energy decreases below 0.9 eV, and plateaus at 780 meV, from which

point the response is flat at a value ≈ −0.35 to almost the lowest energies measured

(620 meV).

Interestingly, the features of the SHG-CD spectrum match (and compare) with those

of the linear SHG spectrum in the following manner. The energy of the steep drop-off

in the linear spectrum corresponds to the point at which we begin to observe changes in

the SHG-CD spectrum (noted by a blue arrow in both plots). The energy at which the

linearly polarized SHG susceptibility starts to decrease linearly exactly matches that at

which the SHG-CD plateau begins (780 meV).

Unfortunately, it is not technically possible to measure the response in a wider en-

ergy regime, despite the interest in comparing it with the plateaus in the CPGE response

and the SHG susceptibility as shown in Fig. 8.10. At the high end of the energy spec-

trum, we were limited by the surface quality of the sample, since we observed a large

amount of scattered light as the wavelength was decreased, which created a background

component to our SHG signal that was prohibitive to remove. Studies at the low end of
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the energy range were not possible due to a lack of appropriate infrared λ/4 waveplates

to measure the response reliably. Work toward that object is underway.

Figure 8.10: SHG-circular dichroism spectrum (blue) and CPGE spectrum (orange)
from RhSi (111).

8.6 Conclusion

We have measured the second order susceptibility and conductivity of the chiral Weyl

semimetal RhSi over the range from 275 meV to 1.55 eV. Our data are mainly sensitive

to the bulk tensor element χxyz, while also revealing the presence of a surface response

observable through a modulation of the expected SHG intensity as a function of incom-

ing photon polarization. The surface response spectrum is identical to that of the bulk,

strongly suggestive that bulk-to-surface and surface-to-bulk transitions play a role in

this effect.

An analysis of our data with a simple phenomenological model clearly reveals the

Pauli blocking condition, i.e., it shows a clear transition between optical transitions in

one node to transitions in two when the higher energy state is unoccupied. This contrasts

with the linear optical spectrum, which is dominated by the Debye response. While this

effect is observed through second order corrections to the linear band structure, we

cannot provide a numerical estimate of the magnitude of these corrections at this time.

Similarly, while a SHG-CD study provided the provocative result that it could display

plateau behavior similar to the CPGE result, at this time a theoretical description is

beyond the scope of this thesis and the capabilities of our theoretical collaboration.
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CHAPTER 9

TERAHERTZ EMISSION SPECTROSCOPY OF SURFACE

PHOTOGALVANIC EFFECTS IN A CHIRAL

WEYL SEMIMETAL

In this chapter, we describe our experimental results measuring photogalvanic effects

from the topological Fermi arc surface states of the chiral Weyl semimetal RhSi using

the apparatus briefly described in Ref. [71]. This study was conducted to serve as

a theoretical test of the predictions of this effect made by Chang et al. [69]. These

measurements are made possible by virtue of the fact that the bulk and (001) surface

symmetries are wildly divergent. The bulk comprises a cubic T point group symmetry,

while the (001) surface lacks any symmetry operations; it is C1 due to the fact that the

bulk symmetry operations are non-symmorphic. As described below, this implies that

LPGE and CPGE responses are both emitted from the surface since these photocurrents

are in-plane, whereas the bulk photocurrents are through-plane and thus their emitted

radiation cannot leave the sample. While our measured CPGE spectral magnitude is

consistent with a theoretical prediction of Chang et al., the angle in which the current is

observed to flow as a function of photon energy is completely at odds with theory, being

roughly “locked” to one axis of the crystal. This observation is confirmed by the LPGE

data, which show a remarkable degree of symmetry more consistent with a mirror-plane

symmetry rather than with non-symmetric face provided by the crystal surface, as we

describe below.

The work from this chapter has not yet been published but is expected to be submit-

ted by February of 2021.
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9.1 Introduction

A central, defining characteristic of topological matter is the presence of a protected

edge state [161]. These edge states can be the linearly-dispersing, spin-momentum

locked surface states of topological insulators [45, 15] or the current-carrying edge state

of the quantum Hall effect [162, 163] that were discussed before in Chapter 2. In Weyl

semimetals, the edge state is made of open Fermi surface arcs whose electrons are spin-

momentum locked in the same manner as the bulk, linearly dispersing states are. The

arcs themselves connect projections of opposite chirality Weyl nodes across the surface

Brillouin zone, and as suggested by their name, are not closed Fermi surfaces. Rather,

they are simple curves that bend in opposite directions on the 2D surface Brillouin

zones found on opposite sides of the crystal. It should be noted that in the partner Dirac

semimetals, the arcs are closed entities formed by the combination of the projections

from both sides, and are identical on opposite sites of the crystal.

Figure 9.1: Fermi arc states and CPGE in RhSi. (a) Fermi surface of the open Fermi arcs
connecting the projection of the Weyl point projected to Γ to the Weyl point projected
to M [69]. (b) Depiction of current transient directions for the surface (red) and bulk
(blue) CPGE contributions as driven by a normally incident laser field on the (001) face.

A schematic depiction of arcs in a Weyl semimetal is shown in Fig. 9.1(a) for the

(001) face of the chiral Weyl semimetal RhSi. In this case, the bulk Weyl nodes project

onto the center and the corners of the Brillouin zone. The Fermi arc states connect these

points through a crescent-shaped manifold of states.

To date, the open Fermi arc states have mainly been studied by angle resolved pho-

toemission spectroscopy (ARPES) [164, 12, 165, 11]. A representative plot of ARPES
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measurements on the arcs is shown in Fig. 9.2(b), where we clearly see the most salient

features of the arcs that is in agreement with the theoretical calculation as shown in

Fig. 9.2(a). Recently, a scanning tunnelling microscopy (STM) study was able to de-

rive the morphology of the arcs in the topological semimetal TaAs using quasiparticle

interference (QPI) [13]. Comparison between the ARPES and QPI data shows similar

features as the calculated expectations, as seen in Fig. 9.2.

Figure 9.2: Calculated and experimental Fermi arc surface states. (a)-(b) Calculated and
ARPES measured Fermi arc surface states on TaAs (001) surface [56]. (b)-(d) Calcu-
lated spin-dependent scattering probability maps and QPI data of TaAs at 0 meV [13].

While these experiments have greatly advanced the understanding of Weyl semimet-

als and form a crucial test in classifying materials as Weyl, other probes that can cou-

ple to the arcs are needed in order to better understand their fundamental properties.

In particular, transport and optical spectroscopy measurements integrate over the en-

tire probed region, including bulk and surface contributions, without a ready means to

separate the responses. Furthermore, ARPES measurements cannot be conducted in

magnetic fields, on small samples or on materials that cannot be cleaved, while STM

requires extraordinarily clean surfaces. Furthermore, QPI experiments depend on ex-

tensive modeling and computation to produce results to be compared with theory.
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In this chapter, we describe a study of the arcs using nonlinear optical measurements

with the aim of opening the door to further study of their transport characteristics. Our

approach is based upon a recent theoretical prediction by Chang and coworkers that

indicates that the arcs are observable using a nonlinear optical process known as the

circular photogalvanic effect (CPGE) [69]. In the CPGE, circularly polarized light in-

jects current into a sample upon its absorption into a resonant interband excitation of

either the surface or the bulk. Specifically, a current ji in the i direction is driven by an

incident electromagnetic field E j(ω) through

d j(ω = 0)
dt

= β(s,b)
i j [E(ω) × E∗(ω)] j , (9.1)

where β(s,b)
i j is the CPGE constant discussed in Section 4.2.2 [166] and the s and b

superscripts refer to the surface or bulk, respectively. When the driving field is a ∼

100 fs short laser pulse, the injected current persists only on the order of the pulse

duration, and thus emits a burst of ∼ 0.1 − 10 THz radiation. This radiation can be

measured using the standard technique of electro-optic sampling in which the electric

field is directly determined as a function of time by the use of a separate, femtosecond

timescale laser pulse [167].

Distinguishing the surface contribution from the bulk requires that the two generated

current transients flow in different directions. This is so that the respective emitted

radiation goes into separate directions and can thus be detected separately. In practice,

we can accomplish this in systems of differing surface and the bulk symmetry. To see

how this may occur, we consider the CPGE coefficient, which is given by

β(b,s)
i j =

πe3

~2V
ε jkl

∑
k,n,m

f k
nmvi

k,nmrk
k,nmrl

k,nm, (9.2)

where k is the crystal momentum, f k
nm = f k

n − f k
m is the difference between the Fermi-

Dirac distributions of the two bands,

vi
k,nm =

∂Ek,nm

∂ki
(9.3)
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is the difference of Fermi velocities between these two bands

rl
k,nm = i〈n|∂Hk/∂kl|m〉 (9.4)

is the off-diagonal matrix element of the velocity operator, and ε jkl is the Levi-Civita

symbol.

We note that each of the terms in the factor vi
k,nmrk

k,nmrl
k,nm must respect the symmetry

of the lattice. Thus, considering this term as an outer product, we may obtain a tensor

of the form

T ikl = vi
k,nmrk

k,nmrl
k,nm (9.5)

that similarly must transform under the point group symmetry of the material. If this

point group refers to the bulk point group (here, T for RhSi), then it must transform

as bulk CPGE does for a system with cubic symmetry. Similarly, T ikl must transform

under the symmetry group of the surface for surface-driven CPGE.

For materials with much lower surface symmetry as compared with the bulk, β(b,s)
i j

as determined from Eq. (9.2) may comprise off-diagonal terms for the surface that do

not exist in the bulk, resulting in driven surface currents that run transverse to the bulk

currents, as depicted in Fig. 9.1(b). The transverse current emits radiation in a different

direction entirely, as shown in the Figure, which may then be collected separately from

the bulk-derived current. This forms the basis of our measurement, which we now

describe.

9.2 Experimental Details

The Weyl semimetal we have chosen for our experimental test is RhSi since it is the

material studied theoreticallly by Chang et al. RhSi belongs to the cubic, chiral space

group 198 and hence the bulk CPGE tensor βb
i j = β0I in this space group is a constant

β0 multiplied by the identity tensor I, implying that all bulk driven photocurrents are in

the direction of propagation of the laser as given by [E(ω) × E∗(ω)] j. However, as this

space group is non-symmorphic, the surface symmetry may be lower than that of the
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projected bulk symmetry because of the lack of glide symmetry on the (001) surface.

Table 9.1: Symmetry operations of space group 198

No. (x, y, z) form Symmetry operation in Seitz symbols

1 x, y, z { 1 | 0 }

2 −x + 1
2 , −y, z + 1

2

{
2001 |

1
2 0 1

2

}
3 −x, y + 1

2 , −z + 1
2

{
2010 | 0 1

2
1
2

}
4 x + 1

2 , −y + 1
2 , −z

{
2100 |

1
2

1
2 0

}
5 z, x, y

{
3+

111 | 0
}

6 z + 1
2 , −x + 1

2 , −y
{

3+
−11−1 |

1
2

1
2 0

}
7 −z + 1

2 , −x, y + 1
2

{
3+

1−1−1 |
1
2 0 1

2

}
8 −z, x + 1

2 , −y + 1
2

{
3+
−1−11 | 0

1
2

1
2

}
9 y, z, x

{
3−111 | 0

}
10 −y, z + 1

2 , −x + 1
2

{
3−1−1−1 | 0

1
2

1
2

}
11 y + 1

2 , −z + 1
2 , −x

{
3−
−1−11 |

1
2

1
2 0

}
12 −y + 1

2 , −z, x + 1
2

{
3−
−11−1 |

1
2 0 1

2

}

Indeed, examining the symmetry operations of space group 198, given in Table 9.1

reveals that the (001) face does not respect any symmetry due to its non-symmorphic

nature [168]. Thus the corresponding surface βs
i j coefficient comprises 9 independent

non-zero elements, most significantly βxz and βyz which drive currents in the x and y

directions, respectively, for incoming fields [E(ω) × E∗(ω)]z. This configuration satis-

fies the condition we require for a driving laser to generate radiation from the bulk that

cannot escape the sample while simultaneously generating current transients on the sur-

face that are easily detected. We have already verified that no bulk CPGE is observed

in the −z direction of the geometry of Fig. 9.1(b) in our prior experiments on (111) ori-

ented RhSi as described in Ref. [71]. We used a regeneratively amplified laser system

(Coherent - Astrella) producing 800 nm pulses at 35 fs and 1.2 mJ/pulse energy with

a repetition rate of 5 kHz. This laser system seeded a dual-channel Optical Paramet-

ric Amplifier (Light Conversion - TOPAS Twins) system capable of producing tunable

output over the wavelength range 490 nm - 16.1 µm, although in practice we restricted

our measurements to the photon wavelength range 1200 − 2600 nm. The output of the
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OPA was made of pure polarization state by a wire-grid polarizer (Thorlabs - WP25M-

UB) while parasitic output wavelengths from the OPA were removed using long pass

filtering (Thorlabs - FELH0900 for λ = 1200−1300 n, FELH1300 for λ = 1300−1500

nmand FELH1500 for λ = 1500 − 2600 nm).

OAP

OAP

S

TP

Pump

EOS

ZnTe

λ/4

WP

V+

V-

THz

Figure 9.3: Schematic diagram of the experiment setup. In order of first incidence
of pump: OAP, off-axis paraballic mirror; S, sample; TP, THz polarizer; λ/4, quarter
waveplate; WP, Wollaston prism.

A schematic diagram of the setup used in this experiment is shown in Fig. 9.3.

The pump beam was chopped by a mechanical chopper wheel (not shown) at half the

laser repetition rate (i.e., 2.5 kHz), and then the polarization of this beam was set by

a waveplate (not shown). In the case of linear photogalvanic effect (LPGE) measure-

ments, we used a λ/2 (Thorlabs - AHWP05M-1600) mounted in a computer-controlled

mechanical stage (Thorlabs - ELL14), while circular photogalvanic effect (CPGE) mea-

surements were conducted using a λ/4 (Thorlabs - AQWP05M-1600).

Upon being normally incident upon the sample, the pump beam drove a current

response that resulted in emission of radiation in the ∼ 0.3 − 3 THz frequency band.

This radiation was collected by a 4” focal length 90°off-axis parabola (OAP, Thorlabs

- MPD249H-M01), passed through a THz polarizer to pick an individual polarization

state, and then focused into a ZnTe (110) detection crystal (Eksma Optics - ZnTe-500H)

using a 2” focus length 90°OAP to induce a transient birefringence in the crystal that
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was proportional to the THz field magnitude [169]. We note that the 2:1 imaging ratio

between the emission and detection points was to increase THz field amplitude at the

ZnTe detection crystal through tighter focusing and thereby increase sensitivity to weak

signals.

In order to measure the induced birefringence and detect the THz field magni-

tude, we used a mechanically delayed separate laser pulse that was coincident through

the ZnTe crystal with the THz pulse. The beam then passed through a λ/4 (Thor-

labs - AQWP05M-960) aligned so that the overwhelming fraction of the beam was

in one polarization component so as to leverage the technique of strong optical bi-

asing [170, 171], which amplified the signal by a factor of ∼ 100. After passing

through a Wollaston prism (Thorlabs - WPA10) set inside of a rotation mount (Thorlabs

- RSP1), the emerging orthogonally polarized beams were incident upon photodiodes

(Hamamatsu S5973-02) that were connected to charge-sensitive preamplifiers (Cremat,

CR-Z-110) with a specified gain of 1.4 V/pC. We note that the stronger beam had to

be attenuated by a factor of 104 relative to the weaker beam so as not to saturate the

detection electronics. The outputs of the two preamplifiers were input into a shaping

instrument (Cremat, CR-S-8us) to convert the charge-integrated signal into a Gaussian

voltage pulse. Data were acquired using a DAC balanced detection scheme [156] that

we found to be better suited to this measurement - and faster - than lock-in detection.

9.3 Data

In the above experimental configuration, we expect the following rotational anisotropy

for the LPGE response for horizontally polarized THz transients

E s
0◦ = σs

xxx cos(φ)2 + σs
xyy sin(φ)2 + σs

xxy sin(2φ) (9.6)

E s
90◦ = σs

yxx cos(φ)2 + σyyy sin(φ)2 + σs
yxy sin(2φ) (9.7)

where the σi jk are the LPGE coefficients and φ is the polarization of the incoming

pump photon. Since the pump is circularly polarized in a CPGE experiment, there is no
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rotational anisotropy in its response. Hence, the data were recorded simply to select for

either vertically or horizontally polarized THz emission.

Figure 9.4: THz transient of LPGE and CPGE response. (a) THz transient of LPGE
response at 1950 nm. (b) THz transient of CPGE response at 1960 nm.

A THz transient of the LPGE response is shown in Fig. 9.4(a), whereas a THz

transient from the CPGE response is shown in Fig. 9.4(b). Both time-domain traces

are reminiscent of second derivatives of a Gaussian with ringing following the peak.

The data were symmetrized in time about the peak amplitude and were fit to the second

derivative of a Gaussian pulse

ET Hz = A
σ2 − t2

σ5
√

2π
e−

x2

2σ2 (9.8)

in order to analyze the THz emission signal amplitude A as a function of incident po-

larization and pump wavelength.

In order to verify that the signals arose from the surface of the sample and not from

the bulk, we recorded data as a function of rotation of the sample itself. In this case, we

expect the LPGE magnitude to have the form

ELPGE = E1 sin(θ + ψ1) + E3 sin(3θ + ψ2), (9.9)

where θ is the rotation angle of the sample. Equivalently, for CPGE we get

EH
CPGE = E0 cos(θ) (9.10)

EV
CPGE = E0 sin(θ) (9.11)
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for a surface-originated response. In contrast, the bulk-derived CPGE amplitude should

be independent of rotation angle of the sample since the CPGE tensor βi j is proportional

to the identity tensor, as was confirmed in our experiments detailed in Section 10.2 and

Ref. [71].

Figure 9.5: Rotational anisotropy data for LPGE and CPGE. (a) Horizontal component
of RA-LPGE. (b) Vertical component of RA-LPGE. (c) Horizontal component of RA-
CPGE. (d) Vertical component of RA-CPGE.

In both cases, our expectation for the surface result is borne out as is seen in Fig. 9.5.

In the LPGE traces, we clearly see a rotational anisotropy that matches the predictions

of Eqs. (9.9), while the CPGE response is similarly matched by Eqs. (9.10) and (9.11).

Two observations are of note, here. First, the CPGE data do not comprise a background

offset as would be expected from superposition of a bulk result. Second, there is an

overall magnitude difference between the horizontally and vertically emitted THz which

we ascribe to a difference in responsivity of the ZnTe crystal in the optical biasing

configuration. This difference did not impact our results.
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9.4 Results and Discussion

Having established that the emitted THz response derives entirely from the surface, we

now turn our attention to the pump-energy dependence of the surface LPGE parameters

σs
xxx, σ

s
xxy, σ

s
xyy, σ

s
yxx, σ

s
yxy, and σs

yyy, as well as the surface CPGE parameters βs
x,z and

βs
y,z. In order to obtain these quantities, we have separately measured the rotational

anisotropy of the LPGE response as a function of wavelength from 1200 − 2600 nm in

steps of 50 nm for horizontally and vertically polarized THz. We have also measured the

horizontally and vertically polarized emitted THz from CPGE excitation as a function

of frequency. All data were scaled by correction factors that incorporated the pulse

energy as determined from the incident laser power, and the pulse focusing, which was

assumed to follow the standard result from Gaussian optics. For more details of this

procedure, see the Appendix of Ref. [64].

We begin with a discussion of the CPGE results. A plot of the CPGE magnitude βr,

obtained by computing

βr =

√
β2

x,z + β2
y,z (9.12)

from the fitted amplitude is shown in Fig. 9.6(a) as individual data points while the

theoretical prediction of this amplitude is shown as the curve. We note that we have

scaled the energy axis E as E = 1.55E0 + 0.12 eV in order to obtain excellent agreement

between the two responses from the energy range 0.45 − 0.75 eV. The discrepancy in

the amplitude at higher energies is small, and may be due to inaccuracy in appropriately

capturing the band structure features at the M point of the Brillouin zone. Thus, we may

conclude that the CPGE amplitude calculation is verified.

The plot of the CPGE-driven THz emission polarization angle was produced by

calculating

βang = tan−1
(
βy,z

βx,z

)
(9.13)

the result of which is plotted in Fig. 9.6(b) as the black data points. In comparison, we

plot the theoretical prediction from Ref. [69] as the blue solid line and note that there is
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a significant departure between prediction and experiment. This is an indication that the

THz emission angle, which corresponds to the direction of the driven current, should

vary over the range from -100° to 50°. However, it only departs a small amount from

the (100) axis. If the data derived from Eq. (9.13) are multiplied by a factor of 4, we

observe that the theoretical prediction and the experimental data can be brought into

better agreement, as shown in the red dots in Fig. 9.6(b), with the latter matching the

form of the former, albeit shifted in energy.

Figure 9.6: Amplitude and polarization angle for CPGE from RhSi (001). (a) Theo-
retical and experimental CPGE amplitude βr. (b) Theoretical and experimental CPGE-
driven THz emission polarization angle.

Before further discussing the ramifications of this departure of the experiment from

the theoretical prediction, we now turn our attention to the LPGE response which was

not a subject of theory, but nevertheless can offer additional insight into the surface

Fermi arc response. In Figs. 9.5(a) and (b), we plot a rotational anisotropy of the LPGE

output that is consistent with the expressions given in Eqs. (9.6) and (9.7). In fitting

our data to these functions, we have shifted the φ = 0 angle by +5°from the crystallo-

graphic (100) direction to match the average preferred direction of the CPGE emission.

Remarkably, our fits are dominated by only two of the six independent LPGE elements,

i.e., σs
yxx and σs

xxy, with the element σs
xyy very small and the other three elements effec-

tively equal to zero.

A clearer representation of the LPGE data at a single wavelength (λ = 2000 nm)

is shown in Fig. 9.7. In this Figure, we plot the magnitude of the LPGE signal I as a
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function of polarization angle φ, taken as

I(φ) =

√
I2

H(φ) + I2
V(φ) (9.14)

where the arrows on the plot point in the direction of the LPGE radiation, given by

θ = tan−1
(

IV(φ)
IH(φ)

)
. (9.15)

The horizontal axis in the Figure is aligned with the crystallographic (100) direction.

We clearly see that the amplitude effectively vanishes when the incoming polarization

is parallel to the (010) direction. Meanwhile, we also observe that the polarization

direction of the emitted THz polarization rotates in two complete revolutions as the

incident pump light polarization is rotated, again highly suggestive of an unexplored

symmetry in the system.

Figure 9.7: LPGE amplitude as a function of polarization angle φ.

We now turn to the energy dependence of the LPGE amplitudes. In Fig. 9.8, we

plot the various LPGE tensor elements as a function of incoming photon energy nor-

malized to the magnitude of σs
yxx. We notice that the two primary elements σs

yxx and

σs
xxy dominate the response while the other four responses increase as the photon en-

ergy decreases, but remain relatively weak in amplitude until the lowest energies where
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σs
xxx grows to its maximal value, which is half that of σs

yxx.

Figure 9.8: Magnitude of LPGE tensor elements as a function of incoming photon
energy normalized to the magnitude of σs

yxx.

Taken together, the energy dependent data plotted in Figs. 9.6(b) and 9.8 are strongly

suggestive of a symmetry of the RhSi system that is not crystallographically present in

the bulk. Specifically, if one were to assume a mirror plane perpendicular to x̂, i.e., the

(100) crysatllographic direction, the LPGE tensor elements σxxx, σyxy, and σxyy would

be equal to zero, which is roughly observed here. This scenario, while extremely un-

likely, has some basis in prior observations. Atoms on the surfaces of cleaved and

polished materials can sometimes undergo a reconstruction, i.e., they can move around

into new positions that passivate otherwise dangling bonds. This effect has been ob-

served to alter the symmetry of the GaAs RA-SHG response [116]. In order to test this

assertion, we have taken SHG data on the same surfaces since SHG will be sensitive to

the crystallographic symmetry through Neumann’s principle [88] using the same pair

of polarization combinations, i.e., with the incoming polarization dynamically rotating

and the analyzer fixed, as described in the experimental section of Chapter 8 and shown

in Fig. 8.2.

A plot of these data is shown in Fig. 9.9. From the figure, we can see that the SHG

response possesses less symmetry than the LPGE response. Rather, a detailed fit of the

SHG response Pi = χi jkE jEk requires all tensor elements χik j instead of a simple subset
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of two or three. Thus, the SHG data rule out the possibility of a crystallographic mirror

plane that arises from a surface reconstruction since several more elements are required

to represent these data than the LPGE data. In other words, the SHG data confirm the

C1 symmetry of the surface.

Figure 9.9: SHG response from RhSi (001) surface.

While the purported mirror symmetry is not of crystallographic origin, and hence is

not a strict symmetry, we may consider instead that the departure from theory may arise

from other crystallographic effects. We propose that it may instead be due to the place-

ment of individual Rh and Si atoms as well as the bonding between them. In Fig. 9.10(a)

we show a depiction of the bond directions in the various layers. When taken in cross

section, these are reminiscent of anti-ferroelectric layers, as depicted in panel (b). These

layers are unequally sampled by the laser, which has a finite penetration depth into the

crystal, as depicted on the right hand side of panel (b). Since the laser preferentially

samples one orientation of the domains over the other, we speculate that this generates

a preferred axis for the surface LPGE responses. This bond configuration also roughly

has mirror symmetry with the axes, which may then give rise to the observed results.
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Figure 9.10: Crystal structure and anti-ferromagnetic ordering of RhSi (001). (a) Crys-
tal structure, (b) Anti-ferromagnetic layer.

9.5 Conclusion

We have measured the LPGE and CPGE response of Fermi arc surface states of the

the chiral Weyl semimetal RhSi over the energy range 0.45 − 1.1 eV in order to com-

pare our data with previous theoretical predictions. Our results indicate that the overall

spectral characteristics of the magnitude match the theoretical prediction to within mi-

nor rescaling of the energy axis. However, the angle of the driven photocurrent vastly

departs from the theoretical prediction and requires a rescaling factor of over 4×. While

these data are suggestive of a crystallographic mirror symmetry, SHG measurements

taken on the same surface reaffirm the supposed C1 surface symmetry. A simple phe-

nomenological description in terms of the bonding angles between the Rh and Si atoms

and the penetration depth of the light is suggestive of this symmetry, however, a full

theoretical investigation is needed in order to understand the difference between the

predictions of Chang et al. and the data presented here.
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CHAPTER 10

RESULTS FROM COLLABORATIVE WORK

In this chapter, we include results from collaborations with other research groups.

In the first section, we discuss the SHG spectrum on TaAs. This study was motivated

by the unusually large SHG response from the TaAs family of Weyl semimetals. We

measured the SHG spectrum over the photon energy range 0.5 − 1.5 eV and observed a

peak in the SHG response at 0.7 eV with a value ∼ 200 times larger than the maximum

SHG response from GaAs. A theoretical analysis of the spectrum describes the origin

of the SHG response peak as due to the third cumulant of the Bloch wavefunction.

The quantized circular photogalvanic effect (QCPGE) results from a photocurrent

that depends only on fundamental constants e, h, c, ε0 and monopole charge of a Weyl

node. In the second study of the chiral Weyl semimetal RhSi, the CPGE spectrum

was obtained over the excitation photon energy range 0.48-1.1 eV, and shows a rapid

decrease of βτ around 0.65 eV. Considering the carrier lifetime and linear conductivity,

we believe that the cutoff of βτ, which results in a ∼ 200 times stronger amplitude at the

plateau of the spectrum than at 1.1 eV, should be due to the topological band structure,

but cannot reveal QCPGE due to the extremely short carrier lifetime.

Measurements on a new family of ferromagnetic (FM) Weyl semimetals PrAlGe1-xSix

is presented in the third section. The study reveals a transition from the intrinsic to ex-

trinsic anomalous Hall effect (AHE) by tuning the dopant concentration x continuously.

RA-SHG responses are measured to verify the non-centrosymmetric point group sym-

metry of this family.
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10.1 Resonance-enhanced optical nonlinearity in Weyl semimetal TaAs

TaAs, the first Weyl semimetal to have been experimentally verified as such [12, 56],

was recently observed to exhibit a giant SHG response at 800 nm [17]. In order to

understand the origin of this effect, we measured the SHG spectrum of TaAs over the

photon energy range 0.5 − 1.5 eV, which we observed to peak at 0.7 eV. A theoretical

analysis of our data in terms of a modified Rice-Mele model showed that the spectral

weight of this SHG response is proportional to the third cumulants of the Bloch wave-

function.

Figure 10.1: Schematic of the SHG apparatus. Optics in order of first incidence:
ND–neutral density filters, P-polarizer, HW–half-wave plate, LF–longpass filters, RO–
reflective object, S–sample, D–D-shaped mirror, A–analyzer, L–lens, SF–shortpass fil-
ter, PMT–photomultiplier tube. Inset: a photography of TaAs (112) surface.

In Fig. 10.1, we show a schematic diagram of the experimental apparatus used in

this study. An optical parameter amplifier (OPA-Light Conversion TOPAS TIWNS)

pumped by a regeneratively amplified laser was used as the source of the 0.5 − 1.5

eV photons, whose power was made approximately constant as a function of energy

using reflective ND filters. The polarization of the fundamental beam was purified by a

polarizer and controlled by a half-wave plate on a mechanical rotation stage. Longpass

filters were used to remove the spurious, additional wavelengths on the excitation beam

before being focused on the sample with a Cassegrain object. The outgoing beam was

recovered by a D-shaped mirror and then focused into a photomultiplier tube (PMT) by
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a lens. Various shortpass and longpass filters were used to eliminate the fundamental

wavelength before the beam was incident on the PMT. SHG data, examples of which

are given in Fig. 10.2, were taken from the (112) surface of TaAs crystal (shown in the

inset of Fig. 10.1).

Two pairs of polarization scans were performed for each wavelength. The first pair

of scans were taken by rotating the polarizations of both fundamental and SHG beams

with a relative angle fixed at 0◦ and 90◦, respectively. This pair of scans, which were

used to determine the high symmetry directions of a crystal, also proved the existence

of the resonance peak in SHG spectrum. In the second pair of scans, the polarization of

the SHG light was fixed parallel to either the [1, -1, 0] or [1, 1, -1] direction of the TaAs

sample while the λ/2 plate rotated the polarization of the incoming beam.

Three combinations of second-order optical conductivity tensor elements, i.e., |σzxx|,

|σxzx| and |σeff | ≡ |σzzz + 2σzxx + 4σxzx|, were obtained from the second pair of scans.

From theoretical calculation, the intensity of SHG as a function of rotational angle θ for

the different responses is given as

Ihoriz (θ) =
1

12ε2
0ω

2
I2
0 |σxxz|

2 sin 2θ, (10.1)

Ivertical (θ) =
1

108ε2
0ω

2

(
3σzxx sin2 θ + σeff cos2 θ

)
, (10.2)

Ipara(θ) =
I1
0

108ε2
0ω

2

∣∣∣3 (2σxxz + σzxx) cos θ sin2 θ + σeff cos3 θ
∣∣∣2 , (10.3)

where the σi jk represents the second-order conductivity tensor elements. Ihoriz (θ)

(Ivertical (θ)) was taken with the polarization state of analyzer perpendicular (parallel)

to the polar direction [1, 1, -1] of TaAs crystal as a function of the rotation angle θ

of polarization of fundamental light. Ipara(θ) represents the polarization dependence of

the SHG signal with the polarization states of fundamental and SHG rotating parallelly

and synchronously. From Eqs. (10.1)- (10.3), one can see that |σzxx| and |σxzx| can be

acquired directly from the analysis of Ihoriz(θ), Ivertical (θ) and Ipara(θ), while additional

information needed to place bounds on the values of |σzzz| with an upper bound
∣∣∣σUB

zxx

∣∣∣
and lower bound

∣∣∣σLB
zxx

∣∣∣ given as
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∣∣∣σUB
zzz

∣∣∣ = |σeff| + 2 |σzxx| + 4 |σxxz| (10.4)∣∣∣σLB
zzz

∣∣∣ = |σeff| + 2 |σzxx| − 4 |σxxz| (10.5)

Figure 10.2: Second harmonic generation polarimetry. SHG intensity measured in the
“parallel” scan as a function of the incident polarization angle, plotted on a normalized
scale, for three different incident photon wavelengths. The polar pattern changes from
a twofold pattern at shorter wavelengths (800 nm = 1.55 eV) to a six-fold pattern at
longer wavelengths (2200 nm = 0.56 eV)

Figures 10.2(a)-(c) show three representative Ipara (θ) SHG scans taken at wave-

lengths 800, 1560, and 2200 nm, respectively. The six-fold signature, proportional

to |σzzz|
2 cos6 θ, emerges as the wavelength increases to 2500 nm. As mentioned above,

the spectrum of the second-order optical conductivity tensor elements |σzzz| can only

be determined indirectly with lower and upper bounds as shown in Fig. 10.3(b), even

though we can get the spectrum of |σzxx| and |σxzx| directly as shown in Fig. 10.3(a).

In order to retrieve the spectrum, we had to account for numerous experimental

variables, i.e., pulse duration τ, intensity I and focal spot size (related to incoming

beam diameter d) to

I2ω ∝
(
σ

shg
i jk

)2 I2
ωd2

ω2 f 2λ2τ
, (10.6)

where I2ω (Iω) is the SHG (excitation) intensity, σshg
i jk is the second-order optical con-

ductivity tensor elements, f is the lens focal length, and ω and λ are the photon energy

and wavelength for the excitation beam correspondingly.

The corrected spectrum of second-order optical conductivity is shown in Fig. 10.3(a),

where we observe a large resonance feature near 0.7 eV.
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Figure 10.3: Measured nonlinear optical conductivity as a function of incident pho-
ton energy. (a) Spectra of the conductivity components |σzxx|, |σxzx| and |σeff | ≡

|σzzz + 2σzxx + 4σxzx|. The solid lines are guides to the eye. The nonlinear optical con-
ductivity of GaAs,

∣∣∣σxyz

∣∣∣, is multiplied by 100 and plotted for comparison. (b) The
(expt.) lower and upper bounds of |σzzz| are estimated using measured values of

∣∣∣σe f f

∣∣∣,
|σzxx|,and |σxzx| from the experiment. The dashed black line depicts the best fit to |σzzz|

using the phenomenological model.

This resonance peak was studied by a two-band model. In this model, the σzzz

component of the second-order optical conductivity can be expressed in terms of the

shift current tensor as [98]

Re
{
σ

shg
zzz (ω)

}
= −

1
2
σshift

zzz (ω) + σshift
zzz (2ω). (10.7)

Here σshg
zzz (ω) represents σzzz(2ω;ω,ω) and σshi f t

zzz represents the shift current response

σzzz(0;ω,ω).

To understand the origin of this resonance peak, we applied a Rice-Mele model with

parameters specifying the site energy (±∆) and nearest-neighbor hopping amplitudes

(t±δ) . The third cumulant was found to be bounded, C3 6 0.3c2 with c as the dimension

of the 1D unit cell. The best theoretical fit of |σzzz| is shown as dash-dotted curve in

Fig. 10.3(b). The lower bound and upper bound depend on the relative phase between

σzzz and σzzz as given in Eqs. (10.4) and (10.5).
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Moreover, our model revealed a sum rule for σshi f t
zzz

Σshift
z ≡

∫
σshift

zzz (ω)dω =
2πe3

V~2 C3, (10.8)

where C3 is a third cumulant of electronic polarization, V represents the volume of the

system, e is the elementary charge and ~ is Planck’s constant in J·s/radian. This sum

rule holds regardless of dimensionality d and the range of electron hopping amplitude.

Therefore, analysis of the two-band model reveals that the spectral weight σshi f t
zzz of

second-order optical conductivity is proportional to the gauge-invariant quantity C3.

This links the SHG response to the geometry of band structure of TaAs.

10.2 Helicity-dependent photocurrents in the chiral Weyl semimetal

RhSi

Figure 10.4: CPGE quantization for a two-band Weyl semimetal model. (a) Band struc-
ture for a generic two-band Weyl semimetal model. (b) CPGE traces for four different
values of the chemical potential [70].

Our study on photocurrents in Weyl semimetal RhSi is motivated by a theoretical pre-

diction of quantized CPGE in a single two-band model. The band structure of such a

two-band model is shown in Fig. 10.4. The Berry curvature of band n at k =
(
kx, ky, kz

)
in momentum space is given by

Ωc
k,n = iεabc

∑
m,n

ra
k,nmrb

k,mn. (10.9)
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With Eq. (10.9), the photogalvanic tensor component is

βi j(ω) =
iπe3

~2V

∑
k

∂ki Ek,12Ω
j
kδ

(
~ω − Ek,21

)
, (10.10)

where bands 1 and 2 represent valence band and conduction band, respectively. For a

given frequency ω > 0, Ω
j
k ≡ Ω

j
k,1 = −Ω

j
k,2 and Ek,12 = ~ω under the requirement of

delta function. As known from that ∂ki Ek,12 is normal to surface S in momentum space,

the trace of CPGE tensor β is given as

Tr[β(ω)] = i
e3

2h2

∮
S

dS ·Ω. (10.11)

Recalling the definition of Chern number, one can easily get

Tr[β(ω)] = iπ
e3

h2 CL ≡ iβ0, ω < 2εR, (10.12)

where CL denotes the Chern number of the Weyl node at energy εR. With the intensity

of incident electric field as I = cε0
2 |E|

2 and the definition that the CPGE current

d ji

dt
=

1
2

[
d j�
dt
−

d j	
dt

]
, (10.13)

where j� and j	 are photocurrents response to right and left circular polarized light,

one can rewrite the CPGE current as

d ji

dt
=

2πe3

h2cε0
ICi =

4παe
h

ICi. (10.14)

Since e, h, c, ε0 and fine structure constant α are all constant, Eq. (10.14) implies that

the CPGE current from one Weyl node should be quantized and only depend on the

monopole charge of the node. The theoretical prediction is given in Fig. 10.4(b) for

which the Chern number for the Weyl node has been chosen as 1.

Motivated by this theoretical prediction, we conducted our study based on an appa-

ratus depicted in Fig. 10.5(a). The photocurrent is measured as THz radiation emitted
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from the sample in the configurations: one with pump light normally incident and the

other at 45°. Fig. 10.5(b) shows THz data obtained with left and right circularly po-

larized 2000 nm pump light incident at 45°. The helicity dependent CPGE signal is

acquired as the difference between them.

Figure 10.5: Schematic diagram of photocurrent and experimental apparatus and THz
data. (a) Schematic of the experimental geometry. In order of first incidence of pump:
λ/4, quarter wave plate; λ/2, half wave plate; OAP, off-axis parabolic mirror; WGP
wire grid polarizer for THz; WP, Wollaston prism; PD, photodiode. RR in probe is a
retroreflector on a mechanical stage. (b) Time-resolved THz pulse data measured from
left and right circularly polarized 2000 nm pump light at 45° angle of incidence.

Figure 10.6(a) shows the THz pulse (red curve) as reconstructed the horizontal

(green curve) and vertical (orange) components. The angle of the THz pulse is obtained

by projecting the THz pulse onto a plane (blue curve). The angle of THz θ is then plot-

ted as a function of the orientation angle of the sample φ as shown in Figs. 10.6(b) and

(c).

When the pump is normally incident in Fig. 10.6(b), the CPGE response is not

measurable since the CPGE current flows directly into the bulk leaving zero component

on the surface of the crystal. The THz pulse from CPGE is horizontally polarized

when the pump light is 45◦ incident on the sample is shown in Fig. 10.6(c). Fig. 10.6(d)

describes the generation of photocurrent in CPGE process where the THz radiation only

comes from the in-plane component of the induced photocurrent.
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Figure 10.6: Symmetry of CPGE and LPGE responses in RhSi. (a) Measured and
reconstructed THz data. The vertical and horizontal components of the THz pulse as a
function of time are shown as orange and green curves while the red curve denotes the
reconstructed THz pulse. The direction of linear polarization θ in (b) and (c) is obtained
by projecting the reconstructed THz pulse onto a plane. (b) The angle of LPGE THz
polarization θ as a function of the rotation angle φ of the [111] face, with pump light
at normal incidence. The relation θ = 3φ predicted by the space group P213 symmetry
is confirmed. The CPGE signal, not shown here, is below the measurement noise floor
in this geometry. (c) Same as (b) with pump light at 45◦ angle of incidence. LPGE
polarization again is a function of φ: θ = 3φ. CPGE is horizontally polarized regardless
of the crystal orientation, confirming that the CPGE current is parallel to the pump wave
vector. (d) Schematic showing that the resulting in-plane CPGE current is fixed by the
plane of incidence of the pump light. The CPGE current is normal to the surface of the
sample and thus does not radiate into free space when pump is incident normally.

A plot of βτ in units of πe3

3h2× fs as a function of incident photon energy is shown in

Fig. 10.7. Here β is a scalar related to the tensor β̂i j, and τ is the momentum lifetime of

photoexcited carriers. The inset shows that the photoexcitation at one of the Weyl cones

is prohibited by Pauli blocking when ~ω < EC, this leads to the nonzero CPGE current.

We attempted an absolute determination of βτ from the measured THz radiation

by considering multiple wavelength-dependent factors including the photoexcitation
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source, the linear optical response of RhSi at pump laser and THz wavelengths, and

the spectral function of THz detection optics. However, due to the complex nature of

the device, absolute value for βτ could not be obtained.

Figure 10.7: CPGE spectrum. CPGE amplitude βτ in units of πe3

3h2× fs as a function
of photon energy, showing an abrupt quenching above 0.65 eV. The inset contains a
schematic showing the surface Sm in k-space defined by the available optical transitions
at photon energy ~ω. For ~ω < EC, Sm encloses a single node and has integrated Berry
flux C = ±4. Above EC, it encloses two topological nodes of opposite chirality and
C = 0. The blue shaded region in the main plot indicates the region where Sm encloses
only a single node.

In our data, βτ declined rapidly as the photon energy exceeds 0.65 eV and βτ at

~ω = 1.1 eV is 200 times smaller than its value at ~ω > 0.65 eV. This abrupt feature

can’t be explained by the smooth and continuous variation of wavelength. It also can’t

be accounted for by the carrier lifetime τ, since it would need to decrease to ∼ 0.08 fs

which then gives a free path length as short as 0.1 lattice constant for the βτ to be two

orders of magnitude smaller. The measurement of linear conductivity shows the possi-

bility that this feature originates from the interband transitions near the M point, which

leads to the modification of β to ∼ 1/3. However, the cutoff at 0.65 eV is not related to

a transition from intraband to interband excitation since the linear optical conductivity

is dominated by the interband contribution when photon energy is > 0.3eV [172].

The observed rapid decrease of βτ around 0.65 eV should be due to the existence of

topological monopole charge in k-space. When ~ω < 0.65 eV, interband transitions are

only allowed near the Γ point resulting in a nonzero photocurrent which is proportional
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to the topological charge C of Weyl node at Γ point. However, interband transitions are

allowed at both Γ and R points leading to the cancellation of photocurrents since the

Berry monopoles at these two points are the same magnitude but opposite sign.

Overall, our CPGE spectrum shows a cutoff appears in an energy window around

0.65 eV. This is consistent with the theoretical prediction. However, due to the impurity

of the sample, and the interband transitions near the M point, we can’t obtain the correct

value for the monopole charge.

10.3 Transition from intrinsic to extrinsic anomalous Hall effect in the

ferromagnetic Weyl semimetal PrAlGe1-xSix

Both intrinsic and extrinsic anomalous Hall effects (AHEs) exist in FM Weyl semimet-

als such as PrAlGe1-xSix. The extrinsic AHE mainly originates from the scattering

between electrons and impurities with spin-orbit coupling, while the intrinsic AHE is

related to the anomalous velocity term present in Weyl semimetals. The huge AHE in

Weyl semimetals has motivated this study of the transition between intrinsic and extrin-

sic AHEs, which may in turn guide research in tuning the AHEs in these system.

In order to prove that the material PrAlGe1-xSix is a Weyl semimetal, either inversion

or time reversal symmetry must be broken. Here, we demonstrate that this material is

noncentrosymmetric using SHG. The RA-SHG responses was taken with the incoming

beam incident normally on the [101] surface. The RA-SHG data are shown in Fig. 10.8,

where I‖ (I⊥) denotes the SHG response with the polarization of incoming fundamental

light rotating while outgoing SHG polarization fixed parallel to the [010] (
[
101̄

]
) axis,

and IH (IV) is obtained by rotating the polarizations of both incoming and outgoing

beam at a relative 0◦ (90◦) angle.

We found that the acquired RA-SHG matched the electric dipole radiation simu-

lation for crystal with I41md space group (C4v point group). The theoretical SHG re-

sponses due to second order electric dipole transition from [101] crystal face with C4v
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point group are given as

Ieee
‖ (φ) =

1
32

cos2(φ)[(−2χeee
xxz − χ

eee
zxx + χeee

zzz ) cos(2φ)

+6χeee
xxz + 3χeee

zxx + χeee
zzz ]2,

(10.15)

Ieee
⊥ (φ) =

1
8

sin2(φ)
[(
−2χeee

xxz + χeee
zxx + χeee

zzz

)
cos2(φ) + 2χeee

zxx sin2(φ)
]2
, (10.16)

Ieee
H (φ) =

1
8

[(
2χeee

xxz + χeee
zxx + χeee

zzz

)
cos2(φ) + 2χeee

zxx sin2(φ)
]2
, (10.17)

Ieee
V (φ) = 2

[
χeee

xxz sin(φ) cos(φ)
]2
. (10.18)

The RA-SHG data and corresponding theoretical simulations are shown in Fig. 10.8. It

is obvious that the experimental data and theoretical simulation match, which leads to

the confirmation of the C4v point group for PrAlGe1-xSix.

Figure 10.8: RA-SHG data on PrAlGe1-xSix for fundamental wavelength at 1500 nm
and SHG wavelength at 750 nm shown in blue. Shown in red are fits to Eqs. (10.15)-
(10.18) demonstrating that the sample belongs to the C4v point group.

We further measured the RA-SHG signal as a function of wavelength and found that

the RA-SHG responses is always quite strong, ruling out the possibility of centrosym-

metric crystal structure since non-bulk sources of SHG signal from centrosymmetric
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crystal are typically very weak. Hence, the PrAlGe1-xSix are Weyl semimetals which

break P symmetry and break T symmetry at low temperature.

In order to study further characteristics of PrAlGe1-xSix, we have measured its mag-

netic susceptibility, magnetoresistance, and ordinary and anomalous Hall coefficient

with x equal to 0, 0.25, 0.5, 0.7, 0.85 and 1.0. The results show that the transition from

intrinsic to extrinsic AHE in PrAlGe1-xSix occurs at x = 0.5. When x ≤ 0.5, a univer-

sal anomalous Hall conductivity comes from intrinsic contribution while the extrinsic

contribution dominates when x > 0.5.

We have shown in this chapter that nonlinear optical probe can be a powerful probe

of Weyl semimetals. Through the study of the interaction between the topological sys-

tems and incident light, we can obtain information on the lattice symmetry, optical

conductivity and, in principle, the topological monopole charge. We hope that with the

works demonstrated in this thesis, applications of nonlinear optics in topological sys-

tems can be further motivated and developed, including topological properties such as

the chiral anomaly and topological phonon modes.
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CHAPTER 11

CONCLUSION AND OUTLOOK

Topological semimetals, as a new class of materials, have stimulated enormous research

due to their unique physics and potential applications. Weyl semimetals, with symmetry

protected band crossings in discrete positions in momentum space, host quasiparticles

in Weyl nodes that behave as Weyl fermions. The Weyl node, with positive (nega-

tive) Chern number is a source (sink) of the Berry curvature, is perceived as magnetic

monopole in k-space. Besides the unique signatures of band structure, quantized Chern

number, surface Fermi arcs studied here, Weyl semimetals also host a chiral anomaly,

anomalous Hall effect and axion electrodynamics.

Our research was based on nonlinear optical spectroscopy. A novel nonlinear opti-

cal spectroscopic RA-SHG and a transient grating technique with ultralow probe were

developed and presented. Based on RA-SHG, we introduced our research on SHG

spectrum of RhSi (111) bulk and CPGE and LPGE spectrum of RhSi (001) surface.

Collaborative research on the Weyl semimetals TaAs, RhSi and PrAlGe1-xSix are also

included.

In Chapter 2, fundamental concepts in topological materials were presented so that

the readers could be better prepared to understand the results of this thesis. Through

the introduction of the anomalous velocity, we drew an analogy between the Berry

monopole and magnetic monopole. More information about the Weyl semimetals was

contained in the Chapter 3 including history, basic theory and research on Weyl semimet-

als. We emphasized research on TaAs, which is the first Weyl semimetal proven by

experiments. Theoretical predictions which motivated our work were also included. A

brief introduction of the chiral Weyl semimetal RhSi were provided in Chapter 3 as
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well. Chapter 4 mainly concerned the theory and application of SHG and photogal-

vanic generation. The application of these two nonlinear probes on Weyl semimetal

RhSi is the focus of our work. The Fourier domain RA-SHG technique, which is based

on the Fast scanning RA-SHG presented in Chapter 5, was described in Chapter 6.

Impulsive stimulated thermal scattering (ISTS) measurements performed as a transient

grating technique requiring ultralow probe power using low-price wavelength selectable

photodiode has been demonstrated in Chapter 7. Those techniques enable the study of

crystalline symmetry, phase transitions, nonlinear responses and thermal dynamics of

different materials better and more efficiently with improved resolution.

Chapter 8 described low energy SHG spectrum of the chiral multifold fermion sys-

tem RhSi which uncovered the second order corrections to the linear band structure

while Chapter 9 revealed the presence of surface Fermi arcs by measuring the CPGE

and LPGE currents. The collaborative works discussed in Chapter 10 provided in-

triguing support for the employment of nonlinear optical probes in the study of Weyl

semimetals.

In this thesis, we have presented both a series of technical improvements of nonlin-

ear optical spectroscopies and have shown a series of important results on the physics of

chiral Weyl semimetals using a selection of these nonlinear optical probes. In the former

category, we have described improvements of a fast-scanning rotational-anisotropy non-

linear harmonic generation (RA-NHG) spectrometer based entirely on reflective optics

that enables its application across a broad range of wavelengths with minimal realign-

ment, while the newly developed Fourier domain technique permits observations of

changes in RA-NHG symmetry to within one part in 104. Our technical developments

of the technique of transient grating allow measurements at ultra low probe powers and

for slow dynamics spanning arbitrarily long time windows.

The scientific portion of this thesis was primarily centered on the multifold chiral

Weyl semimetal RhSi. This material comprises a single Weyl node at the Γ-point offset

in energy by 330 meV from its opposite chirality partner within a topologically non-

trivial energy window of 1.1 eV, making it ideal for optical experiments intended to
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probe the characteristics of a single Weyl node. Our study of second harmonic gen-

eration (SHG) on this material revealed that the linear band structure associated with

Weyl semimetal physics produces no SHG response, instead deriving from the curva-

ture of the bands. This supported our conclusions on our collaborative work on TaAs,

where we determined that its large SHG response is due to the third cumulant of the

Bloch wavefunction rather than deriving from a topological origin. We were also able

to directly observe the Pauli blocking condition that fixed the offset of the nodes at 315

meV.

A bulk photogalvanic effect study conducted collaboratively yielded large photocur-

rents from (111) oriented RhSi that are very likely of topological origin. These results

also place the internode separation in energy at 330 meV, in good agreement with our

SHG data. A further photogalvanic effect study of the (001) face of RhSi produced pho-

tocurrents that derived purely from the topologically relevant Fermi arc surface states.

While the predicted amplitude dependence of the circular photogalvanic effect (CPGE)

generally matched the expected theoretical prediction, both the CPGE and linear photo-

galvanic effect responses from this surface revealed an unexpected degree of symmetry

that currently awaits a theoretical explanation.

We note that these nonlinear optical probes should be able to probe other collec-

tive dynamics such as phonon modes. It is also feasible to conduct research on the

chiral anomaly in Weyl semimetals provided a well-designed environment with strong

magnetic field can be used. Pump-probe NHG, sum frequency generation and differ-

ence frequency generation can also be developed to study the responses from Weyl

semimetals at different time and energy regimes. We hope our work can promote the

development of non-contact, nonlinear optical research on Weyl semimetals and moti-

vate more research on topological systems using nonlinear probes. Moreover, we also

hope that the applications of topological materials in electric devices can be accelerated

and promote the studies of nonlinear optical responses from topological system overall.
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