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NONLINEAR OPTICAL PROPERTIES OF SEMICONDUCTOR AND
OXIDE NANOSTRUCTURES

Yanjun Ma, PhD

University of Pittsburgh, 2013

Light-matter interaction is a historically ancient topic, yet it is still under intense research,
owing to the invention of novel optical techniques and the growth of unprecedented materials.
The first goal of the work presented in this thesis is to understand the fundamental origin
of various nonlinear optical phenomena. Susceptibilities are physical quantities describing
the way that a material system responds to an optical field. We present in Chapter 3 the
derivations of susceptibilities based on quantum mechanical statistics, revealing the electronic
origin of optical nonlinearities.

Different theoretical tools have been applied to the interaction between light and a mate-
rial system. Among them, the Jaynes-Cumming model is of importance in that it describes
the interplay between a quantized light field and a two-level system. In Chapter 4, we will
theoretically discuss the application of the Jaynes-Cumming model to the Faraday/Kerr
rotation experiments on a single electron spin. As a magneto-optic effect, Faraday/Kerr
rotation is one example of various nonlinear optical processes that are studied in detail in
Chapter 3.

The second part of this thesis is dedicated to experimental demonstration of applications
by exploiting different nonlinear mechanisms. One example is the mode-locked ultrafast laser
discussed in Chapter 5. Another is the generation and detection of THz radiation in oxide

nanostrucutures, which is covered in both Chapter 6 and Chapter 7.

v
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mation regarding the materials studied in this thesis. Chapter 2 establishes the formalism
for studying the light-matter interaction. Chapter 3 shows the theoretical derivation for dif-
ferent orders of nonlinear optical susceptibilities and different nonlinear optical phenomena
are discussed as well. Chapter 4 discusses the theoretical exploration about the interaction
between photons and a single electron spin. This work is done by Jeremy and I. Chapter 5
shows the effort to build an ultrafast solid state laser. This work is done by Jeremy Levy
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then. Numerical simulations are performed by Cheng Cen. Samples are provided by our
collaborators at University of Wisconsin. Chapter 7 shows the experiments demonstrat-
ing the generation and detection of THz field at nanoscale. The optical measurements and
data analysis are conducted by Yanjun Ma. Sample processing is finished by Mengcheng
Huang. Samples, again, come from the same group at University of Wisconsin. Chapter 8

summarizes several possible directions for future research.
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1.0 INTRODUCTION

Nonlinear optics is the study of phenomena that occur as a consequence of the modification
of the optical properties of a material system by the presence of light. Nonlinear optical
phenomena are nonlinear in the sense that they occur when the response of a material to an
applied optical field depends in a nonlinear manner on the strength of the optical field. For
example, in the two-photon absorption process (See Chapter 3), the absorbed optical energy
is converted to electric current that scales quadratically with the strength of the applied

light field.

1.1 NONLINEAR SUSCEPTIBILITY

In order to describe an optical nonlinearity more precisely, let us consider how the dipole
moment per unit volume, or polarization® ﬁ(w) of a material system depends on the strength
E (w) of an applied optical field. In the case of linear optics, the induced polarization depends

linearly on the electric field

P(w) = eoxVE(w), (1.1)

where the coefficient y(V is known as the linear susceptibility and ¢, is the permittivity of
vacuum. In Chapter 2 and Chapter 3, we will see the derivation of the linear susceptibility.

In nonlinear optics, the optical response of a material system can often be described by gen-

1Since in the time domain, generally, the polarization is given by the convolution between the susceptibility
and the electric field, to simplify the expression, we work in the frequency domain.



eralizing Eq.(1.1) by expressing the polarization ﬁ(w) as a power series in the field strength
E(w) as

P(w) = eg(xVE(W) + xPE* (W) + XD E3(w) +...). (1.2)

The quantities x® and x©® are known as the second and third order nonlinear optical
susceptibilities, respectively. The quantities P (w) = Y@ E%(w) and P®(w) = y® E3(w)
are second and third order of nonlinear polarizations, respectively. For now, we write down
susceptibilities as scalar quantities. In Chapter 3, we will study the derivation of nonlinear
susceptibilities based on density matrix formulism. We will also show the tensorial nature
of the susceptibilities.

Typically, only laser light is sufficiently intense to modify the optical properties of a
material system. This is because generally the nonlinear susceptibilities are by far smaller

than the linear susceptibility ). From linear optics, we see the refractive index is

n=+e=v1+xW® (1.3)

where the quantity ¢, is the relative permittivity of a material system, which is assumed to
be nonmagnetic. From Eq.(1.3), it can be seen that the linear susceptibility ™) is on the
order of unity.

We can make a simple order-of-magnitude estimate of the size of these nonlinear suscep-
tibilities. One can expect that the lowest-order nonlinear polarization P® (w) is comparable
to the linear response when the amplitude of the applied field E(w) is on the order of the

characteristic atomic electric field F,iom

Eoiom = 62/(477'60@(2)), (1.4)

where e is the charge of the electron and ag is the Bohr radius of the hydrogen atom.
Numerically, we find Euom = 5.14 x 10° V/ecm. The second order Susceptibility Y@ will be
on the order of XY/Euom & 1/Eaom. We therefore find that y® =~ 1.94 x 1071 ¢cm/V.
Similarly, we expect x® to be on the order of 1/E?, . which gives x©® ~ 3.78 x 1072
cm?/ V2,



The reason that the polarization plays a key role in the description of nonlinear optics
is that a time-varying polarization can act as the source of new components of the electro-
magnetic field. To see that, we need to derive the wave equation.

Typically, in nonlinear optical media, neither free charge nor free current exists. Inside

a material, we have

and

B =puH
The Maxwell equations are
V-D =0
V-B =0
= 0B
VxE = _?_t
VxH = %—?. (1.5)

The equation for the divergence of D and the equation for the curl of H can be rewritten as

V-E = 0 (1.6)
— a — —
VxB = ug(goE—l— P). (1.7)
If the material is nonmagnetic (u, &~ 1), then p = ug = 60102. The wave equation is then
1 0% - 1 0% 5
2 Y9 9F- 2B 1.8
(v 2 8152) goC? Ot? (18)

The right-hand side of Eq.(1.8) is indeed the polarization term. Therefore if we know the
polarization, we can derive the light field by solving the differential equation Eq.(1.8).



1.2 MATERIALS

1.2.1 Semiconductor Quantum Dot

A quantum dot structure confines electrons in all directions, which means that their states
are quantized in all directions. Because of the strong localization of the electrons inside a

quantum dot, the quantum dot is sometimes referred to an artificial atom[1].

There are different ways to produce quantum dot semiconductor structures. The syn-
thesis of colloidal quantum dots is realized by controllably heating and cooling a solution of

crystals so that semiconductor nanocrystals of desired size nucleate out of the solution[2].

A second type of quantum dot is formed from a high quality GaAs/AlGaAs quantum
well[3, 4]. A 2D electron gas is formed by doping the AlGaAs layer with Si. Lateral confine-
ment is then accomplished by etching a mesa structure[5] or by forming lateral electrodes
using electron beam lithography. By applying a bias to the lateral contacts, the electrons
in the 2DEG are depleted, thus forming a region with a potential minimum defined by the
electrodes. These types of quantum dots allow extraordinary control over the carriers and

have been used to measure single spins electrically[6].

A third type of quantum dot is formed during growth and provides confinement based
on the material structure, either by interface roughness in a quantum well structure or by
the epitaxial layer forming islands on the substrate. The first type is known as interface
fluctuation quantum dots. These are made by pausing the growth of the quantum well
material, during which time the atoms migrate to form large monolayer islands. The second
type are self-assembled quantum dots, which form because of strain between the substrate
and epitaxial layer. The different growth modes of self-assembled quantum dots are classified
as Stranski-Krastanow (SK) or Volmer-Weber (VW). SK growth is characterized by the
initial formation of a few monolayers of the epitaxial material on the substrate, which is
known as the wetting layer. At some point layer growth becomes unfavorable because of
strain and islands begin to form. This is considered the normal growth mode for hetero-
epitaxial growth and is what occurs for growth of Ge on Si and InAs on GaAs. VW growth

is the direct formation of islands of the epitaxial material on the substrate. This occurs



because the epitaxial molecules bond more strongly to each other than the substrate. SK
growth of Ge on Si will produce =~ 20 nm dots, however if a nucleation layer of C is first
deposited, Ge will grow in the VW growth mode and form dots with size < 10 nm.
Quantum dots can be applied to various applications such as LEDs[7], lasers[8] and
single-photon sources[9]. Electron spins in quantum dots have also been suggested as imple-
mentations of qubits for quantum computation[10]. One way to experimentally detect the
electron spins in quantum dots is through magneto-optical effects such as Kerr rotation. In
Chapter 4, we will discuss our theoretical study of Faraday rotation of a single electron spin

in a single quantum dot.

1.2.2 Oxide Nanostructure

SrTiO3, which was studied extensively in the 1950s and 60s, shows diverse properties[11]. Its
cubic structure and high dispersion once made synthetic strontium titanate a prime candidate
for simulating diamond?. At room temperature, it is a centrosymmetric paraelectric material
with a perovskite structure (Figure 1.1). At low temperatures it approaches a ferroelectric
phase transition with a very large dielectric constant ~ 10* but remains paraelectric down to
the lowest temperatures measured as a result of quantum fluctuations, making it a quantum
paraelectric[12].

Sr'TiO3, a non-polar oxide, can itself be used as a substrate for growth of LaAlOs3, a po-
lar oxide. In 2004, by using pulsed laser deposition (PLD) to grow thin layer of LaAlO3 on
top of SrTiO3 substrate, Ohtomo and Hwang discovered the existence of a two-dimensional
electron gas (2DEG) at the interface of these two insulators[13]. Since then scientists are
exploring the mechanism resulting in the formation of the 2DEG experimentally and theo-
retically. Oxygen vacancies are believed to be responsible for materials grown at low oxygen
pressure. Electron reconstruction due to the polar catastrophe is believed to be responsible
for crystals grown at high oxygen pressure[14]. Since LaAlOj is a polar material, when its

thickness exceeds a critical value that is found to be 3 unit cells (u.c.)[15], there is polar-

2A simulant is a material that imitates another one. A diamond simulant, in general, means the material
looks close to the original in terms of color, refraction and dispersion of light and hardness. See dimondreview
for detailed information.


http://www.diamondreview.com/tutorials/simulant-vs-synthetic-diamonds

Figure 1.1: (a)The atomic structure of Sr'TiOs. (b) A piece of bmm x 5mm SrTiOj; crystal.

ization catastrophe in which an electronic reconstruction occurs, transferring e/2 charge per
unit cell to the interface, resulting in the 2DEG formation. The sheet carrier density is
theoretically calculated to be 3.2 x 10 ¢cm~2. However, the experimentally measured value
is on the order of 10 cm™2[13, 16, 15, 17]. Further study shows that one possibility for
solving this discrepancy between theory and experiment is that part of electrons are doped

to the interface are in localized states[16].

Both LAO and STO are materials with wide bandgaps. For LAO, the indirect bandgap
between the valence band and conduction band is E;, ~ 5.6 eV [13, 18], which is about
Ag &~ 220 nm. For STO, its direct bandgap is about E, ~ 3.75 eV (), ~ 330 nm) while its
indirect bandgap is about E; ~ 3.25 eV (A, ~ 380 nm)[19]. In terms of the optical properties,
both materials show inversion symmetry in the bulk (Table 1.1). Because of that, the y(?)
tensor vanishes. At the interface, however, since the inversion symmetry is broken, a finite

x® term will emerge, which can be confirmed from second harmonic generation[20)].

Thiel et al. [15] have demonstrated that an electric field can be used to reversibly induce
the 2DEG. Dr. Cheng Cen in our group has used a conducting AFM probe to pattern

nanoscale devices in the interface [21, 22]. Wires with width as small as 2.1 nm have been



LaAlO; SrTiO;

Crystal System | Trigonal | Cubic
Crystal Class | 3m(D3g) | m3m(Oy,)

x? elements All vanish | All vanish

Table 1.1: Table for LaAlO3; and SrTiO;

drawn by applying a positive bias to an AFM tip in contact with the sample. By varying the
magnitude of the tip bias the potential profile can be modulated. Experiments performed
in vacuum demonstrate that the switching performance of a transistor is not degraded after
nine days. These wires are used as building blocks for more complicated structures like
diodes [23], single-electron transistors [24] and photoconductive nanostructures [25] that will
be discussed in Chapter 6 and nanoscale broadband THz generator and detector which will
be discussed in Chapter 7.

As a summary, LaAlO3/SrTiO3 shows various interesting properties: when two insulating
materials are put together, the interface becomes conducting [13, 15]. At the low temperature
it can be superconducting [26, 27]; when two transparent materials are grown together, the
photoconductivity from visible to near-infrared wavelength, is discoverd at the interface [25];
when two nonmagnetic materials are stacked together, magnetic ordering can show up at
the interface[28, 29]. There is also discussion of the coexistence of superconductivity and

ferromagnetism [30, 31].



2.0 LIGHT-MATTER INTERACTION

The focus of this thesis is the interaction between light and electrons in solids. This chapter
serves as an extended introduction about light-matter interaction. First of all, the quantiza-
tion of the electromagnetic field is reviewed. The motion of electrons under the influence of
external electric field Eem and magnetic field Eem in solids is theoretically described by the
Drude-Lorentz model. The simplest case for a solid state system is a bipartite system which
contains only two energetic states. The interaction between the light field and a bipartite
system is described by the Jaynes-Cumming model, which will be briefly covered in this
chapter. The discussion in this chapter forms the basis for Chapter 4 that presents the study

of Faraday rotation due to a single electron spin in quantum dots.

2.1 QUANTUM MECHANICAL MODEL OF LIGHT

In this section, the light field is assumed to be in an empty space, which means that the charge
density is zero p = 0 and the current density is vanishing j = 0. Important results such as
the quantization of electromagnetic field, Fock states and coherent states are summarized in

this section.



2.1.1 Quantization of Electromagnetic Field

We start with the classical description of the electromagnetic field given by the Maxwell

equations[32]

V-E = 0, (2.1)
o OB

V-B = 0, (2.3)
- 1 0
B = -2& 2.4

VX c ot (24)

A scalar potential function ¢ and a vector potential function A are introduced so that both

the electric field and magnetic field can be written in the following forms:

- dA
E = —-V¢p— — 2.
Vo2, (2.5
B = VxA (2.6)
Under Coulomb gauge,
V-A=0, (2.7)
according to Eq.(2.1), one can have
V3¢ = 0. (2.8)
The electric and magnetic field will then be
i, oA
EF = —— 2.9
i (2.9
B = VxA (2.10)

Note that both the electric field E and the magnetic field B are real physical quantities,
which indicates that the vector potential A should be real as well. By replacing the E and B



in Eq.(2.4) with the above results, one can obtain the wave equation for the vector potential

A

. 10%4
VIA— = —— =0. 2.11
2 0%t ( )
The fact that the vector potential A satisfies the wave equation suggests that A= fT(F, t)

can be decomposed on the basis of plane waves[33].

(= 1 A ik T—w * ax—i(kF—ws
AT t) = 2147 Z Z[c,;se,;se (kr—wgt) 4 crére (b-r—wgt)] (2.12)
0 k s

where the coefficient before summation is introduced to simply the Hamiltonian, which will
be shown later on. The second term on the right side of Eq.(2.12) is the complex conjugate
of the first term, which is there to ensure A is real. €y, and its complex conjugate are unit
vectors defining the polarization directions for a plane wave propagating in the direction of
k with frequency w;. The subscript s indicates the two mutually perpendicular transverse
directions that are normal to wave vector k. This can be seen from the Coulomb gauge

condition by taking the following identity into account:

VerT = Ope i = ikpdpme’™ i = ike™ ",

One can then have k- &€ = k - &* = 0. The electric and magnetic field can be found from

Eq.(2.12), Eq.(2.9) and Eq.(2.10)

(= i A i(R—wr
E(T, t) = 1/2—3/2 Z Z C&)E[CESZ‘:ES@ (k GO C.C.], (213)
e L T s
n( = i 77 (ks
B(rt) = BT Z Z[CES(/{ x ez, )e BT — cel. (2.14)
0 i s

By introducing the following functions[33]

qu(t) = [Cﬁseiiwgt + C'C']7 (215)

twrt

pp(t) = —iwglepe ™ —c.cl, (2.16)

10



the electric and magnetic field can also be expressed in terms of g;, and pj,

The energy of the electromagnetic field can be calculated as

1 22 32( 2 2
Ht) = 5 /L (0B 0) + o B2 1) ZZ (1) + w2 (1)), (2.19)
Note that ¢, (t) and pg (t) form a pair of canonical coordinates. From Eq.(2.15) and

Eq.(2.16), one can see both functions oscillate sinusoidally in time, and pg, (t) shows a 7

phase shift relative to gz (t). Therefore, based on Fourier analysis, one can think of gz (t)

and py(t) as two independent variables. Namely, partial derivatives like 8;’“ and z ks should
ks ks

vanish. Since different & represents different plane waves and s represent different polariza-

q’“% = 0z05;. The Poisson bracket for ¢z (t)

Opy;
tion directions, one can expect 3 "S = 0705 and

then can be calculated as the followmg.

Qs> Qavs = E > - . =0. 2.20

The Poisson bracket for p;_(t) is

Opi, Opaw  OPg, ODaw
Y s — 5 = 0. 2.21
(PP} Z[aqzj Oy Oy 8%] 2

The Poisson bracket between g (t) and pg (t) is

@q~ apf[v 8(]_' apﬁv (3q~ 81712@
{Gropat =) [ — 5= ) = (2.22)

) )y Oqz; Opy;  Opy; Ogs 2. 9qz; Opy;

The above summation is nonzero only when k =@ and s = v. Therefore
{QEsapﬁv} = 5]}’5551)- (223)

11



From Eq.(2.19), Hamiltonian equation can be derived as

dgz(t) — OH (t)
dpg,(t) _ OH(Y)
dt Oq(t) (2:25)

Now we are finally ready to describe the electromagnetic field in quantum mechanics.
The canonical pair g;,(t) and pg (t) can be replaced with operators gz (¢) and py,(¢) in Hilbert
space. It should be mentioned here that since classically both ¢, (¢) and p; (t) are real, in
Hilbert space, operators ¢y, (t) and pz (t) should be Hermitian. Based on the postulates of
quantum mechanics, each pair of canonically conjugate operators has the nonzero commuta-
tor ¢h. The Poisson brackets Eq.(2.20), Eq.(2.21) and Eq.(2.23) can be extended to Hilbert

space as the following commutators:

[G5s(1), G ()] = 0 (2.26)
[P (t), Pan(t)] = O (2.27)

In Hilbert space, the electric field, magnetic field and Hamiltonian are

EFt) = — /2L3/2 Z Z{ )+ ipg, (1)]ép T — h.c.}, (2.29)
B(Ft) = — /2L3/2 Z Z{ s(t)]E x éx e —h.c}, (2.30)

() = —Zzpks &,(1), (2.31)

where h.c. stands for Hermitian conjugate, and é;,, should be understood as unit vectors for
polarization directions, not quantum mechanical operators.

The following operators can be defined[33]

12



) = el (1) + i, (1) (2.3
Wi

ot B 1 s b

a(t) = \/ng[wqus(t) Prs(1)]- (2.33)

The commutation relations for a; (¢) and &Tgs(t) are straightforward to compute

[az, (1), aa(t)] = 0 (2.34)
[al (), al, ()] =0 (2.35)
[, (1), @k, (1)] = Sg0m (2.36)

By comparing Eq.(2.15) and Eq.(2.16) with Eq.(2.32) and Eq.(2.33), one realizes that the

t

classical counterpart of ag (t) and d;g(t) are ¢z e ™" and c;%sei“’l% , respectively. The time

dependence of both operators is harmonic:

(0)e (2.37)

Q>

(0)e™s'. (2.38)

Q>

The Hermitian operators ¢, (t) and g (t) can be solved from Eq.(2.32) and Eq.(2.33) in

terms of az (t) and &’Es(t):

Glt) = || lag, (1) + L (1), (2.39)
k
() = iy k(a0 — il (1), (2.40)

The relations above can be used to replace the ¢z, (t) and pg (t) in Eq.(2.29), Eq.(2.30) and
Eq.(2.31).

13



S huwy, ~ k-7 A ~t —ik-T A%
E(rt) = 25023 4 laz,(t)e 5ES—aES(t)e R (2.41)
ks

B% g _ . h -~ lE?E 2 AT *7]6‘1’7]; A%k 2 42

(7 t) = i mwg Z[aES(t)e X &g, — ag (t)e x &z 1, (2.42)
ks
) L 1
A() = 3 hug ik (g, (1) + 5] (2.3
ks

2.1.2 Coherent State of Light

In quantum mechanics, the electromagnetic field is quantized as we briefly discussed in the
previous section. The state of light can be described by different quantum states such as
coherent states and squeezed states. Since a laser is widely exploited to study of light-
matter interaction in laboratories, we will focus on the coherent state which is used for
coherent light source such as lasers and parametric oscillators. It is convenient to represent
a coherent state on the basis of Fock states |nz, >, which is the eigenstate of number operator

g, = ak (t)ag,(¢)

Nglng, >= nglng, >, (2.44)

where ng, means the number of photons in the mode specified by the indices k and s and
< ng|ngy >= 07,05, By using the commutation relation Eq.(2.36) the effect of az (¢) and
d%s(t) on Fock states can be derived. For simplicity, the subscripts k and s will be omitted
from now on. Each operator, however, is still understood to be associated with a specific

mode of the electromagnetic field. The time dependence is also ignored because it is simply

harmonic oscillation (See Eq.(2.37) and Eq.(2.38)). For a, one can have

an|n >= naln >, (2.45)

an|n >= (1 +n)aln >, (2.46)

14



which gives immediately

naln >= (n — 1)aln >, (2.47)

which means that ajn >= g|n — 1 >. Without losing the generality, the coefficient g can
be assumed to be real (Complex coefficient only provides a global phase factor to the state,

which is not important in quantum mechanics.).

g* =<n—1|g*In — 1 >=<nld'a|n >=n. (2.48)

Therefore g = \/n. For a', one can start with

na'ln >=a'(1+n)|n >= (n + Dal|ln >, (2.49)

which indicates that a'|n >= f|n + 1 >. Again the coefficient f is assumed to be real. Its

value is

fA=<n+1f%n+1>=<nlaa’|n >=< n|(1+7)n >=n+ 1. (2.50)

Therefore f = +/n+ 1. As a summary, one can have the following relations

aln> = Vnln—1>, (2.51)
alln > = Vn+1n+1>. (2.52)

Based on the above results, the operators az, (t) and dgs(t) are called annihilation and
creation operators respectively.

The coherent state is defined as the eigenstate of annihilation operators:

ala >= ala > . (2.53)
In the presentation of Fock states, the coherent state is

n

02 o=
a>=e 2 n>. 2.54
| > (2:54)

15



The probability to be in the state |n > is

a2 [

— 2 _
p(n)=|<nla>|"=e o

(2.55)

The eigenvalue of a coherent state |a > physically means the average number of photons

< afatala >=|a> =) np(n). (2.56)
n=0

2.2 DRUDE-LORENTZ MODEL

The motion of electrons under the influence of an external electric field Eex and magnetic
field §€x in solids is theoretically described by the Drude-Lorentz model.
; . . 7 -
mi(t) = —mwii(t) — myr(t) — eEe — e— X Beg, (2.57)
c
where r is the distance between electrons and positive nuclei, m is the mass of the carrier,
wy is the resonant frequency due to the bounding force and the term mv?(t) describes the
damping effect. When the speed of the carrier ¢’ is much lower than the speed of light ¢, the
last term in Eq.(2.57) vanishes!.
By doing Fourier transformation on both sides of Eq.(2.57), one has

m(w? — wi — iwy)F(w) = eBuy(w). (2.58)

The solution is found easily to be

. eFe,(w) 1
2.
r(w) m  w?—wi—iwy (2.59)

The polarization is defined as the average of the electric dipole moment over the volume

P(w) = Ner(w), (2.60)

!This can be confirmed by noticing that the Fermi speed vr is typically order of 10° m/s, which is two
orders of magnitude smaller than the speed of light

16



Metal | w, (10 Hz) | A, (nm) | E, (eV)
Au 2.183 13743 | ~9

Pt 1.244 241.16 ~ 5.13
Ag | 218 137.62 | ~ 8.98
Al 3.57 84.03 ~ 14.71
Cu 1.914 156.74 | ~ 7.389
K 0.8896 337.23 | ~3.72
Na 1.381 21723 | ~5.71

Table 2.1: Table for plasmon frequency, wavelength and energy in metals

where NV is the number of carriers per unit volume. The polarization can also be related to

the external electric field through the susceptibility x

P(w) = eoX By (2.61)

Therefore the susceptibility can be solved as

Ne? 1
e (2.62)
gom (w? — wi — iwy)

In Chapter 3, we will see the Eq.(2.62) is actually the first order of susceptibility. Higher

orders of nonlinear susceptibilities can be derived in the formalism of the quantum density

| Ne?
=] — 2.63
“p gom (2:63)

is defined as the plasmon frequency. This is the bulk plasmon frequency. Typically, for

matrix. The term

metals, the plasmon frequency is in the UV light frequency range (Table 2.1)2.
For metals, the plasmon frequency plays an important role in terms of optical properties.

When the light frequency is lower than the plasmon frequency, the electrons can respond fast

2The information for this table is from www.wave-scattering.com.
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hw,

g >

Figure 2.1: The eigenstates of a bipartite system.

enough to screen the light field. Therefore, the light is reflected. When the light frequency
is higher than the plasmon frequency, the electrons cannot screen the field, and the light is
transmitted. In Chapter 8, we will discuss another important plasmonic effect happening
at the interface between metals and dielectrics, which is said to be the surface plasmon
polariton (SPP). SPP has different characteristics than the bulk plasmons.

Let’s consider a bipartite system that has only only two energy levels (Figure 2.1), ground

state |g > and one excited state |e >. They form a complete basis

< glg >=<ele >=1, (2.64)
< gle >=<e|g >=0, (2.65)
lg><g|+le><e|l=1, (2.66)

where [ is the identical operator. We also assume that they both have definite parities (either
symmetry or antisymmetry). The Hamiltonian for two-level system is defined in such a way

that

18



- 1
Hylg > = —Ehwa|g >, (2.67)

~ 1
Hyle > = 57’1@%]6 >, (2.68)

where w, is the resonant frequency and hw, is the energy gap. The Hamiltonian is then

~ 1
Hy = ihwaﬂe ><e|l—lg><ygl). (2.69)

Similar to the case of the electromagnetic field in which @ or af annihilates or creates a
photon, here we can introduce operators, in the Schrodinger picture, to lower or raise the

energy level [33]:

blg > =0, (2.70)

ble > =|g >, (2.71)

g > =le >, (2.72)

bile > =0. (2.73)
Based on the definition, we can find

b'b)g > = 0, 2.74

bidle > = |e >,

(]
-3
D

bbflg > = |g >,

—~ —~ —~ —~
~ -
~ (S
~— ~— ~— ~—

bbf|e > = 0.

Therefore we obtain the relations
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b=lg><el, (2.78)
b = |e >< ¢, (2.79)
b'b = le >< e, (2.80)
b = |g >< g|. (2.81)
Eq.(2.69) becomes
g Ly i =
Ha = 5hwa(bh — bb') = huwgor. (2.82)

The commutation relations can be found

~

Lo 1
[62,0] = Sl(le >< el =g ><gl),lg ><el] = ~|g >< e[ = . (2.83)

and

N 1 o
687 = Sl(le >< e — lg >< gl),le >< gl) = |e >< g| = ' (2.84)

In the Heisenberg picture, b and b will be

b(t) = gWaTstho—iwaost l;e_i“’“t, (2.85)

bT(t) = ewaotpto—iwaoat _ pfgiwat (2.86)

2.3 LIGHT-MATTER INTERACTION

Now we consider the interaction between light and solid state systems. For simplicity, we
assume the material is nonmagnetic, which means the relative permeability p, ~ 1. We focus

on the interaction between the electric field and electrons. The total charge is ¢ = [ d*rp(7).
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In [32], it is shown that when a charge distribution is in an external potential ®(7), the total

energy is

B - o1 OE;
E—q<I>(O)—d~E—6iZjQija—ri(O)+.... (2.87)

If the charge is distributed over a space with dimensions much smaller than the wavelength
of the electromagnetic field, then the electric field can be treated as a spatially uniform field.
The field gradient approaches to zero, which results in the vanishing of the quadruple and
even higher order terms. If the total charge is neutral, such as in the case of atoms, then the
first term in Eq.(2.87) is zero, leaving only the dipole term present. To illustrate the dipole
interaction, we can study a simple example of a two-level system that has only one electron
interacting with light. Since only one electron is included, the second term in Eq.(2.87)

becomes

V =—ef- E. (2.88)
The unperturbed Hamiltonian is
Hy = hw,o., (2.89)
A 1
Hy, = hwi(afa + 5), (2.90)

where w, is the resonant frequency and wy is the frequency of light. It is assumed that the
states of the bipartite system have definite parities. The quantum mechanical operator of

the electric dipole is

d=—erf=—e(lg >< g| + e >< e|)7(|g >< g| + |e >< ¢|)
= —e(Tge|g >< €| +Tegle >< g|)

= dye b+ di b (2.91)

Because we assume that the dimensions of the bipartite system is by far less than the

wavelength, we have the following approximation:
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The electric field operator then is

E =\ —=(aé —a'é"). (2.92)

The interaction operator becomes

A hw - » N
_ N (ag — ater
V= m(dgeb + geb )((15 —ac ) (293)

By introducing the rotating wave approximation, V can be simplified as

~ hw = & -
=4/ *bTaé — dyeba'ér). 2.94
1% I (dyeb'as — dgeba'e™) (2.94)

The physical picture of the bTa term is that by absorbing one photon the bipartite system

is promoted to excited state. On the contrary, the term ba! means that the bipartite system
decays from its excited state to ground state by emitting a photon.

By combining all the above results, one can obtain the full Hamiltonian

[:[I[:IL—F[:[A—FV
1
= hwy(a'a + 5) + hwgo,

Mo - . .
TN Atk
+4/ AR (dyeb'aé — dgeba'e™). (2.95)

This Hamiltonian H is Jaynes-Cumming model[34]. Jaynes-Cumming model is of great

interest in atomic physics and quantum optics, both experimentally and theoretically.
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3.0 NONLINEAR OPTICAL RESPONSE

Nonlinear optical effects, resulting from the interaction between light and solid state systems,
is the focus of the study of this thesis. As pointed out in Chapter 1, nonlinear responses can

be described by the polarization

—

P=cy(xWE + x?PEE + x\PEEE + ...). (3.1)

In this chapter we will review the derivation of nonlinear susceptibilities x(™. This is
usually done with density matrix formulism, which describes the dynamics of an ensemble
of electrons[35]. Before we begin the calculation for x| let’s briefly review the properties

of density matrix formulism.

3.1 DENSITY MATRIX

The Hamiltonian H is used for the solid state system. Its eigenstates are give by

Hln >= Ep|n > . (3.2)

Any general state can be decomposed on the basis

() >=) _Cu(t)n > (3.3)

According to the theory of quantum mechanics, the probability for the system to be

found in the state |k > is

23



pi(t) = | < k|®(t) > |2

—ZO t) < klm ><n|k >
=< k|plk >, (3.4)
where the operator
Zc (O)m ><n[ = pun(t)Im >< n (3.5)

is defined as the density matrix operator. The off-diagonal elements have to do with the
coupling between different states, while the diagonal coefficients p,,,(t) = C,,(t)C}(t) repre-
sent the probability for the system to be in the eigenstate |n >. Therefore the trace of the

density matrix is

= =1 (3.6)

The expectation value of an operator A can be found as

<A>=< @(t)|21|<1>(t) >

= ZC ) < n|Ajm >
—ZC’ t) < n|l ><|Alm >
mnl
= Cu(t)Ci(t) < U|Alm >< n|l >
mnl
= Tr(Ap(t)). (3.7)

From the Schrédinger equation and Eq.(3.3), we can have

=~ EaCalt). (3.8)

The time evolution of p(t) is described by the Liouville equation

Cult)
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Zc HCH(B)m ><n|+ > Cu(t)Ci(t)Im >< n)

mn

:_ZhEc C*()|m><n|+ZC hEnc;(t)|m><n\

= —%(ZC (O)Ca () Hlm >< n| =Y C()Co(1)m >< n| H

mn mn

— —(Hp(t) — p(0)H)
[, (1), (3.9)

More generally, the equation of motion can have a phenomelogical term describing the

damping effect [35, 36]

) [ ¢
P (t) = _ﬁ[H7 P()]imn — Ymn (Pmn(t) = Pi)s (3.10)
In Chapter 2, we see that the light field with a large number of photons can be treated
as a classical field. The interaction between such a field and a solid state system can be
described by the following potential energy

N

v —

ﬁp

E=Y"d- E(w)e ™" (3.11)
k

3.2 NONLINEAR SUSCEPTIBILITY

In this section, we will describe how to derive the susceptibilities. The idea is that by using
the density matrix, the polarization induced by an optical field in a material can be deduced.

The nth order of polarization P™ is related to the susceptibility x™ by the equation

P™ = gox™E", (3.12)

In the following discussion, Eq.(3.12) will be modified because of the tensorial nature of the

susceptibilities.
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3.2.1 First Order of Susceptibility

In order to calculate susceptibilities, we need to get an expression for the electric dipole

moment g =< d >. The polarization is defined as

P = Np, (3.13)

where N is the electron density. From the previous discussion, we know < d >= Tr(dp(t)).
Therefore we need to know the functional form of p(t). Let’s assume that the initial condition

is p(0) = p°, where

prn(0) = Py, (3.14)

Pmn(0) = 0(m # n). (3.15)

The full Hamiltonian is H = I:IO +V so that the commutation relation becomes

~

[, p()]mn = [Ho, p()]mn + [V, A()]mn
= (Hopmn(t) = pann(t)|m >< 0| Ho) + [V, p(t)un

= (Em — Epn)pmn(t) + [V, P(t)]mn- (3.16)

We can define hw,,, = E,, — E,. Eq.(3.10) then becomes

l

Prmn(t) = —iWmnPmn () 7 [Va P()]imn — Yin (Pmn(t) — Pia)- (3.17)

In the frame of the perturbation theory, we have

Prn(t) = Pl (£) + Aol () + A2p() () + ., (3.19)

where A is the perturbation parameter which can vary from 0, meaning no perturbation, to
1, which implies full perturbation. From Eq.(3.17), Eq.(3.18) and Eq.(3.19), we can equate

the terms for the same order of A to obtain
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pgg%(t) ’anpinaz(t) - ’Ymn(pgnz(t) - pign)v (3'20)

POND) =~ + B )PS0 0) = 717, 500 (321)
ANt = ~ (i + Y )P0 () = 21V, P (O (3.22)

pO)(t) = P (0) = pls?, (3.23)
pS(t) = 0(m # n). (3.24)

As we discussed before, all the states |n > have definite parity by assumption. The

expectation value of electric dipole moment induced by p(® is

Tr(dp© = " ple? < lldjm >< n|l >

mnl

= 3kt < nldim >
= 3l < nldin >

— 0. (3.25)

This result is not surprising because in the equilibrium state, the electric dipole should be
randomly oriented and the ensemble average goes to zero.

The solution for a higher order pﬁ%(t) is given by [35]

t . , )
P = [ =V e (3.26)

—0o0
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For the first order pg%(t), we have

t .
Liyr s ! —(twmn mn —t !
P00 = = [ GV 0O e i

— _h lqun+'7mn / Z mlpl(zq _ pf’s;] V ) ZWmn+'Ymn)t dt

. t
] ; ~ . Iy,
. 6_ ('LUJnLn +'Y7nn)t (p(e‘]) (Eq) ) / ‘ / 6 anLn +’Y7nn)t dt

h nn pmm
. t
1 ; . oy
— _(lwmn+ mn) € ) . (Z("Jmn_w )+’Ymn)t
- he K pnn pmgn den /_Ooe g dt
1 Do - Blow)
— () _ (eq) mn k —wrt 3.27
The electric dipole moment caused by p™) is
Tr(dpM) = Zpg}% <l|djm >< n|l >
mnl
-3
dnmdmn ' —1
= Z (St = pl? Z 2GR (3.28)
& wmn - wk Z")/mn
According to Eq.(3.13), the polarization caused by p®) is
Lomdon - Blwr)
=N (pled o ot 3.29
Z = Y L e (329)

From Eq.(3.1), we also have

PO = o)y Blwy)e ™. (3.30)
P

Hence the first order susceptibility y(!) is

~ ~
— —

dnm dmn

(wmn - Wk) - Z’7/7’rm '

(1) _ (eq) 3.31
X (wr) 50hz Pt — pled) (3.31)
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It is not difficult to see the tensorial nature of the susceptibility. It is conventional to

express the susceptibility tensor in terms of its components

~ ~

dl nm d] mn

Wmn — wk) - Z’Ymn

eq)
Y E (plea) — plea))
J 0 h (

3.2.2 Second Order of Susceptibility

(3.32)

Once we have the first order susceptibility Eq.(3.32), we can calculate the second order

susceptibility x?). From Eq.(3.26), we have

t - , ,
= 4t

o0

'men mn 1 1 ’ 1Wmn mn !
=t [ E S ) o e

— e* (lwmn‘i"}’mn )t

’ !

b 5 s . o |
/ h (o (8) = p)(E Vi) - E (1) eli@mn=en)4amn)t gy
Ilp

oo

From Eq.(3.27), the commutation relation is

> a 1 e . mldln' S (wp) it
drp) () = = (o — pled)) Z et

h A (Win — Wk) = 1Yin

(1) o, 7 _ 1 (eq wk dln fiwkt,

t)dp, = Ny e .

Pt () 7 (p pll g (Ot — W8) — PVt
The integral can be calculated to obtain

Ipk

(ca) _(cq) (ot - B(wp)][dpn - B(wn)]
{pnn P ml * in k

h2 [(wmn - wp - Wk) Z/Wn] [(wln - wk) - 'L’Yln]
o — i (dnt - E(r)][din - B () )
h2 [(wmn —Wp — wk) - 2.')/ml][(('uml - Wk) - Z’}/ml]
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The electric dipole moment caused by pla (t) is

dp(2 Zp(Q) <l|djm >< n|l >

mnl

- Z p(2) d,
_ Z Z efi(wp%»wk)t

mn  Ipk
50— oot - B (w,)|[p - By
n’ [(wmn_w _L’*ik) Z’Vln][( E _wk:) Z’Wn]
o = o [ dt - E(wi)][din - B(w,)]
n’ [(wmn—wp—wk) Y] (Wit — Wi) — ©Ymi]

The spectrum of the dipole moments is

<d>=> <dw)>e ™"

T

Where w, = w, + wy. The tensor x(w, + wy, w,, w) is

N
Xigh (@ + Wi Wy W) = —5 )

€0h2 mnl
3 75k
{(ple — pe) Lon @i in .
o [(Wmn —Wp — wk) - Z’Wn][(u}ln - wk) - Z’Wn]
dinmdjmldkln

— (p” — plea)y

[(Winn — Wp — Wk) — Y] [(Wrnt — W) — 1Y

3.2.3 Third Order of Susceptibility

1.

(3.37)

(3.38)

(3.39)

The third order susceptibility x® can be derived in a similar way. In order to simplify the

tedious derivation, we rewrite the pir) n(t) as

pggz ) = Z Amnl(wpv wk)e—i(wp-i-wk)t’
lpk

where the coefficient A,,,,,;(wy, wy) is

30

(3.40)



~

pled) _ pled (ot - E(w,)][din - E(wy)]

Amnl (Wpu Wk)

h2 [(wmn - wp - (Uk;) - Z.’Yln][(wln - Wk) - Z/Wn]
oY = o [yt E(w)][din - E(wy)] . (3.41)
K2 [(Winn — Wp — Wk) — Y] [(Wint — Wk) — TYimi]

The piah(t) is

t .
Liyroa ! —(twmn mn —t !
PO = [ =0 e oty

t . .,
= et [ S Va2~ Vi)

o hE

— ef(iwmnﬁ”'ymn)t

! l X N B | .
/ _ﬁ (dmapgz) (t ) pma( )d ) E(wq)e(l(Wmn*wq)+'ymn)t dt

—c0 o
= 6_(iwmn+7mn)t

! 1 5 N
/ _ﬁ (dmaZAanl<Wpawk> - ZAmal(wlhwk)dan)'

—00 aq lpk lpk

(wq)e(z Wimn — wq—wp—wk)—i-fymn)t dt

. Z _(lwmn‘i")/mn)t

h
/ Z Z dmaAanl wpa wk) Amal (wpa wk)Ci;n)'
- aq Ipk

E(wq) (i(wmn—wg—wp— Wk)JF’Ymn)t dt

A A~
-

Z Z Amal wpvwk d an — AmaAani(Wp, wi)] - E(wy) o~ i(watwptwi)t (3.42)
wm

n_wq_wp_wk)_lfymn

aq Ilpk

The electric dipole moment induced by poh (t) is
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A(3) Z 3

— Z Z A [Amat (Wp, W) dan — dmaAant(Wp, wi)] - E(wg) o~ i(watwptwp)t

wmn — Wy —Wp — Cdk) - Z’)/mn

aq Ipk

Ly o - )

(Wimn — wq — Wy — Wk) — Ymn

aq Ilpk

B ) A, 98) iy
(wmn —Wg —Wp — CUk;) Z’Ymn

3 2 E efz (wgtwp+wp)t

aq Ipk

~

(D — D)ot B ()] i - B[ - E ()]

[(wmn —Wg —Wp — wk) l’Ymn] [A(Wma —Wp — wk) ZVZ@]lea - wkz) - i’)/la]
(P2 — D) oot - B (w0,)|[ e - (w0l - E(e0,)]

[(Winn — wg — wWp — wi) — ZanH(wma - (’i’p —wy) — 1;7ml][(wml — Wk) = 1Ymi]
(P — PV [t - B (w0, - ()] [dona - E(w)]

[(Wimn — wq — wWp — Wi) — Z'Ymn][(wan Wf) — Wy) — z'an] [(Wia — Wk) — 1Yin)
(P2 — PVt - B (w0, - ()] [ - E(w0,)]

[(Winn — wg — Wp — Wk) — P [(Wan — Wy — W) — Yan] [(Wat — Wi) — ¥Yan)

[

]

(3.43)

+

From Eq.(3.38), where w, = w, + w, + wy, the tensor x® (w, + w, + Wy, wy, w,, W) is

32



N
3
Xz(jl)ﬂl(wq + Wp + Wi, Wy, Wp, Wi ) = ﬁ Z Z

aq Ipk
[ (pt(;lq) - pl(leq))czinmdjmldkladlan
[(wmn —Wg — Wp — wk) - Z/'}/mn] [(Wma — Wp — wk) — Z.lea]lea — wk) — Z"yla]
(pl(leq) — pgﬁ%)dinmdjmldkladlan
[(wWimn — wg — Wy — Wi) — DY) [(Wina — Wp — W) — Pt] (Wit — Wk) — iYomd]
(pgle;l]) B pl(leq))dinmdjaldkladlan
[(wmn — W — Wp — wk) - i’Ymn][(wan —Wp — wk) - Z’}/ln] [(wla — wk) — ’l’yln]
(pl(leq) _ pl(liq))dinmdjaldkladlan

[(Winn = wg = wWp = wi) = D] [(Wan = wWp = Wi) = PYan][(War = k) = 17an]

+

]

(3.44)

Even higher order susceptibilities can be derived by repeating this procedure until the
nth order. However, the algebra will become more and more complicated, and since we
are mainly interested in the second and third order nonlinearities, we will only present the

formula up to n = 3 in this thesis.

3.2.4 Origin of Nonlinear Response

The optical nonlinearities we have discussed so far have electronic origin. The motion of
electrons is described by various dipole moments dpm which are included in the suscepti-
bilities. The unperturbed dipole moment, given by Eq.(3.28), has the same spectrum as
the input electromagnetic field. This describes the coherent response of electrons. If the
optical field is harmonic, the trajectories of the coherently driven electrons can be classi-
cally thought as perfect circles like in Figure 3.1(a). When the perturbation is included,
higher order dipole moments, for example the ones given by Eq.(3.37) and (Eq.(3.43)), show
spectral contents that are absent in the spectra of the incident fields. This describes the
incoherent response of electrons, which can be thought as jitters occurring on top of the
harmonic motion(Figure 3.1(b)). Since the trajectories now are generally an anharmonic
function of time, their spectra can contain frequencies that are not present in the incident

electromagnetic field.
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(a) (b)

Figure 3.1: (a), The trajectory of the harmonic motion of electrons without perturbation in

real space. (b), The trajectory of the motion of electrons under perturbation.

Now we see that the motion of electrons can have a variety of frequencies that are not
necessary to be the same as the ones in the input optical field. It is usually true that not every
frequency can be emitted. For a certain frequency to be emitted as a field, the oscillations
of electric dipoles at that frequency have to be in-phase so that constructive interference can

occur. This is said to be the phase matching condition.

3.3 PROPERTIES OF SUSCEPTIBILITIES

To complete the study, here we summarize the properties that the nonlinear susceptibilities

have.

3.3.1 Complex Conjugation

Recall that the energy difference hw,,, = E,, — E,. If the two indices are exchanged, then

Wnm = —Wmn. For the electric dipole operator, there is
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~ ~
— — —

. =< mld|n >= (< n|dm >)" =d;,,

Because 7, is the damping rate, describing the decoherence between states |m > and |n >,
it is usually assumed to be real and symmetric about the indices V., = Ynm[36, 35]. Now if
we take the complex conjugate of YV, it will be

di, i,

(1) * (eq) eq) nm“ mn
Xij ( ) th Z Pmm — pnn (Wmn — Wk) + Z’Ymn

~

d’L mn d] nm

_ (eq) eq)
th/zij i = i)

~

dl mn dj nm

Wnm + Cdk) - Z’)/nm

_ (eq) _ (eq
th Z pnn pmm (
= xW(—w). (3.45)

According to Eq.(3.39) and Eq.(3.44), we have similar results for Y and y®

X(Q) (wp + Wi, wpv Wk)* - X(2)(_wp — Wk, _wpa _wk‘)

X (wg + Wy + Wi, W, Wy, wi)* = X (—wy — wp — Wiy, —Wy, —Wp, —Wh)- (3.46)

3.3.2 Intrinsic Symmetry

The nonlinear polarization due to the tensor Xg,)f is

Pi(wp + wi) = Xy + wi, i, i) By (wp) B (). (3.47)

During the nonlinear process, physically it should not matter which of the fields, E (wp)

and E(wk), comes in first. There is no reason for the medium to favor one field over the

other. Mathematically this physical picture means that if two frequency components w, and

wy, are interchanged, the value of Y does not change as long as, when the frequencies are
interchanged, the corresponding indices for electric field are interchanged accordingly.

Xz(?lz:(wp + W, Wp, Wk) = XEZ}(% + W, W, W) (3.48)
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The valid of this identity has been rigorously proved and generalized for high orders of
susceptibilities in Ref. [35].

3.3.3 Lossless Medium and Kleinman Symmetry

As we pointed out in the Introduction chapter, if the medium has certain loss, the refractive
index will be a complex function, of which the imaginary part describes the absorption.
In density matrix formulsim, the dissipation is given by the 7 term in Eq.(3.10). If the
dissipation in the medium can be ignored somehow (for example, the frequency of incident
photons are far away from the lowest resonant frequency), then the coefficient « approaches
to zero [35]. It is obvious that from Eq.(3.32), the tensor x!) is real. This is true for y?
and x® too by examining Eq.(3.39) and Eq.(3.44).

If all frequencies are far away from resonance, then the mix of frequencies by susceptibility
tensors should be reversible, which means all the frequency components can be freely inter-
changed as long as the indices are interchanged accordingly. Let’s take Xl(f; (wp + Wi, Wy, W)
as an example. Conventionally, the first argument in the tensor always is the sum of all the

remaining arguments. When the frequencies are exchanged, we should keep track of the sign

in front of each frequency:

Xgli(wp + W, Wy, W) = X,(j;(—wk, —Wp — W, Wp)- (3.49)

However, we already know X,(j;.(—wk, —Wy — Wk, Wp) = Xl(j;*(wk,wp + wy, —w,). But since

the medium is lossless, the tensor should be real. We can have

2 2

Xk (6 + Wi, W W) = Xi (Wi, Wy + W, —0p). (3.50)
When the frequency of incident photons is far away from resonance in the medium, the

medium is dissipationless and the tensor is independent of the frequency, meaning we can

interchange the indices freely without interchanging the order of frequencies in the argument

list.
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3.3.4 Spatial Symmetry

The spatial symmetry that the materials have can put constraints on the susceptibility
tensors. In terms of crystals, there are seven crystal classes. The spatial symmetries for the
crystal classes and for isotropic materials are summarized in Table 3.1

The isotropic materials and cubic crystals have the highest symmetry: The x(!) tensor
is diagonal and all nonzero elements are the same. They do not exhibit the property of
birefringence. All other crystal classes are anisotropic and consequently display the property
of birefringence. Tetragonal, trigonal, and hexagonal crystals are said to be uniaxial crystals
since there is only one particular direction (the z axis) for which the linear optical properties
show rotational symmetry. Crystals of the triclinic, monoclinic, and orthorhombic systems
are biaxial. Because of their complex structures, the x® and x® tensor for different crystal
systems will not be included in this thesis, but can be found in Ref.[35]. Note that one
important difference between x® and xy® process is that every kind of crystal has nonva-
nishing x® tensor, but only the materials that is non-centrosymmetric have nonzero y®

coefficient. Materials that have inversion symmetry has no x(® term.

3.4 EXAMPLES OF NONLINEAR PROCESSES

3.4.1 Second Order Nonlinear Process

Second order nonlinear process results from y® term. Two electric fields are involved in

this process.

3.4.1.1 Pockels Effect The Pockels effect is an electro-optical effect, which includes one

static field and one optical field:

Py(w) = eox 7 (w, 0,w) E;(0) By (w), (3.51)
where E;(0) is the static field which, for example, can be an external DC voltage applied to

the material. The generated polarization has the same frequency as the optical field. When
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Crystal System I

zrx 0 0

Cubic, Isotropic 0 zz O

0 0 =zz

zrx 0 0

Tetragonal, Trigonal, Hexagonal 0 zx O
0 0 =z

zx 0 0

Orthorhombic 0 wyy O

0 0 =2z

xr 0 zxz

Monoclinic 0 yy O

zr 0 zz

xr 1Y T2

Triclinic yr Yy yz

2r 2y 2z

Table 3.1: Form of the linear susceptibility tensor y") as determined by the symmetry
properties of the optical medium, for each of the seven crystal classes and for isotropic

materials. The nonvanishing elements are denoted by their cartesian indices [35].
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the Pockels effect is included, the polarization is

P o= e(xy + 0 E;0)Ey

= 50XeffEk7 (352)

where the effective susceptibility is

Xerr = XV 4+ xPE(0).

We can make use of the Pockels effect to construct an electro-optical modulator which

is also called a Pockels cell. The polarization is dependent on the electric field

P= 50XeffE

The wave equation Eq.(1.8) can be

10% 5

20

where €, = 1 + Xes¢. Due to the tensor nature of x.sy, the relative permittivity is generally

a tensor. By assuming that the optical field is a plane wave, one has

kxkx B+ ET%E ~0. (3.54)
or
2 w?
> ((kik; — K*6;5) + (e ) By = 0. (3.55)

ij

In its principle coordinate system, the permittivity tensor is [35]

Erl 0 0
0 Ero 0 (356)
0 0 Er3
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For an uniaxial material, the permittivity tensor results in a tensor for refractive indices

n? 0 0
0 n3 0 (3.57)
0 0 n?

where ny = ny # n3. The special axis (n3) is called the c-axis. One can define

Ny = Ng = Ny,

n3 = Ne.

The quantity ng is said to be the ordinary refractive index while n, is referred as the ex-
traordinary refractive index. The appearance of two different indices of refraction is the

birefringence. The Eq.(3.55) becomes

n2e — k3 — k3 kiks kiks E,
Kok n2% — kI — k3 Kok B, | =0. (3.58)
ksky ksks n2% —k—k3) \Es

In order to have a nonzero solution, the determinant of the matrix must be zero, which

gives rise to two solutions for the wave vector

K =n2 (3.59)

and

k2 k2 k2 2
_;+_3+_?5:w_ (3.60)
nyg ng o Ng c

Because the group velocity is v, = Vjiw, for the first solution, the group velocity is
parallel to the wave vector k. For the second solution, however, generally the group velocity

is not parallel to the wave vector.
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Another way to describe the birefringence is the index ellipsoid matrix, which is the

inverse of the permittivity matrix, 7;; = (5r)i_j1.

5 0 0
1
" (3.61)
0 0 =
3
Therefore we can write
1 o
E=—nD
5077
The wave equation Eq.(3.55) becomes
kxkxnD+ —D=0. (3.62)
c

The unit vector in the direction of & is defined as k. Then the wave equation becomes

ixixmb--Y p-_'p5 3.63
( n)

The matrix k x kxn has its eigenvalues the inverse of refractive indices and its eigenvectors

as the displacement fields. In the principle coordinates system the matrix 1 can be expressed

by a surface

2 2 2
x_; :E_; + :B_g =1 (3.64)
o TNo T

This surface is called index ellipsoid. However, if an external field is applied, then the

refractive index will be modulated.

=) + Z rijeBr + Z Stjmm B B + -+ - (3.65)

When the medium is lossless, the matrix n;; is real and symmetric. Since the first two indices

are symmetric, a reduced notation is used for r;;y.
Let’s consider the medium that has symmetry 42m(Dyy) for example (the material that

has the symmetry of Dy, belongs to the tetragonal crystal system, which is uniaxial.). We
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also assume that the electric field is in Z direction (Figure 3.2(a) and (b)). In this case the

index ellipsoid surface is

x?2 a2 a?
—; + —3 + —2 + 2rgsB3ri10 = 1 (3.66)
ng ng o n:

By transforming to a new coordinate system

r = 3.67
7 (3.67)
T+ X9
— 3.68
V=" (3.68)
z =13 (3.69)
the equation will become
2L 4 e B) 4 (L — resB) + S — 1 (3.70)
x(— +r — = — = .
ng 63443 Y n% 63423 n2
where (Figure 3.2(c))
2 13
Ny =ng — §n0T63E3 (3.71)
1
ny = ng + 5”37’63E3 (372)
N, = Ne. (3.73)

In this new principle coordinate system (Figure 3.2(b)), when the optical field propagates

a distance of L, the phase difference between its x and y component will be

2
S = ;(ny — )L
. 27T7’Lg7“63E3L

| (3.74)
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@ (b)

/x - E3/=V/L

Figure 3.2: The electro-optical effect. (a) Principle axes in the absence of an applied field.
(b) Principle axes in the presence of an applied field. (c) The intersection of the index

ellipsoid with the plane z = Z = 0.
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We also have V' = E3L, which is the voltage cross the medium. Therefore the phase

difference will be

B 2mndresV

5 .

(3.75)

It is clear that by controlling the voltage in the experiment, one can make use of the Pockels

effect to realize different phases.

3.4.1.2 Second Harmonic Generation Second harmonic generation (SHG) is a non-
linear process during which two identical optical fields E(w) are mixed by the ¥ tensor to

result in a field with doubled frequency E(2w)

P,(2w) = eox\) (2w, w,w)E;(w)Ey(w), (3.76)

ijk
During the second harmonic generation, both the energy and the momentum must be con-
served. The energy is naturally conserved since 2w = w + w. This condition for the con-
servation of momentum is usually known as phase matching. Phase matching condition can
be seen from the wave equation Eq.(1.8). The polarization term on the right hand side of
the equation can be separated into linear and nonlinear part, P, and Py, respectively. The

linear part is P, = goxY E. The wave equation can then be rewritten as the following form:

(1) 92 2
2 gr a — - 1 a — =
—— 5 Ert) = — t 3.77
( c2 (9152) (r%) goc? Ot? (T 8), (3.77)
where etV =1 + xW. The result of the Fourier transform of the wave equation is.
(1), 2 2
2 87‘ w = _, . w — R
(V= — 2 JE(T,w) = —@PNL(T’,M)- (3.78)

As usual we can represent the electric field as a plane wave

E'z' — Ei(Z)e_iwit — Aiei(kiz—wit)7

where E; and FE, represent the two input fields while E3 represents the output field. The

nonlinear polarization caused by the second order nonlinear process is
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PNL(F, UJ) = pNL(F)eiiwst

The spatial dependence part given by

Pyi(7) = coxVEL (2) Ea(z) = eox M Ay AeiF1h2)2

By plugging these quantities into the wave equation Eq.(3.78) one has

A dA 2 A
S ik = — S Ay ARz, (3.79)

The solution to this equation has its maximum [35] when the momentum mismatching Ak =

k1 + ko — k3 vanishes, which is referred to as the phase matching condition

kl -+ ]{72 = ]{33. (380)

Second harmonic generation is a special case of a more general process called sum fre-
quency generation, in which the input frequencies are w; and wy while the output field has

frequency w3 = wy + wy. This process is given by a nonlinear polarization

Pi(w1 + wq) = eoxg,)f(wl + wa, wy, wa) E;(w1) B (we). (3.81)
Similarly we can have difference frequency generation during which a difference frequency
w3 = wy — woy is generated by a polarization

(2) ((Ul — wg,wl,WQ)Ej(wl)Ek(wg). (382)

Pi(w1 — wa) = €oxyjp,

Second harmonic generation can be achieved with many nonlinear crystals such as Barium
Borate BaB,O4 (BBO) and Potassium Titanyl Phosphate (KTP). From the phase matching

condition and the definition n; = ¢, (w;), we can have

N1w1 + NaoWws = N3Ws. (383)

We can assume that w; < ws < ws. For normal dispersion, which means the refractive

index increases monotonically as a function of frequency, this condition cannot be fulfilled for
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Positive Uniaxial Negative Uniaxial
(ne > n,) (ne < M)
Type I | nfws = nfw; + njwo nsws = Nwy + ngws
Type II | nfws = njw + nws nsws = niwy + ngws

Table 3.2: Phase matching methods for uniaxial crystals.

certain nonlinear processes. For example, for second harmonic generation, ws = 2w; = 2ws,

then we end up with

n(w) = n(2w).

This is generally not satisfied because of the dispersion of the materials. For sum frequency

generation, wy = wy + wy, we can have

(n1 — ng)wy = (ng — ng)ws. (3.84)

If the material has normal dispersion, then the left side is negative while the right side is
positive.

To overcome the difficulty of matching the phase in the presence of dispersion, birefrin-
gence is usually exploited. In type I phase matching, the polarization of two input electric
fields are parallel, namely they experience the same index. In type II phase matching, the
polarization of two input electric fields are perpendicular, namely one of them experiences

the normal index while the other experiences the extraordinary index (See Table 3.2).

3.4.1.3 Optical Parametric Amplifier Another x® process is the optical parametric
process. The difference between a parametric and nonparametric process is that the state of
the optically active medium does not change during a parametric process while it does change
during a nonparametric process. Optical parametric amplification is related to the difference

frequency generation: The pumping frequency w, is divided into two smaller frequencies wy
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(a) (b)

——
Wy

Figure 3.3: Optical parametric oscillator. (a), Band diagram for the optical parametric

process. (b), The structure of the optical parametric amplifier.

(the signal frequency) and wo (the idle frequency) (Figure 3.3(a)).

The cavity may be tuned to amplify one of the two frequencies, either wy or ws, or both of
them. One application example of the optical parametric amplifier is the Opal laser system
in the lab, which is pumped by the output laser pulse from a Ti:sapphire laser (Tsunami)

and generates two infrared photons.

3.4.2 Third Order Nonlinear Process

A third order nonlinear process results from the x® tensor.

3.4.2.1 Kerr Effect The Kerr effect is an electro-optical effect in which one static electric
field and two optical fields are involved. Since it is proportional to the square of the optical
field, it is referred as a quadratic electro-optical effect. The refractive index, including the

Kerr effect, is

n=mng+nsl, (3.85)
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Transverse Kerr effect:
Kerr lens

An(xy) = n,1(X,y)

Figure 3.4: Kerr lensing effect induced by the third order nonlinearity.|[38]

where [ is the light intensity and the nonlinear refractive index ns is related to the real part
of the third order susceptibility Xg) [37]

3)
Ny = XR

neoc

(3.86)

If an intense beam passes through a material that has large a x® coefficient, and the
beam intensity has a Gaussian spatial distribution, then the refractive index will be the
largest at the center of the beam. The medium will effectively acts as a positive lens, which
focuses the beam (Figure 3.4). This is the effect of Kerr lensing?.

In Chapter 7, we will discuss the quadratic electro-optical effect experimentally charac-

terized in the oxide heterostructure LaAlO3/SrTiOs3.

3.4.2.2 Self Phase Modulation Self phase modulation (SPM) is a third order process
that usually occurs during the interaction with intense light field such as the one induced by
ultrashort laser pulses. We can use Eq.(3.85) to study the self phase modulation. Suppose

the laser pulse has a Gaussian time dependence, then the intensity will be

!The effect described by Eq. (3.85) is also said to be the transverse Kerr effect. The self-phase modulation
discussed in the following section is sometimes said to be the longitudinal Kerr effect.
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+2

I(t) = [06_7'72.

Then the refractive index, according to Eq.(3.85), will also be a function of time

+2

n(t) = ng + naloe™ 2. (3.87)

After the beam passes through a distance L inside the medium, the phase factor becomes

2
O(t) = wet — )\—Wn(t)L. (3.88)
The instantaneous frequency is
. 2
Ot) = we— ()L
47T77,210L _%
= we+( N e )t
= w.+ at, (3.89)
where the coefficient
47TTL2]0L _ﬁ
o = ve 2 (390)

is called the chirp parameter.

Figure 3.5 shows that a pulse propagating through a y® medium undergoes a self fre-
quency shift (the red curve in Figure 3.5) because of self-phase modulation. The front of the
pulse is shifted to lower frequencies (red shift), the back to higher frequencies (blue shift).
Since the frequencies in such a pulse increases in time, it is said to be the up-chirp (Fig-
ure 3.6), which corresponds to a positive chirp parameter «. When the chirp parameter is
negative, it results in the case of down-chirp (Figure 3.7). By introducing new frequencies,
self-phase modulation can spectrally broaden the original pulse. In Chapter 5 we will dis-
cuss how the interplay between self-phase modulation and negative group velocity dispersion
(GVD) can result in the formation of an ultrashort laser pulse. In Chapter 6, supercontinuum
white light source [39] used for characterizing the spectral response of the oxide nanoscale

photodetector is realized by SPM.
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Intensity /(t)

«— £ —»+0

Frequency (i)

Figure 3.5: Self phase modulation. The blue curve is the intensity profile in the time domain.
The red curve shows the instantaneous frequency gb(t) (This figure is crafted by Emmanuel

Boutet and released on Wikipedia website.)
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time time

Figure 3.6: Up-chirp induced by self-phase modulation.Blue and Red represent the wave

package in blue and red wavelength range, respectively.
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Figure 3.7: Down-chirp induced by self-phase modulation.
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3.4.2.3 Two Photon Absorption Two photon absorption (TPA) is related to the imag-

inary part of the 3 coefficient. The absorption coefficient is defined by

a=a+pl, (3.91)

where the « is the linear absorption coefficient while S is the two-photon absorption coeffi-

cient, which is related to the imaginary part of x(®[37]

2w
3
B=xP

ngeoc?’

As a nonlinear process, two-photon absorption can be used to realize the interferometric
autocorrelation measurement. One example is the semiconductor material?GaAsP [42]. In
the experiments discussed in Chapter 7, we also use a GaAsP detector. Because of TPA,
when exposed to the mode-locked laser, the measured photocurrent from the GaAsP detector

shows a quadratic dependence on the incident light power (Figure 3.8).

3.5 ACOUSTO-OPTIC EFFECT

Acousto-optics is a branch of physics that studies the interactions between sound waves
and light waves, especially the diffraction of laser light by ultrasound or sound in general.
The acousto-optic effect is extensively used in the measurement and study of ultrasonic
waves. However, the growing principal area of interest is in acousto-optical devices for the
deflection, modulation, signal processing and frequency shifting of light beams. This is
due to the increasing availability and performance of lasers, which have made the acousto-
optic effect easier to observe and measure. Technical progresses in both crystal growth
and high frequency piezoelectric transducers have brought valuable benefits to acousto-optic
components’ improvements.

The acousto-optic effect is a specific case of photoelasticity, where there is a change of a

material’s permittivity € due to a mechanical strain, meaning the susceptibility depends on

2GaAs;_,P, is a semiconductor. Its direct and indirect bandgap depend on the mole fraction of phos-
phorus [40, 41].
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Figure 3.8: GaAsP detector based on two-photon absorption. The white dots show the
measured results. The red curve is a fit to the function of I = aP?, where I is the measured

photocurrent and P is the incident power.
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not only the electric field but also the local atomic displacement.

Acousto-optic modulators (AOM) and photoelastic modulators (PEM) are two examples
of acousto-optical devices. In an acousto-optic modulator, different parameters of the acous-
tic wave, including the amplitude and frequency, can be varied so that the properties of the
optical wave can be modulated through Bragg diffraction. A simple method of modulating
the optical beam propagating through the acousto-optic device is done by switching the
acoustic field on and off (Figure 3.9). When it is off, the beam is undiverted, the intensity of
light directed at the Bragg diffraction angle is zero. When switched on and Bragg diffraction
occurs, the intensity at the Bragg angle increases. So the acousto-optic device is modulating
the output along the Bragg diffraction angle, switching it on and off. The device is operated
as a modulator by keeping the acoustic wavelength (frequency) fixed and varying the drive

power to vary the amount of light in the deflected beam.

A PEM is an optical device used to modulate the polarization of a light source. The pho-
toelastic effect is used to change the birefringence of the optical element in the photoelastic
modulator. The principle of operation of photoelastic modulators is based on the photoelas-
tic effect, in which a mechanically stressed sample exhibits birefringence proportional to the
resulting strain. Photoelastic modulators are resonant devices at which the precise oscilla-
tion frequency is determined by the properties of the optical element/transducer assembly

(An example of photoelastic modulator is shown in Figure 3.10).

The transducer is tuned to the resonance frequency of the optical element along its long
dimension, determined by its length and the speed of sound in the material. A current
is then sent through the transducer to vibrate the optical element through stretching and
compressing which changes the birefringence of the transparent material. A certain amount
of retardation can be introduced in the transmitted light beam so that the polarization of

the transmitted light is varied coherently (Figure 3.11).
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Figure 3.9: An acousto-optic modulator. (This figure is made by J S Lundeen and released

on the website of Wikipedia.)
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Figure 3.10: A photoelastic modulator. (This figure is from the website of Hinds Instrument.)
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Figure 3.11: The quarter-wave and half-wave retardation induced by a PEM. (This figure is

from the website of Hinds Instrument.)
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3.6 MAGNETO-OPTIC EFFECT

A magneto-optic effect is any one of a number of phenomena in which an electromagnetic
wave propagates through a medium that has been altered by the presence of a quasistatic
magnetic field [43]. In such a material, left- and right-circularly polarized light can propagate
at different speeds, resulting in a number of important phenomena such as Faraday/Kerr
rotation. The Faraday effect causes a rotation of the plane of polarization which is linearly
proportional to the component of the magnetic field in the direction of propagation(Figure
3.12). One application of this effect is the Faraday isolators [44, 45]. The difference between
the Faraday effect and Kerr effect is that the transmitted light is measured for the Faraday
effect while the reflected light is measured for the Kerr effect (Figure 3.13)(See, for example,
the Chpater 5 in Ref.[46]).

In particular, in a magneto-optic material the presence of a magnetic field (either ex-
ternally applied or because the material itself is ferromagnetic) can cause a change in the
permittivity tensor of the material. Classically, we can consider the motion of electrons un-
der the influence of a magnetic field B = uox(m)ﬁ , which is given by Eq.(2.57) in Chapter
2:

mi(t) = —mw2i(t) — myr(t) — eE — euox(m)g x H, (3.92)
where pio is the permeability of free space and x(,,) is the magnetic susceptibility. By per-

forming the Fourier transform on both sides, Eq.(3.92) becomes

—mw*(w) = —mwii(w) — imywi(w) — eE(w) + iNOX(m)%<F(w) x H(w)). (3.93)

We treat the magnetic field as a perturbation by introducing a dimensionless parameter

M. Therefore we have

H— \H, (3.94)

Fw) = MO (w) + A (W) + X3P (w) + -. (3.95)



Figure 3.12: Faraday rotation. The presence of a magnetic field can alter the polarization

of the light. (This figure is crafted by DrBob and released on the website of Wikipedia.)
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Figure 3.13: Different geometries for magneto-optical Kerr effect.

The unperturbed term 7% (w) can be solved from the equation

—

—mw* 7O (w) = —mwir® (W) — imywi® (w) - eE(w).
It is easy to have

A0, _ ¢ E(W)
() m(w? — wd) —iyw

The first order perturbation satisfies the equation

(& —

—mw* ™ (W) = —mwirY (W) — imywi (W) + iugx(m)wz(f(o) (w) x H(w)).

It is straightforward to figure out that the solution is

0) i
e M) x Aw)
() X)W (w? — wd) —iyw
we?  E(w) x H(w)

T X e [ — W) — i

77(

60

(3.96)

(3.97)

(3.98)

(3.99)



The polarization of N electrons in a unit volume given by the zeroth order of perturbation

is

PO(w) = Ne(w), (3.100)

which is the result that we have seen in Eq.(2.61) of Chapter 2 . We define the electric

susceptibility as

Ne? 1
e = - 3.101
X0 () gom (w? — wg — inw) ( )
The first order of perturbation leads to
PW(w) = NeiD(w) (3.102)
B w 9 = =
= X ) (B () x )

It is seen that in the case of magneto-optic effects, the polarization is modified by the
present magnetic field. Generally the magnetic susceptibility X(;) is a tensor as well. The
microscopic origin of magneto-optic effects is electronic [43, 47]. The interaction between the
electron spins and the magnetic field causes the shift of electronic states and consequently
changes the dipole moments cinm that appear in the expression of susceptibilities. In Chapter

4, we discuss theoretically the Faraday rotation induced by a single electron spin.
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4.0 INTRINSIC QUANTUM NOISE IN FARADAY-ROTATION
MEASUREMENTS OF A SINGLE-ELECTRON SPIN

Faraday rotation discussed in Chapter 3 is one way to realize quantum non-demolition mea-
surement of electron spin in quantum dots. To describe Faraday rotation, semiclassical
models are typically used, based on quantized electron spin states and classical electromag-
netic fields. Such treatments neglect the entanglement between electronic and photonic
degrees of freedom that produce intrinsic quantum noise, limiting the ultimate sensitivity
of this technique. We present a fully quantum-mechanical description of Faraday rotation,
and quantify this intrinsic noise. A method for measuring the purity of a given spin state is

suggested based on this analysis!.

4.1 INTRODUCTION

Because of the discovery of long-lived spin coherence in semiconductors such as GaAs[48], the
essential requirement of manipulating spins for spintronics and quantum information is now
possible. The first quantum computing proposal of Loss and DiVincenzo used electron spin
qubits in semiconductor quantum dots (QD)[49] and forecast the importance of measuring
single electrons and their spins.

The first step to realizing coherent manipulation of a single electron spin is to orient
the spin. Such orientation can be achieved optically (by exciting with circularly polar-
ized light)[50], electrically (by driving the electrons toward a ferromagnetic surface)[51] or

thermodynamically (by application of a uniform magnetic field at low temperatures). Photo-

YYanjun Ma and Jeremy Levy, Phys. Rev. A 79, 023830 (2009)
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luminescence (PL) allows for measurement of electron spin polarization through the relation
between the circular polarization of light and electron spin orientation. However, PL is de-
structive in that it involves recombination of the electron with a hole. PL measurements
are intrinsically limited by the lifetime of the state, and it is not possible to monitor elec-
tron spin continuously. Furthermore, unless one uses a technique such as time-resolved

upconversion[52; 53, 54] or streak camera measurements, dynamical information is lost.

Time-resolved Faraday and Kerr rotation methods (hereafter referred to as Faraday rota-
tion) have been extensively developed[55, 56, 57|, and allow one to probe the spin dynamics
of a single electron in a quantum dot. Faraday rotation results from a fundamental interac-
tion between electronic and photonic degrees of freedom. Seigneur et al.[58]have proposed
a scheme to implement quantum computation by using the single photon Faraday effect.
However, in most semiconductors the Faraday effect is usually quite weak, corresponding to
rotation angles 6 ~ 107 5rad for single electrons. Dynamic information is usually obtained
using pump-probe optical techniques: a circularly polarized pump beam creates an initially
spin-polarized electron population, and a probe beam subsequently interrogates the spin
state at a later time. The experiment is performed repeatedly as a function of the delay to
obtain a time-resolved signal with an acceptably high signal-to-noise ratio. In the case of a
single electron in a quantum dot, spin coherence can be achieved in the following manner:
the quantum dot is configured (either through biasing or doping) to begin in a state that
contains a single electron in the conduction band and no holes in the valence band. The
quantum dot is excited, promoting a second electron into the conduction band and leaving
behind a hole in the valence band. This state is often referred to as a “trion”. After one
of the electrons recombines with the hole, the remaining electron spin is partially polar-
ized. A linearly polarized probe pulse measures the spin of this electron via the Faraday
effect. In most cases, the electron neither begins in a pure state nor remains in one. Hy-
perfine interactions with nuclear spins quickly produce a mixed state on time scales “1-10
ns[59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69].In this paper, we study the noise introduced by
the mixed quantum state of the electron spin analytically and numerically. In this paper,
our previous analysis[70] about the noise is extended to a more formal quantum mechanical

frame. Since it’s from the spin state itself, we call it intrinsic noise.
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Figure 4.1: (Color online)light induced interband transition.
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4.2 THEORETICAL MODEL

Here we discuss in detail the quantum-mechanical source of this noise using a theoretical
model that treats both the electron and light field quantum mechanically. We model the
interaction between a single electron in a QD and a linearly polarized monochromatic probe
laser field. Based on the quantization of the light field that is presented in Chapter 2, we

have the Hamiltonian for the photon field written as

Hp = hwp(alay, + akag), (4.1)

where wp is the optical frequency of the probe laser, aTL and ay, are creation and annihilation
operators for left circularly polarized (LCP) photons; a}r% and ap are creation and annihilation
operators for right circularly polarized (RCP) photons. Due to optical selection rules [50]
spin-up (spin-down) electrons interact only with LCP (RCP) photons(See Figure 4.1). The

raising and lowering operators satisfy boson commutation relations

[am, ail] = Omn, (m,n = L, R);

[, an] =0, [aT &T] = 0.

ms On

The electron state is quantized as well. We assume that the electron resides in the con-
duction band quantum-confined ground state in an s-orbital, which means it has total angular
momentum J = % In the valence band, the electronic ground states are constructed from
p-orbital, and hence the total angular momentum is J = % Heavy-hole and light-hole inter-
mixing is neglected for simplicity and because it is not expected to affect qualitatively our
results. Only the heavy-hole subband is accounted for in our calculation. The Hamiltonian

for the electron is given by [71]

He = hwe(auz + Udz)a (42)

where

Oyz = blubcu - b:r;ubvua

65



0z = blgbea — bl bua;
subscript ”¢” and ”"v” indicate conduction band and valence band respectively; subscripts

"u” and ”d” refer to spin-up or spin-down states of the electron. The fermion operators satisfy

anticommutation relations:

{bipss b, } = 6300,

{biy, bj} = 0,{b],bF} =0,

i Vv

where ¢ and j indicate conduction band or valence band, and p and v indicate spin-up or

spin-down. A LCP photon couples to a transition between |+ 3 > and |+ 2 >, while a RCP

photons couples to a transition between | — % > and | — g >. The interaction Hamiltonian
is given by
H[ = ALu(aLaqu -+ CLEO’U,) —+ )\Rd(aRad+ -+ CLJIr%O'd,), (43)
where

1 , 3
Ay X< —i—§|x +ay| + 3>

A < 1| Y| > >
X —=|r — 1 - = s

Rd B ) 9
Out+ = blubvua Oy— = O':FLJ,-?
Od+ = bidbvd; Og— — O'ZH_.

The full Hamiltonian of the entire system is given by

H=Hp+ H.+ H;

By applying the Wigner-Eckart theorem, it can be shown that the two coupling strengths
Arw and Agg must be equal (A, =Ags=\). Based on the defining anticommutation relations,

it can be explicitly shown that 0,.,0,4 and o,_ have the following commutation relations:
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Oty Ou] = 00z

[0z Ovt] = 200,04,

[0z Ov—] = 20,0,

These commutation relations for 0,.,0,4 and o, are formally identical to those for

operators is as follows:

aTL(t) = e—itQauzaE +9(t) (0wt + aauzaTL)a

ab(t) = e7 ™l 4 g(t) (044 4 aog.aly),

where

g(t) =a(l — e_i(“’P_“’e)t).

the Pauli operators, even though they are actually products of fermionic creation and an-
nihilation operators. This feature makes it possible to find an analytic solution within the

Heisenberg picture [72]. In the limit A <] wp —w, |, the approximate solution for the photon

(4.4)

(4.5)

This approximate solution is correct only when the coupling strength A is much smaller

Faraday rotation angle.
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than w, and wp. In the section of RESULTS, one can see this criteria is satisfied in the sense
that the coupling strength of our sample is on the order of ~ 10°Hz, but the frequency of
the laser light and the characteristic frequency of the electron are on the order of ~ 10°Hz.

This solution, therefore, is a very good approximation and, based on this, one can derive



Quantum Stokes operators can be used to describe Faraday rotation. They are the
quantum-mechanical analogue of classical Stokes parameters. Classical Stokes parameters

are defined as the following [33]:

=~
=

So = EXE, + BB,

S\ = EiE, — EXE,

=
~J

=~
00

Sy = EXE, + EXE,

~—~~ o~ o~

t.l;
Ne)
—" N N~

Sy = BiE, — E'E,.

In electrodynamics, the polarization of light can be parameterized by two angles ¢ and
X in the polarization ellipse. There is a one-to-one correspondence between the polarization-
ellipse representation and the Stokes representation (See Figure. 4.2).

Once the light field is known, the Stokes parameters can be computed. The physical
interpretation of Sy is the light intensity; hence, all parameters can be normalized to Sy (See
Figure 4.3).

Quantum Stokes operators are defined in the following way [73, 74]

So = alay, + akag (4.10)
Sy = alar + akay, (4.11)
Sy =i(alar — akay) (4.12)
Sy = aLaR — aTLaL. (4.13)

Information about polarization is obtained by calculating the expectation values of these
operators. In a typical Faraday experiment, the probe light is linearly polarized at a 45°
angle with respect to a final polarizing beam splitter. After the interaction between the probe
light and the electron, the polarization of the transmitted light will be rotated from its initial
position by an angle 6, known as the Faraday rotation angle. In the Stokes representation,
the initial polarization vector lies along the positive Sy axis. Faraday rotation will result in

a rotation of the vector within the S; — S5 plane (See Figure 4.4). This vector P is confined
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Figure 4.2: The left figure shows the polarization ellipse in real space. The right figure is

the Stokes representation of the same polarization.
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Figure 4.3: (a)-(f)Different polarizations defined in terms of Stokes parameters. Sy, Sy and

Ss have all been normalized to Sy.
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to the plane as long as there is no circular dichroism that can lead to a non-zero expectation
value for Ss.

In our calculations, we aim to reproduce the overall magnitude of the rotation angle that
has been reported in experimental work [55, 56, 57]. The experimentally observed rotation

angle is small: 0r ~ 10~°rad. Hence, it can be expressed as

1
Op = §tan_1(

<S5 >
< Sy >

)~ <5 >

2 . 4.14
2 < Sy > ( )

4.3 RESULTS

In our calculation, a coherent state |vz, vg > is used for the light field, where |vy|* and |vg|?
are the average number of left and right circularly polarized photons. These states satisfy

the canonical eigenvalue equations for the (non-Hermitian) photon annihilation operators:

ap|lve,ve >=vilvy, vg >,
ag|vr,vr >= vg|vL, VR >,

Using the forms v;, = Nze®t and v = Npe®®, the expectation values of Stokes operators

for this coherent state can be found

< Sp > N? + N3
< S > 2N Ngcos(0;, — 0
| | 2NuNeeos(0, — 0r) | s,
< Sy > 2NLNR8in(9L — QR)
< S3 > Ni — N}

In order to start with +45° linearly polarized light, the following condition must be
satisfied

NZ = N3

O, —Op =1
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20,

Figure 4.4: Definition of Faraday rotation angle. P indicates the polarization vector of the

light field.
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To describe the mixed state of an electron, a density matrix formula is employed:

Pe=T|x+ >< x4+ (1 = 7)[x- >< x|, (4.16)

where

1 , 1
|x+ >= cos(x)| + 5> —sin(x)| — 5>

: 1 1
|x- >=sin(x)| + 5> + cos(x)| — 5>

Here, 7 is a parameter that varies between 0 and 1. Angle x accounts for the precession
of electron spin in the nuclear field. For 7 = 0 and 7 = 1, one has a pure state, while
7 = 1/2 corresponds to a fully mixed (unpolarized) state. Because the electron Hamiltonian
is expressed in terms of creation and annihilation operators, caution must be taken when
applying those operators onto an electron state. When operators for spin-up electron are

applied to the spin-up state, one obtains

1 1

343,
Ouz 5 - 5 )
2 2
and
1
u 5 -= 07
a. +| -+ 2
3 1
O'u+|+§>:|+§>,
and

|+1>—|+3>
O—’Lt— 2 - 2 Y

3
u—| + = >=0.
o ]—|—2>

Spin-down operators have the same rules when applied to the spin-down state. If a spin-up

operator operates on a spin-down state, however, one gets zero. For example,
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1 1
wa| — = >= (b by — bl bp)| — = >= 0.
U | 2 (cu VU )l 2

The initial state of the whole system is then

po(T) = |V, vr >< VL, VR| ® pe (4.17)

According to the solution Eq.(4.4) and Eq.(4.5), the analytical expression for S; and Sy

can be obtained and the expectation values calculated

< 81 >=Tr(S1(t)po(7)),
< Sy >=Tr(S1(t)po(7)).

The rotation angle is given by

Tr(S1(t)po(7))
Op(t,T) = : 4.18
w0 = e Sty () 415
After some algebra, one finds the following expression for the Faraday rotation:
A2 A2
Op(t,T) = (217 — 1)(5 sin(dt) — sin(?t)), (4.19)

where 6 = wp —w,. Notice that this equation is only valid for small t. For initial pure spin-up

state 7 = 1, the rotation angle is

2 2

0, = 0p(t,1) = (% sin(ot) — sin(%t)). (4.20)

For initial pure spin-down state 7 = 0, the rotation angle is

0 =0p(t0) = _(:5\_2 sin(0t) — sin(/\;t)). (4.21)
The fluctuation is given by
~ AV Tr(Si(#)po(7)) = Tr(Si(t)po(7))?
Abr(t7) = 2T (S5()o(r)) ' 422)
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Figure 4.5: (a), Faraday rotation as a function of time and parameter 7. (b), Faraday

rotation angle for two pure states. The red solid line corresponds to a spin-up state(r = 1),

while the blue line corresponds to a spin-down state(r = 0).
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From Eq.(4.19), Eq.(4.20) and Eq.(4.21), the following intuitive result can be proven
very easily:

Op(t,7) =aby + (1 —a)f_. (4.23)

where o = sin®(x) + 7 cos(2x) and 6, (6_) is the Faraday rotation angle for an initial state
which is a pure spin-up (spin-down) state.
An analytical derivation shows that the fluctuation is a function of both photon number

N and the initial electron state.

AbOp(t,T) = \/% +a(l —a)f —0-)2, (4.24)
The second term under the square root is the so-called intrinsic noise term.

Numerical simulation is done so that we can compare our analytical calculation to recent
Kerr rotation experimental results on single electrons. From Berezosky et al. [55], one finds
from a PL plot that the energy for a neutral exciton is about 1.633 eV. That corresponds
to the band gap between the top of the valence band and the bottom of the conduction
band. From this number, the frequency w, = % = 2.48 x 10 Hz. Choosing probe light of
wavelength 760nm, which means the frequency is wp = 2.47 x 10 Hz. From [75], one can
take the value of the coupling strength to be A = 98GHz. In our experiment, the probe power
is about 1.57uW: the corresponding photon number is about 5 x 10°. In the simulation, the
interaction time between the spin and the photon is set to be 20ps. Because the time scale
of hyperfine interaction is ~1-10 ns [59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69], which is much
longer than the simulation time, x is set to be zero in our numerical analysis. Notice that as
expected, if the initial electron state is a pure state, the rotation angle has opposite values
for the spin-up state and spin-down state, respectively (See Figure 4.5). For pure spin-up
states or spin-down states, the fluctuation (quantum noise) scales with photon number N as
N~12 as expected for shot noise. For mixed states or superposition states, the fluctuation
saturates even when the photon number approaches infinity (See Figure 4.6).

One scheme to measure 7 is proposed here. Suppose the photon number is so large that
the shot noise term in Eq.(4.24) could be neglected. Notice that 6, = 6_ and when the

1

rotation angle is zero, according to Eq.(4.19) it means 7 is 5. If the value 7 = % is used in
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Figure 4.6: (a), Fluctuation of Faraday rotation angle as a function of time and parameter
7. (b), Shot noise and intrinsic noise as a function of photon number N. Shot noise (black
line) is from a pure spin-up (spin-down) state, while intrinsic noise (green line) is from a
maximally mixed state. In the simulation, the interaction time is chosen to be 20ps in order
to make the splitting more obvious, in which case the intrinsic noise saturates at about

AbOry = 20mrad.
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Eq.(4.24), one obtains Afgy = 6. This result implies that one can use the measured values
of Faraday angle fluctuation at an extreme value (Afg) and at a zero crossing (Afgg) to

measure the purity of the spin state as quantified by 7:

1 AGZ, — AG?
T=—(14 | =2 ——1), (4.25)
2 A — 1%

In the limit of a large number of photons (i.e., where shot noise can be neglected), the above

expression simplifies further

1 N

= (1441
m= 5l AGZ,

). (4.26)

The above analysis is based on the assumption that every device in the experiment is
perfect, and the noise is only introduced by the quantum state of the electron spin itself. This
is, however, not the case in the real experiment. Suppose the overall noise Afg is white noise
for the bandwidth in which the experiment is done. It serves as background noise and can
be measured by detuning the probe laser, for example. This background contribution can
be subtracted from the measured noise Af#y; and Afy;q, where Afy, indicates the measured
noise level at extreme points while Ao represents the measured noise at the zero-crossing
point. It makes sense to assume the fluctuation due to quantum states is not correlated with
the white noise in the device, therefore subtracting the background noise from the measured

noise gives the fluctuation due to quantum states

AGL = AG2, — NG,

and

A%, = A2, — NG,

The Eq.(4.26) therefore becomes

1 AG2, — NG
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Notice that in the above equation, A#,, is the real noise we see at the extreme points
of the rotation angle in the actual experiment. This noise has two sources: external noise,
which is Afp and intrinsic noise, which is Afr. In the actual experiment, Af,, should be
larger than Afg due to the fact that the pump for the electron spin is not perfect, therefore
the spin that interacts with photons is in a mixed state. However, if Afy, = Afp, that
means the intrinsic noise contribution is zero. From Eq.(4.24), one can see in the limit of
large photon number, Afr = 0 indicates that 7 is either 0 or 1, which is consistent with the
result if one plugs Ay = Afp into Eq.(4.27). In other words, if in the real experiment, one
observes Afy; = Afpg, then the pumped spin is in either the pure spin-up or spin-down state
and one can also pin down the orientation of the spin by looking at the sign of the measured

rotation angle.

4.4 CONCLUSION

Using a quantum-mechanical model of Faraday rotation, we find that both the Faraday
rotation angle and the fluctuation are functions of the initial electron spin state. If the
electron spin is initially in a mixed state, intrinsic noise fluctuations will contain not only
shot noise but also intrinsic noise due to weak measurement of the electron’s spin state. The
reason that this intrinsic noise appears in this scheme is that the measurement done here
is non-destructive, and differs from a projective measurement, which causes the collapse of
the electron spin wave function to a certain spin direction. Analysis of the noise spectrum

should enable quantification of the purity of a given spin state.
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5.0 ULTRAFAST LASER CAVITY

As a coherent light source, a laser is the essential part for optical measurements. Generally,
the laser systems can be classified into two categories based on the temporal distribution
of the output power. If the power is constant in time, the laser is running in a continuous
wave mode (Figure 5.1(a)). If the output power is pulsed, the laser is running in a mode-
locked mode (Figure 5.1(b)). A mode-locked laser is a laser to which the technique of active
or passive mode locking is applied, so that a periodic train of ultrashort pulses is emitted.
Mode-locked laser can be applied to a variety of applications such as optical frequency comb
[76, 77], pump-probe spectroscopy [78, 79, 80], electro-optical sampling [81, 82, 83, 84] and

nonlinear frequency conversion [35, 85, 86].

Mode-locking can be achieved by active modulation of the cavity loss with acoustic-
optical modulators or electro-optical modulators [87, 88]. The modulation is performed in
such a way that lower laser power experiences more loss than the higher power (Figure 5.2).
In this way, a laser pulse with a certain duration can be achieved (usually on the order of
a picosecond). Passive mode-locking does not require the presence of an extra modulator
inside the cavity, but relies on nonlinear effects such as saturation absorption to realize the
modulation of the cavity loss [89, 90]. Since nonlinear effects are typically rapid in time,
passive mode-locking can result in much shorter pulse width. In this thesis, we study the
passive generation of ultrashort Ti:sapphire laser pulses, in which case the modulation of the
cavity loss is realized by the Kerr lensing effect that is produced by the Ti:sapphire crystal
[91].
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Figure 5.1: Continuous wave mode (a) and mode-locked mode (b) of output laser power.
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Figure 5.2: Temporal evolution of optical power and losses in an actively mode-locked laser.

The modulator causes increased losses for the pulse wings, effectively shortening the pulses.
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5.1 MODE-LOCKING

We assume a cavity that can support many frequencies. The central frequency is w,., and

other frequencies are w,, = w.+nd, where ¢ is the frequency spacing and n = —%, —% +
1, ,0,--, % -1, % When all the frequency components oscillate in phase, the output

field will be a superposition of all fields E,, = Eye~“n!. For simplifying the calculation, the

amplitude is assumed to be the same and the relative phase is zero.

= Eye et Z (cos(ndt) + isin(ndt))

= Fye et Z cos(not)

__N-1
n=—"

N—-1

T
= Epe ™' (142 Z cos(ndt))
n=1

(N
gyl

sin(%)

(5.1)

This field has its maximum amplitude at ¢ = 2*. The field amplitude |E(t)| and the width are
related to the number of modes that are oscillating in phase: The larger N is, the larger the
amplitude | F(¢)| is and the smaller the width is (Figure 5.3). Note that the derivation shown
here is for a longitudinal mode of the electromagnetic field. Usually for a laser, the transverse
mode is desired to be TEMg, mode (Gaussian mode). Because in TEMg, mode, most of the
energy is confined in a single peak, it is the brightest compared to other higher order modes.
Secondly, a laser beam in Gaussian mode has the smallest divergence, therefore it is the
easiest to be collimated [92]. In the above derivation, the phases of different longitudinal
modes are locked, and the laser system in this state is called a mode-locked laser. Theoretical

discussion about mode-locking can be found in Ref.??.
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Figure 5.3: Electric field of the mode-locked pulse. The simulation is done for the number

of modes N equal to 5, 10 and 20.
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The frequency range covered by the N modes is called gain bandwidth, which is deter-

mined by the gain medium in the laser. The HeNe laser output wavelength is about 632.8 nm,

and the gain bandwidth is around 1.5 GHz, which corresponds to a wavelength range about

0.002 nm. A Ti:Sapphire can have a gain bandwidth about 128 THz, which covers approxi-

mately 300 nm wavelength range (See, for example, the website http://micro.magnet.fsu.edu/primer /java/l:
Because of its high gain bandwidth, the Ti:Sapphire has been widely used to generate

ultrashort laser pulses, ranging from 5 fs to hundreds of fs [38]. In the following, the principle

of generating ultrafast pulse is briefly reviewed, based on the nonlinear optics discussed in

the previous chapters. A simple mathematical formula is introduced to calculate the cavity

stability so that we know how to design and build an ultrafast laser.

The electric field for a laser pulse can be generally expressed as following [36]:

1 )
B(x,y,2,t) = Su(z,y, )E(t)e' ™ + e (5:2)

where u(x,y, z) and £(t) describe the spatial and temporal dependence of the electric field
respectively. When we want to design a cavity to support ultrashort pulse, we need under-
stand how u(zx,y, z) and £(t) change as the pulse propagates. This problem can be studied

by wave propagation equation.

5.2 PULSE SHAPING

In order to achieve certain pulse duration, we need understand the effects that lead to pulse
broadening and the ones that shorten the pulse. In both active and passive mode-locking,
the most significant factor that limits the pulse width is the chromatic dispersion. To see
how dispersion affects the pulse, we can solve the wave equation by treating the nonlinear
polarization as a perturbation term. We first focus on the linear polarization P, = eox(V E.
In this case the electric field can be solved analytically. Assuming that the electric field is
uniform in both x and y direction, the wave equation is then reduced to

92 0, O
@E(t, z) = pogo(1 + X )ap Bt 2). (5.3)
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This equation can be solved in the frequency domain by performing Fourier transforma-
tion on both sides to obtain
82

Ha bW, 2) = —poco(l + X E(w, 2). (5.4)
z

It is easy to find the solution for the Fourier component E(w, 2):

E(w,z) = E(w,0)e” %>, (5.5)

where the parameter k(w) = n(w)%. The function k(w) can be expanded as follows:

The first order derivative dk/dw is recognized as 1/v,, the inverse of the group velocity. The
second order derivative d?k/dw? is the group velocity dispersion (GVD), and d®k/dw? is the
third order dispersion (TOD), etc.

Sometimes it is useful to express these quantities in terms of refractive index and wave-

length. In vacuum, the wavelength A = % The derivative

Therefore we can have

dk 2md(n/)\)
do 2w/ N2\
A2 1ldn n
RS
1 dn

= E(” - )\5)

FE_ ¥4
dw? 2w d\ d\
A dPn

o2 d)\?
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The group velocity is then

c
= 5.8
Ug n — )\Z_KJ ( )
The GVD is
dvg MJ; d*n (5.9)

d\ ¢ d\?
We assume the temporal dependence of the electric field to be a Gaussian function

E(t) = Ae="/7" | where the pulse duration is 7, = v/2In27. Its Fourier transformation is

A 2 2 ;
Ew) = \/—2_7T/e_t [T et qt

A 1 TWT \2 w27'2
_ -5t _—
= — [ e 2V 20 e A dt
\/27r/
AT w202
= A, (5.10)

—€
2v/2

E(w) is treated as the initial condition for Eq.5.5. Then the general solution for F(w, z) is

AT w2‘r2 —zk(w)z

EFlw, z)= e 1 e 5.11
@2)=57 (5.1)
In the time domain the solution is the inverse Fourier transformation
A w27'2 - -
Et, z) = 7 Wzt gy, (5.12)

— [ e
2v2
If there is no dispersion, meaning dn/d\ = 0 (therefore dk/dw = 0), then Eq.(5.12) simply

gives the original pulse function. When there is dispersion but no GVD, which means

dn/d\ # 0 and d*n/d)\* = 0, then Eq.(5.12) is

A i(wp = —k(wg)z _ w2 (==
E(t z) = %e( kg R () )/e e ) . (5.13)

It is not difficult to see that this integral still preserves the pulse width of the original one.

It only shifts the time reference by z/v,.
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However, when the GVD is present, the integral becomes

1 z wer ; 2 —1 —Z
E(t,z) = ;—\/_gez(wk%_k(wk)z)/e T ab et g (5.14)

In this case the pulse duration will be [36]

, 9 &2k
P14 (FEE (5.15)
T

Eq.(5.15) shows that GVD can lengthen the pulse duration in time.

Another important effect in terms of pulse shaping is self-phase modulation (SPM). As we
have seen in Chapter 3, SPM can broaden the spectral width by generating new frequencies.
SPM alone cannot alter the pulse duration; however, a shorter pulse can be generated as
follows from the Fourier transform of the wider spectral bandwidth. To exploit the broader
spectrum for the generation of a shorter pulse, the red and blue components in the temporal
wings of the pulse have to be temporarily delayed and advanced, respectively. This means
that the group velocity of the red components is slower than the group velocity of the blue
components, that is to say, the GVD is negative dv,/d\ < 0. Generally, the Ti:sapphire
crystal and other materials used for optics have positive GVD (See, for example, Table 7.2
in Ref.[36]). The negative GVD can be introduced by either prism pairs [93] or specially
designed mirrors [38, 94, 95]. When the effect of SPM is balanced by the GVD, the pulse
duration will be constant in time, which is referred to as a soliton [36, 96]. More advanced
techniques such as the spatial light modulator (or pulse shaper) has been invented to provide

more sophisticated control of the shape of laser pulses [97].

5.3 GAUSSIAN BEAM AND ABCD MATRIX FORMULA

Now that we have a general propagation equation for electric field, we can plug the field

E(x,y, z,t) into Eq.(1.8). After some algebra[36], we can have a special solution which is the
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Gaussian beam[36, 92]

Ey

V1+ 2%/

B(z,y,2) = e~ 10(2) g~ (a7 /uP (=) g —ik(a* +17)/2R(z) (5.16)

where

oo = % (5.17)
O(2) = arctan(z/po) (5.18)
w(z) = woy/1+ 22/p} (5.19)
R(z) =2+ p/z. (5.20)

wy is the waist of the beam which is defined at z = 0 position. The distance 2py is called the
Rayleigh range. R(z) is the curvature of the wavefront at position z. When z = 0, R(z) goes
to infinity which means the wavefront at z = 0 is a plane. A single parameter ¢ is defined
to characterize the properties of a Gaussian beam

1 1 A

4z " R()  mu(z) (5.21)

The propagation of a Gaussian beam can be mapped onto the transformation of the
parameter ¢(z) according to the ABCD matrix formalism [36, 98, 92].
In this formalism, the laser beam is modeled as a paraxial ray as shown in the . A paraxial
ray is characterized by two parameters: the distance between the ray and the optical axis y
and the slope of the ray 6. The optical system can be modeled by its principal planes P,
and P,;. The distances between the principal planes and the input/output planes are x; and
Z9, respectively.

The parameters of the output ray depend on those of the input ray. This is conveniently

written in the matrix form

A B
Y21 _ n (5.22)
0 ¢ D th

The determinant of the transformation matrix is unity:
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AD — BC =1.

The matrix elements are related to the focal length of the optical system and to the position

of the principal planes by

4 = 12
T
1
c = -
/
D = 1—% (5.23)

The ABCD matrix for elemental optical systems are summarized as follows:

By combining the results in Figure 5.5, one can compute the matrix for other optical
systems. For example, if a ray travels a distance of d in vacuum before it enters a positive
lens with a focal length f, then the output ray from the lens will have the its parameters

given by

1 0 1 d
Y2 Y1 (5.24)
1

0, —% 0 1 61
Pay attention to the order of the matrices in above equation. If the initial state of a Gaussian
beam is given by g¢;, then after the beam passes through an optical system described by a

ABCD matrix, the final state g5 will be

_ ¢GA+B
qf_QiC'—i-D'

It should be mentioned that for more careful study of the propagation of laser pulses, a
4 x 4 matrix is used to include not only the ray properties but also the dispersive effects.
Details about the generalized ABCD matrix formalism can be found in [36]. In the study
of this thesis, however, we used traditional 2 x 2 ABCD matrices because those dispersive
parameters are difficult to be determined by either experiments or theories. In the following
discussion, we will see that the calculation with 2 x 2 ABCD matrices can provide good

enough guidance for designing a cavity.
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Optical System ABCD Matrix

(a) d
I 1
Medium n d
n
| | 0 1
Pin Pout
(b)
f
1 0
. 1
f
Pin Pout

Figure 5.5: ABCD matrix for elemental optical systems. (a), Uniform material with the

refractive index n. (b), Convex lens with a focal length f.
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5.4 MODELING OF A LASER CAVITY

In order to design a cavity that can be operated in mode-locked mode, ABCD formalism can
be exploited to compute the stability of the cavity!. Mode-locking can be achieved at the
boundary of the stable region. Generally the dynamics of the laser pulse are complicated,
and a numerical method is required to solve the equations. A laser cavity can be modeled
as the following:

The total cavity length L is determined by the repetition rate f,.p.

o
2f7'ep .
The time ¢t = 2/ f,., is the time for a pulse to take a round-trip inside the cavity. The total

L

(5.25)

cavity length can be approximately divided into two parts: L;, which is the length of the
path f; —Ms— M (See Figure 5.8), and Ly, which is the length of the path fo — M;—M;—OC
(See Figure 5.8). The ratio between L; and Lo, however, is generally related to the focal

length of each focusing mirror [99]

RLi—fr _
PLi—-f

In our case, both focusing mirrors have the same focal length, which means f; = f.

(5.26)

It is found that when the parameter v is about v ~ 1.75, the cavity favors the mode-
locking state to the continuous wave mode [99]. Generally the distance between two focusing
mirrors is much smaller than the total length of the cavity. Therefore one approximately has

L ~ L 4+ Ly. There are two equations for L, and Lo

Ly — f
—1.75 (5.27)
Li— fi
L+ Ly = 2; (5.28)
rep

From Eq.(5.27)and Eq.(5.28), the length of each arm can be figured out.

'The Mathematica codes used for the calculation are listed in Appendix B.
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Astigmatism can cause instable cavity. Because it is the concave mirrors that we use to
focus the Ti:sapphire laser, generally when the incident light has a finite angle 6 relative to
the optical axis of a concave mirror, the concave mirror will focus the light to two different

focal points:

ft = %RCOS(G) (5.29)
1 R
fs = 3 cos(0) (5.30)

f+ is referred to as the tangential focus while f, is the sagittal focus. If the angle 6 is too
large, then these two foci in the Ti:sapphire crystal will be so far away that the pumping
efficiency is too low. However, the effective thickness for a Ti:Sapphire crystal with thickness

of d in both tangential and sagittal plane is different as well [36].

n?+1
n?+1

Therefore under certain conditions, the separation of f; and f; can be compensated. The
detailed discussion can be found in [100] and [36]. The compensation happens at the incident

angle 6

2dvnt—1 sin’0

R n*  cosh’ (5.33)

Our simulation can be done in both tangential and sagittal plane, and the details are
symmetric except the focus is different. In the following, we will discuss the calculation
details for the tangential plane. In order to calculate the conditions for mode-locking to
happen, we follow the procedure presented in [101] and [102]. The cavity is divided into two
parts: The first part is from the left surface of the Kerr medium, which is Ti:Sapphire in
our case, to the end mirror EM; then back to the left surface; the second part is from the
right surface to the end mirror EM; then back to the right surface. We need to compute the
ABCD matrix corresponding to these two parts. The first one M; is
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Cy Dy 0 1 —% 1 0 1
(5.34)
0 1 0 1 —% 1 0 1
The second one M, is
AQ BQ 1 =z 1 0 1 L2
Cy D, 0 1 —% 1/ \0 1
10 1 Lo 1 0 1 =«
(5.35)
0 1/ \0o 1 —% 1/ \o 1

The identity matrix in the middle represents the reflection of a normally incident Gaus-
sian beam. M; and M, represent the propagation of Ti:sapphire beam outside the crystal.
According to the discussion in [101], we must calculate a third matrix Mz which represent

the propagation of the Ti:sapphire beam from EM; to EM,

Az Bs 1 Ly 1 0 1 =z
Cs Ds 0 1 —% 1 0 1
1 dt 1 z—ax— dt 1 0 1 Ll
(5.36)
0 1/ \0 1 -+ 1/ \0 1
Two parameters are introduced to simplify the algebra
BiD,  AChd,
=2 — :
(0751 dt 5 (5 37)
B2D2 AQCth
=2 — 5.38
25 d, 5 ( )
The stability of the cavity is described by the function S = S(z, z)
S(l’, Z) = A3D3 + Bgcg. (539)
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When the value of S(z, z) is in the range —1 < S(z, z) < 1, then the cavity can provide

output as a stable CW laser [101]. The occurrence of mode-locking is given by the function

_1dw

(5(1‘,2) - 6%7

where w is the width of Ti:sapphire laser beam and p is the Ti:sapphire laser power normal-

ized by the critical power P, which is the power required for self-focusing to happen[103]

ceo\?

Pc = )
271'71/2

(5.40)
where )\ is the vacuum wavelength of the Ti:sapphire laser and ns is the nonlinear refractive
index as discussed in the previous chapter. When mode-locking happens, it is required that
d(z, z) < 0 which means that the larger the Ti:sapphire laser power is, the smaller the beam

width is, which is exactly the self-focusing effect.

In terms of the ABCD matrix elements, the function ¢ is written as [101]

_1 a; + aS(x, 2)
203 + ad + 201005z, 2)

dz,2) = (5.41)

By combining the conditions of —1 < S(z,2) < 1 and §(z, z) < 0, we can compute the
phase diagram for S(z,z). In Figure 5.7, the two stable regions, where —1 < S(z,z) < 1,
are separated from each other. Mode-locking can be expected to happen at the boundaries
of these two regions [102].

Another question that needs to be addressed is how well the pump laser can spatially
overlap with the Ti:sapphire laser. The pumping laser is focused to the Kerr crystal, and its
beam waist is assumed to be at the center of the crystal. Ti:sapphire beam is also assumed
to have its beam waist at the center of the crystal. From Gaussian optics, we know that at

the beam waist, the parameter ¢ should be imaginary [104]

7T’UJ2

_— 5.42
= (542

q:

where w and A are the width and the wavelength of the pumping beam respectively. For

an optimal mode matching, the beam waist of the pumping laser should be smaller than

96



stfp T
80 .

79 .

z (mm)

74 - ‘ ) ) ‘ ) ) ) ) ) ) ‘ ) ‘ ) ) ‘ N
25 30 35 40 45

X (mm)

Figure 5.7: Stability of the cavity. The color scale indicates the value of S(x,z).
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the beam size of the cavity mode as discussed in [104] and [105]. The ¢ parameter for the

pumping beam at the incident plane is

Tw?

p0
= — A4
dpo Z>\p ) (5 3)

where wpp = 2 mm is the beam waist at the incident plane, and A\, = 532 nm is the pumping
wavelength. The ABCD matrix for the pumping beam to go from f lens to the Kerr medium

is

A, B 1 x4+ % 1 0 1 1 0
R 2 Y (5.44)
C, D, 0 1 % 1 0 1 —% 1

Note that now the focusing mirror f; becomes a negative lens for the pumping light. The ¢

at the waist in the Kerr medium is then given by

o qpoAs + By

= ) 5.45
qp Qp(]C4 +D4 ( )

Since this is the waist of the focused pumping beam, ¢, should be imaginary, which requires

that

2w4
2 AiC+ BiDy = 0. (5.46)

P

From Eq.(5.46), the relation between the distance y and = can be found, so we can express
y as a function y = y(x). This relation can be then plugged into Eq.(5.45) to solve for the
beam waist w, = w,(z).

On the other hand, the beam waist of the cavity mode in the Kerr medium can be
calculated by starting with constructing a ABCD matrix describing a complete cycle of the
cavity mode traveling from the center of the Kerr medium, getting reflected at both end

mirrors and coming back to the center:
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As Bs 1 2\ (1« 1 0\ (1 Ly
Cs D 0 1 0 1 —% 1 0 1
10 1 L, 1 0 1 x 1 d,
0 1 0 1 —% 1 0 1 0 1
1 z—x—d, 1 0 1 Iy 10 1 L
0 1 —% 1 0 1 0 1 0 1
1 0\ (1 z—2—d;\ (1 % (5.47)
—1 1/ \o 1 0 1. '
ft
The g paramter for the cavity mode is
" q.Cs+ D5’ '

Again ¢. should be imaginary at the waist. Generally, the real part of ¢, is a function of z
and z. From the phase diagram, we can look for the suitable range of x in the stable region

of z by solving the equation

Re(ge(x)) = 0

Once we have the range for x, we can solve for the beam waist of the cavity mode

/\c
mIm(g.(x))

By comparing w.(x) with w,(z), and taking into account the condition w,(x) < w.(x) for

we(z) =

(5.49)

the optimal mode matching, we can pin down the range of x that leads to the condition for
mode-locking to happen with the highest possibility. Once we have the solution for x, we
can also solve for y via Eq.(5.46).

In the above discussion, we outline how to calculate the orientation angle for a pair of
focusing mirrors in order to compensate the astigmatism. By using ABCD matrix formalism,
the distance between the focusing mirrors z, the distance between the Ti:sapphire crystal

(Kerr medium) and the focusing mirror  and the distance between the focusing mirror and
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the focusing lens for the pumping laser d can all be computed. So far all the calculations
are done in the tangential plane. In the sagittal plane, this process can be mirrored. The
value of each parameter in both planes shows a slight difference. Nevertheless, calculations

discussed here can serve as the guideline for cavity design.

5.5 CAVITY PERFORMANCE

In our customized cavity, the Ti:sapphire crystal is 2 mm thick (CrystalSystem), the focusing
mirrors have the radius of 75 mm (Layertec, product number 106234), the repetition rate is
designed to be 100 MHz. The cavity folding mirrors are specially designed to compensate the
GVD of one another so that each pair has a overall negative GVD (Layertec, product number
102225). In order to have a fine control of the cavity GVD, a pair of fused silica wedges
(FemtoLasers, product number OA124) are inserted into the beam path. The transmission
of the output coupler (OC) (Layertec, product number 101907) is 5%. The structure of the

cavity is shown in Figure 5.8.

Based on the parameters? for the intracavity optics shown in Table 5.1, we can calculate

the configuration for the cavity (Table 5.2).

The initial configuration (Config. A) can output pulses with about 20 nm FWHM in
the spectrum (Figure 8.1(a)). By measuring the pulse duration with a BBO crystal or a
GaAsP detector, we find the pulse width is typically about 30 to 40 fs. By replacing folding
mirrors (102225 from Layertec) with the ones that have broader bandwidth (103366 from
Layertec)(Config. B), the output light can have broader pulse width, which is around 45 nm
(Figure 8.1(b)). Calculations based on uncertainty relation shows that the pulse width can

be expected to be as short as 15 fs.

2The refractive indices are from public resource refractiveindex.info
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Figure 5.8: Ti:sapphire laser cavity configuration.

Parameter Value

Crystal thickness t =2 mm

Focusing mirror (f}, f2) radius | R = 75 mm

Focal length of lens f, fp = 75 mm

Refractive index for Ti:sapphire | n ~ 1.76 (800 nm)

Refractive index for fused silica | n ~ 1.45 (800 nm)

Table 5.1: Parameters for intracavity optics.
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Parameter Value
Ist Arm length (f; to M) L, ~ 944 mm
2nd Arm length (f, to OC) Ly =~ 556 mm

Folding angle 0 = 0y =~ 12°
Distance z x ~ 37.5 - 38.3 mm
Distance z z ~ 77.2 mm
Distance y y /&~ 56 mm

Brewster angle for Ti:sapphire | 0 ~ 60°

Brewster angle for fused silica | g ~ 55°

Table 5.2: Calculated cavity parameters.

(a) (b)

v M 1.00m:

814 nm 833 nm 798 nm 843 nm

Figure 5.9: The spectrum of the home-built Ti:sapphire laser cavity. (a) The spectrum
corresponds to the Configuration A. (b) The spectrum is for Configuration B.
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Shape Intensity Spectral Tp Aw, Cp
Profile I(t) Profile S(£2)
Causs | e 24/7)° e~ (@/2)? 11777 | 2.355/7 | 0.441
Sech sech?(t/T) sech?(mQr1/2) 1.7637 | 1.122/7 | 0.315
Lorentz | [1 + (t/7)?]72 e~ 1.2877 | 0.693/7 | 0.142
Asym.sech | [e/7 + e 37|72 | sech(m§)T/2) 1.0437 | 1.677/7 | 0.278
Square | 1 for |t/7| <1 sinc?(Q2r) T 2.78/1 | 0.443
0 elsewhere

Table 5.3: Examples of standard pulse profiles.

5.6 ULTRASHORT PULSE MEASUREMENT

Nowadays, the table-top ultrafast laser can output sub-100 fs pulses. In order to characterize
the pulse width, generally, we need something faster in order to sample the pulse. However,
this can be challenging practically. A usual way to measure the pulse width is optical
autocorrelation. In an autocorrelation measurement, one laser pulse is split into two identical
pulses, which interfere with one another in an interferometer. Because the temporal and
spectral characteristics of the field are related through Fourier transform, the bandwidth
Aw, and the measured pulse FWHM 7, cannot vary independently of each other. There is

a minimum bandwidth-duration product (uncertainty relation):

Aw,T, = 2t Af,1, > 21Cp, 5.50
pTp pTp

where Cp is a numerical constant on the order of 1, depending on the actual pulse profile
(Table 5.3). For example, Figure 5.12 shows the autocorrelation measurement for our cus-
tomized laser. The measured FWHM is about 7, = 53 fs, and the pulse profile is assumed

to be a Sech function. From Table 5.3, the pulse width is 7 = 7,/1.763 ~ 30 fs.
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5.6.1 Field Autocorrelation

The field autocorrelation function is defined as

Aﬂﬂ:i/E@ﬂT@—TMt (5.51)

The Fourier transform of Af(7) gives the spectrum of E(t). To see that, we can define the
field of light as E(t) = £(t)e~™*, where £(t) is the field envelop function discussed before.

Notice that this envelope function is symmetric in time, namely £(t) = £(—t). Therefore

E(t—1)=&E(t— 7‘)6““‘7) =&(1— t)e_iw(T_t) = FE(r —1)

The field autocorrelation function is then

xﬁﬁ%i/E@Eﬁ—wﬁ, (5.52)

which should be recognized as the convolution of E(t). The Fourier transform of A(7) is

FMAﬂ%i/ﬂWh/E@Eﬁ—ﬂﬁ
:/mE@&f/mEﬁ—QJW%
— / dLE(t)e™ / dt' Bt )e )

= |E@Q)* (5.53)

Therefore, field autocorrelation provides information about the spectral amplitude of E(t),
while it doesn’t capture the information about spectral phase. This forms the basis of Fourier
transform spectroscopy [106]. Field autocorrelation can be readily realized in experiments

by using a Michelson or Mach-Zehnder interferometer® with a linear photodetector which

3The difference between Michelson and Mach-Zehnder setup is that a Michelson interferometer uses only
one beam splitter to split and recombine pulses while a Mach-Zehnder uses two beam splitters: one for
splitting, the other for recombination.
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responds to the average intensity of light I,,. = [dtE(t)E*(t). The measured signal on the

detector is then

Ap(r) = / (B(t) + B(t — 7))(B(t) + B(t — 7))"dt. (5.54)

We can expand this expression

Ap(1) = / dt(E(t)E*(t) + E(t —1)E*(t — 7))

+2 / dt(E()E*(t —7) (5.55)

When the time delay goes to infinity, we can expect the autocorrelation function to be zero,
which means there is no correlation between E(t) and E(t — 7) if they are separated too far

way in time

lm Ap(7) = 2l . (5.56)

T—00

On the other hand, at zero delay 7 = 0, we expect the correlation to be the strongest. The

peak value is

lgI}) Ap(1) = 4 ge (5.57)
Therefore, we have the ratio
A (0
O 90y (5.58)
Aj(o0)

This result can be seen in Figure 5.10(c). The field autocorrelation is sensitive to the chirp
in the pulse: If the instantaneous frequency of a laser pulse depends on time (Figure 5.10(b))
like in the example of self-phase modulation, this effect will be reflected in the field autocor-

relation measurement (Figure 5.10(d)).
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Figure 5.10: Field autocorrelation. (a) The electric field of a laser pulse. (b) The field
autocorrelation trace of the pulse in (a). (¢) The electric field of a laser pulse of which the
instantaneous frequency depends on time. (d) The field autocorrelation trace of the pulse in

(c). (This figure is created by Pgabolde and released on the Wikipedia.)
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5.6.2 Interferometric Autocorrelation

If the photodetector used for an autocorrelation measurement is a nonlinear detector that can

respond to I?2 then the interferometric autocorrelation can be carried out. Its functional

pulse’

form is

Ay(r) = / (E(t) + Bt — 7))(E(t) + E(t — 7))")dt. (5.59)

To expand the A;,(7),

Ay(r) = / (B0 E2() + EX(t — 1) E2(t — 7))
14 / GE()E*($)E(t — ) E*(t — 7)
+ / dt(E*(L)E*(t — 1) + E%*(t — 7)E**(t))
+2 / GE()E (1) (E()E(t — 7) + E(t — ) E* (1))
+2 / QE(t — 7)E*(t — ) (E()E*(t — 7) + E(t — 7)E* (1)) (5.60)

By following the same analysis, we can find

A;(0)
Ajni(00)

In Eq.(5.60), it is not difficult to see there are terms describing fast oscillations: The

=8:1. (5.61)

term E%(t)E**(t — 1)+ E?(t — 7)E*%(t) is proportional to cos(2wT); the term E(t)E*(t —7) +
E(t — 7)E*(t) contains the oscillation cos(w). That is the reason that there are oscillation
fringes showing up in the interferometric autocorrelation trace (Figure C1(b)). The chirp
present in a pulse can also be detected by the interferometric autocorrelation (Figure C1(d)).

Interferometric autocorrelation can be realized by either exploiting the SHG generated by
nonlinear optical crystals such as BBO or by measuring the photocurrent produced by two-
photon absorption materials such as a GaAsP detector (Hamamatsu, model number G1117).
Figure 5.12 shows the interferometric autocorrelation result for the home-built laser. The

pulse width is measured as 30 fs.
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Figure 5.11: Interferometric autocorrelation. (a) The electric field of a laser pulse. (b) The
interferometric autocorrelation trace of the pulse in (a). (c¢) The electric field of a laser pulse
in which a certain mount of chirp is present. (d) The interferometric autocorrelation trace

of the pulse in (c). (This figure is created by Pgabolde and released on the Wikipedia.)
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Figure 5.12: Pulse characterization with GaAsP.
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5.6.3 Intensity Autocorrelation

If we can somehow remove these oscillating terms in Eq.(C.1), for example, by making two

fields have perpendicular polarizations, the resulting autocorrelation function will be

Ap(r) = / dt(E*(t)E**(t) + E*(t — 7)E**(t — 7))
+4 / dE(t)E* () E(t — 7)E*(t — 1) (5.62)

Since it only contains the intensity terms, A;(7) is referred to as the intensity autocorrelation
function. It is easy to show that
Ar(0)

Tiee] ~ 31 (5.63)

Unlike field autocorrelation and interferometric autocorrelation, intensity autocorrelation
is not sensitive to the chirp in the pulse (Figure 5.13(d)). Therefore among the three kinds
of autocorrelation measurement, interferometric autocorrelation provides the most complete
information regarding the characteristics of an optical pulse. In Chapter 7, we will discuss the
autocorrelation experiments for the photoconductive nanostructures created at the interface
of LaAlO3 and SrTiOs;.

Characterization of ultrashort laser pulses is not an easy task. In Appendix C we will

discuss some experimental issues about interferometric autocorrelation measurement.
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Figure 5.13: Intensity autocorrelation. (a) The electric field of a laser pulse. (b) The
intensity autocorrelation trace of the pulse in (a). (c¢) The electric field of a laser pulse
whose instantaneous frequency depends on time. (d) The intensity autocorrelation trace of

the pulse in (c). (This figure is created by Pgabolde and released on the Wikipedia.)
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6.0 INTERFACE PHOTOCONDUCTIVITY

In this chapter, we will discuss the photoconductive nanostructures fabricated at the interface
of LAO/STO by c-AFM lithography!.

Nanophotonic devices are designed to generate, guide or detect light using structures
with nanoscale dimensions that are closely tied to their functionality [107, 108, 109, 110].
However, the integration of photonic nanostructures with electronic circuitry [111] remains
one of the most challenging aspects of device development. Here we report the development
of rewritable nanoscale photodetectors created at the interface between LaAlO3 and SrTiOs.
Nanowire junctions with characteristic dimensions of 23 nm are created using a reversible
conductive atomic force microscope writing technique [21, 22]. These nanoscale devices
exhibit remarkably high gain for their size, in part because of the large electric fields produced
in the gap region. The photoconductive response is electric field-tunable and spans the visible
to near-infrared regime. The ability to integrate rewritable nanoscale photodetectors with
nanowires and transistors in a single material platform foreshadows new families of integrated

optoelectronic devices and applications.

6.1 INTRODUCTION

The discovery of a quasi two-dimensional electron gas (q-2DEG) at the interface between
insulating oxides [13] has accelerated interest in oxide-based electronics9. The interface

between LaAlO3 and SrTiO3z undergoes an abrupt insulator-to-metal transition as a function

'P. Irvin, Y. Ma, D. Bogorin, C. Cen, C. W. Bark, C. M. Folkman, C. B. Eom and J. Levy, Nature
Photon. 4, 849-852 (2010)
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of the number of LaAlOj3 layers [15]; for structures at or near the critical thicknesst,., which is
3 unit cell(u.c.), the conductance becomes highly sensitive to applied electric fields [15]. By
applying the electric field locally using a conductive atomic force microscope (c-AFM) probe,
one can control this metalinsulator transition with a resolution approaching 1 nm [21, 22].
Devices such as rectifying junctions [23] and transistors [22] can be created, modified and
erased with extreme nanoscale precision. Additionally, because LaAlO3 and SrTiO3 are both
wide-bandgap insulators, they are essentially transparent at visible wavelengths, making it

an interesting material system on which to search for photonic functionality.

6.2 EXPERIMENTAL METHODS

The samples used for experiments are grown by pulsed laser deposition (PLD) at temperature
T = 550 °C' and oxygen pressure Pp, = 1072 mbar. In order to probe the interface of
LaAlO3 and SrTiOs, low-resistance electrodes are contacted directly to the interfacial quasi-
two dimensional electron gas (q-2DEG). Argon ion beam etching is used to mill 25 nm deep
into the Sr'TiO3. Electrodes are then formed by first sputter-depositing a 2 nm Ti adhesion
layer followed by 23 nm of Au into the etched region.

Nanostructures are created at the LAO/STO interface by applying positive voltages
to the c-AFM tip. Nanoscale insulating gaps are formed by cutting these nanowires with a
negatively biased c-AFM tip that passes over the nanowire. Electronic nanostructures can be
created with a high degree of precision and, furthermore, are relocatable and reconfigurable.
The simplest nanophotonic device consists of a nanowire with a narrow gap or junction.
This device was created by first writing the wire with a c-AFM tip bias of V};, = +10 V,
producing a nanowire with a width of w,, = 2.5 nm (Figure 6.1). The junction was created
by crossing the wire with V};, = —10 V, producing a gap with comparable width w,, = 2.5
nm.

In order to locate the working area under an optical microscope, a confocal scanning
optical microscope (CSOM) is exploited. The working principle is shown in Figure 6.2.

Ideally, the pinhole passes the light reflected from the focal plane (for example, the plane
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Figure 6.1: Width of wire. Width of wire is determined by moving a reverse-biased tip across
the wire while monitoring the conductance G. The change in conductance is fitted to the
function G(x) = Go+ Gitanh(z/h). Also plotted is the deconvolved differential conductance

(dG/dx), from which we determine the width of the nanowire.
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Figure 6.2: Confocal scanning optical microscope (CSOM). (a) The working principle of
CSOM. (b) A typical setup of CSOM in experiments.

P in Figure 6.2(a)) but blocks scattering light from any other planes (for example, the plane
P’ in Figure 6.2(a)). The spatial resolution can be enhanced in this way. Figure 6.2(b) shows
a typical setup for CSOM. The reflected light from the sample is collected by the objective,
and then coupled into a single mode fiber which has a core size about 8 ym and serves as a
pinhole. The light coming out from the fiber is then measured by a Si photodetector. The
light is modulated by a chopper and a lock-in amplifier is used to demodulate the output
from the Si photodetector. By performing this lock-in measurement, the signal to noise ratio
can be enhanced. Figure 6.3 shows a typical reflection image taken by CSOM with a HeNe
laser (Agene = 632.5 nm). The whole scanning area is 30 um by 30 pm. The surrounding
electrodes, which have the width of 4 ~ 5 pym, can be resolved. Since the gold has much
better reflectance than either LAO or STO?

Another technique is the scanning photocurrent microscope (SPCM)[112, 113, 114]. In
our experiments, the oxide nanostructures are biased with certain voltage. The laser beam

is focused onto the sample and raster-scanned over the sample, and the current is measured

2Both of them are actually transparent in this wavelength based on their bandgap as we discussed in the
Introduction chapter.
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Figure 6.3: Reflection image taken by CSOM with A = 632.5 nm. The scanning range is 30
pm by 30 pm. The surrounding gold electrodes, which has a lateral size about 4 to 5 ym

are resolved in the image.
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as a function of the laser spot position. When the light overlaps with the device a sharp
increase in the photocurrent is observed (Figure 6.4). Photocurrent measurements have been

performed as long as nine days following c-AFM lithography.

6.3 CHARACTERIZATION OF PHOTOCONDUCTIVITY

The photosensitivity of the devices written at the LaAlO3/SrTiO3 interface is spatially lo-
calized near the gap regions (Figure 6.5). An SPCM image of the photocurrent between
two electrodes that do not have a device written between them shows a spatially diffuse
photocurrent of less than 2 pA (Figure 6.5(a)). The SPCM image shows a localized pho-
tocurrent in the region of the junction (Figure 6.5(b) and (c)). The devices are erasable and
reconfigurable. Furthermore, they are not damaged by illumination with / on the order of
KW -em™ intensity. After performing SPCM measurements on the device shown in Figure
6.5(b), the device was erased and a new device created farther from the electrodes (Figure
6.5(c)). The photosensitivity of these devices could be optically modulated at frequencies as
high as 3.5 KHz, and the response appeared to be limited by the RC time constant of the
device.

The functionality of these devices can be extended by adding an independent gate elec-
trode. Here, we adopt a geometry previously investigated as a nanoscale transistor, a
SketchFET|[22]. The gate electrode is written perpendicular to the existing sourcedrain
nanowire (Figure 6.6).

A gate bias Vp can be used to modify the sourcedrain conductance, enabling conduction
between source and drain for positive Vigp and inhibiting it for negative Vgp. As for the
case of the two-terminal wire with junction, photocurrent that is spatially localized near
the junction is observed where the device was written (Figure 6.7(a)). A simultaneously
acquired laser reflectivity image (Figure 6.7(b)) does not show any observed signature of the
nanophotonic detector, such as changes in the absorption or scattering, which is also the
case for two-terminal devices.

SPCM images were acquired for an array of source and gate biases. To quantify the
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photocurrent (nA)

Figure 6.4: Sample photoresponse. Photocurrent collected from a drain electrode (D) versus
source bias (Vsp applied to a source electrode (S)) when the laser is focused on the pho-
todetector (closed symbols) and 25 mm away (open symbols). Data points are derived from
a Gaussian fit to an SPCM image (See the following discussion). (Wavelength,A = 633 nm;
laser intensity, I ~ 20 W -cm™2 (numerical aperture, NA = 0.73); temperature, T = 80 K.).
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photocurrent (pA)

Figure 6.5: Scanning photocurrent microscopy (SPCM) images of various nanostructures
written at the LaAlO3/SrTiO;z interface. Images are 50 x 50 pum?. Dashed lines indicate
boundaries of areas where electrical contact is made to the LaAlO3/SrTiO3 interface; solid
lines indicate the locations of nanowires. (a) SPCM image of area before any nanostructures
are written. (b) SPCM image for a nanowire junction written close to a pair of electrodes.
(c) SPCM image formed after erasing the previous nanowire and writing a second nanowire
junction in a new location. (d) SPCM image for a set of seven parallel wires with adjacent
junctions of width w; = 2.5 nm; the separation between wires is ws = 2 mm. ((a) and (b),
I~20 KW-em™ Vsp = 0.5V; (c) and (d), [ ~ 30 KW -em™2, Vgp = 0.1 V. All panels:
NA =0.73, T = 300 K.)
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Figure 6.6: Nanophotonic detector geometry. Typical geometry used for three-terminal
devices. The source-drain junction width w; is on the order of the size of the wire width, w,,
= 2.5 nm. The gate electrode is positioned 50 nm from the source-drain wire. The T shape

helps ensure a uniform electric field from the gate at the site of the junction.
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Figure 6.7: Three-terminal, nanoscale, locally gateable photodetector. (a) SPCM image at
source and gate biases (Vsp and Vgp, respectively) of +10 V. (b) Simultaneously acquired
reflectivity image. Dashed lines show outlines of electrodes. Solid lines represent nanostruc-
tures written with a c-AFM. Both the nanowire widths and gap separations are exaggerated
for clarity. Scan size is 50 x 50 um?. (c) Photocurrent as a function of Vsp and Vgp. (d)
Photocurrent as a function of Vgp plotted for different values of Vgp. (I ~ 20 KW - em™2,

NA = 0.13, T = 80 K.)
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amplitude of the photocurrent response, a two-dimensional Gaussian function is fit to the
SPCM images was performed. The image is fit to a two-dimensional Gaussian function

(z—20)? | (y—yp)?

flz,y) = Ao+ Aye > 2 (6.1)

where Aj is the image offset, A; is the amplitude of the 2D peak, xq and y, are the
peak offsets, and o, and o, are the peak widths. We then define the photocurrent as
ipc = A1 — Ap. The amplitude of the Gaussian fitting (photocurrent amplitude) measured
as a function of Vsp and Vigp (Figure 6.7(c)) exhibits a polarity that is always the same
sign as Vsp, irrespective of Vip, indicating that there is negligible leakage current from
the gate to the drain. Furthermore, the photocurrent amplitude is suppressed when Vgp is
positive while Vi;p is negative, demonstrating the ability of the gate electrode to tune the
photoconductivity in the sourcedrain channel (Figure 6.7(d)).

To investigate the wavelength dependence of these devices, a mode-locked Ti:sapphire
laser was focused into a photonic-crystal fibre, which induces very strong self-phase modula-
tion to the laser pulses, to provide tunable laser illumination over the continuous wavelength
range 600 — 1000 nm (ref.[115]). As the white light source power varies with wavelength,
the normalized responsivity of the device (i,./P, where iy, is the photocurrent and P is
the laser power) is shown over this wavelength range (Figure 6.8). A reflecting objective
(Ealing 25-0506 15X reflecting objective) was used to maintain a constant illumination area
versus wavelength. Data points in the vicinity of the pulsed laser source (780 nm) are not
shown because of the high peak power and nonlinear effects in the sample (Figure 6.9). A
Stark-shifted spectral response is observed with changing Viop. At positive Vgp, the pho-
todetector response redshifts as the gate bias is increased. A similar Stark shift is observed
when sweeping the source bias(Figure 6.10).

The tuning of the responsivity is enhanced for positive Vsp, which is consistent with the
behavior demonstrated in Figure 6.7. This evidence of a Stark effect, together with finite-
element analysis showing that the electric field is predominantly confined to the gap region
(Figure 6.11), indicates that the photo-induced absorption is highly localized.

The intensity dependence of the photocurrent exhibits power-law behavior (Figure 6.9(b)).Jj

The photocurrent is assumed to have the intensity dependence as i,. = AI™, where A is a
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Figure 6.9: Spectral sensitivity and intensity dependence from visible to near-infrared wave-
lengths. (a) Responsivity of photodetector from 532 nm to 1,340 nm. Symbols are derived
from Gaussian fits of SPCM images; lines are guides to the eye. (b) Photocurrent versus
optical intensity for different laser wavelengths. Lines are power-law fits. The inset shows
the power-law exponent m as a function of wavelength. Error bars represent one standard
deviation from the best fit value. (All panels: Vsp =2V, Vgp =0V , NA = 0.13, T = 80
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Figure 6.11: Finite element method simulation of electric field E under different bias con-
ditions. (a) Vsp =3 V, Vgp = -5 Vand (b) Vsp =3 V, Vgp = 5 V, assuming dielectric

constants esro = 300, eLa0 = 24, €4 = 1 and conductive region thickness of 2 nm.

proportionality constant, I is the laser intensity, and m ~ 1.2 to 1.4. The super-linear scal-
ing with laser intensity is similar to other systems that are near a metalinsulator transition

116, 117).

There are several possible mechanisms for the photoconductivity. The direct and indirect
bandgaps of SrTiO3 (Eg 3.75 eV and 3.25 eV, respectively [19]) are too large to explain the
visible to near-infrared photoresponse. Above-band photoexcitation of SrTiO3 can produce
excitonic luminescence at visible wavelengths, indicating the existence of mid-gap states
[118, 119, 120]. The most readily formed mid-gap states are associated with oxygen vacan-
cies, which are known to form during substrate preparation [121, 122, 123] and growth of
LAO/STO heterostructures [124, 125, 126]. Localized states just below the conduction band
have been probed via transport in SrTiOgz-based field-effect devices [127]. Unintentional
doping of SrTiOj substrates (such as Cr, Fe or Al) can also contribute states within the

bandgap [128].

Electrons occupying mid-gap states can be optically excited into the conduction band
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using sub-bandgap light. The photoexcited electrons are swept across the junction by the
large electric field(E = Vsp /w, ~ 100 MV -ecm™1), resulting in photocurrent. The spectral
sensitivity we observe(Figure 6.8 and Figure 6.9) is consistent with previous optical mea-
surements on oxygen vacancy-rich samples [122, 123, 125, 129]. Along the nanowire and
sufficiently far from the gap, photo-induced current is negligible because the electric field are

screened or otherwise sufficiently small.

6.4 CONCLUSION

The rewritable photodetectors presented here bring new functionality to oxide nanoelectron-
ics. For example, existing nanowire-based molecular sensors [130] rely on the ability to bring
an analyte into contact with the sensing area of the detector. Here the roles are reversed:
a nanoscale photodetector can be placed in intimate contact with an existing molecule or
biological agent. It may be possible to take advantage of the significant Stark-shifted pho-
toresponse to improve the spatial sensitivity well beyond the diffraction limit. The ability
to integrate optical and electrical components such as nanowires and transistors may lead to
devices that combine, in a single platform, subwavelength optical detection with higher-level

electronics-based information processing.
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7.0 BROADBAND TERAHERTZ GENERATION AND DETECTION AT
TEN NANOMETER SCALE

Terahertz (0.1 THz-30 THz) radiation reveals a wealth of information that is relevant for
material, biological, medical and pharmaceutical sciences, with applications that include
chemical sensing, homeland security and high-speed electronics. To date, there have been no
methods capable of controlling THz radiation at molecular scales. Here we report both gener-
ation and detection of broadband terahertz radiation from 10-nm-scale oxide nanojunctions.
Frequency components of ultrafast optical radiation are mixed at these junctions, producing
broadband THz radiation. These same devices can detect THz radiation with compara-
ble spatial resolution. This unprecedented control, on a scale of four orders of magnitude
smaller than the diffraction limit, creates a pathway toward ultra-high-resolution near-field
THz imaging, single-molecule fingerprinting, spectroscopic characterization of catalysts, and

other applications.

7.1 INTRODUCTION

Terahertz (THz) radiation, with photon energies ranging from a few meV to a hundred meV,
is relevant for a wide range of applications and investigations. Examples include chemical
sensing[131], far-infrared optical properties of biomolecules like DNA [132], quantification
of crystallinity and polymorphism for drugs [133], THz spectroscopy of catalysts [134], and
investigations of electron-hole plasmas in I1I-V semiconductors [135]. A variety of materials
have been investigated for generating broadband THz emission, including photoconductive

emitters[136, 137, 83, 138], crystals such as ZnTe [139, 82], GaSe [81], GaAs [140, 141, 142],
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CdTe[142], LiNbO3[143] and gases [144].

THz detection can be achieved by a complementary set of approaches, including pho-
toconductive dipole antenna fabricated on low-temperature grown GaAs (LT-GaAs) [131,
137, 145], electric-optic (EO) sampling with crystals like ZnTe [81, 82] and LiTaOs3 [83, 84],
pyroelectric detectors [144], bolometers [146], Schottky barrier diodes [147], superconductor-
insulator-superconductor junctions [148|, and a single-photon detector [149].

One important application of THz spectroscopy is in the area of high-resolution imag-
ing and sensing. Nanoscale THz sources [150] and submicron detectors [151] have been
experimentally realized. Terahertz near-field imaging can achieve sub-wavelength spatial
resolution with probes such as apertures [152], metal tips [153, 154] and near-field detectors
[155, 156, 157]. However to date, the technology for THz imaging and spectroscopy is unable
to provide the spatial resolution necessary for single-molecule studies.

Here we explore the creation of nanoscale THz sources and detectors formed at the
LaAlO3 / SrTiO3 (LAO/STO) interface [13, 158]. When the LAO layer is at or close
to a critical thickness of 3 unit cells (u.c.), the metal-insulator transition can be locally
and reversibly controlled using a conductive atomic force microscope (c-AFM) tip [21, 22].
A variety of nanoscale electronic [22, 23, 24] and photonic [25] devices have already been
demonstrated. Compared to many other materials, Sr'TiO3z has unusually large third-order
nonlinear optical susceptibility [37]. Therefore, LAO/STO can be an attractive potential

platform for optically generating and detecting THz at nanometer scale.

7.2 SAMPLE GROWTH AND DEVICE FABRICATION

LAO/STO heterostructures are grown by pulsed laser deposition (PLD). The PLD system is
equipped with high-pressure RHEED, which is used for precisely monitoring layer-by-layer
growth of thin films in-situ. Low miscut (~ 0.05°) (001) SrTiO3 substrates are treated by
buffered HF and annealed in oxygen at 1000 C for 2 to 12 hours to produce TiOs-terminated
and atomically smooth surface that has single unit cell height steps. A KrF excimer laser

(248 nm) with energy density of 2.0 ~ 2.5 J/cm? and repetition rate of 3 Hz is focused onto
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a LaAlO3 single crystal target. Thin layers of LaAlO3 (3.4 u.c.) are deposited on top of
TiOs-terminated SrTiO3 at a temperature of 550 C and oxygen pressure of 1072 mbar. The
details of the growth and properties are reported elsewhere [159, 160].

Metallic electrodes are contacted directly with the interface of LaAlO3 and SrTiO3. The
deposition process involves two steps. In the first step, Ar™ milling etches 25 nm deep into
the SrTiOj followed by backfilling of 4 nm Ti adhesion layer and 30 nm Au layer. In the
second step, 4 nm Ti layer and 50 nm Au layer is deposited on top of the first Ti-Au layer
(Figure 7.1(a)). The first deposition establishes ohmic contact with the interface while the
second layer is used for bonding Au wires to make external electric connections. Atomic
force microscope (AFM) topography images like Figure 7.1(b) are obtained to identify a
clean canvas that has no broken electrodes and regular terraces (Figure 7.1(c)).

Conductive atomic force microscopy (c-AFM) is used for creating the conducting nanos-
tructures. The ”writing” and ”erasing” processes operate in contact mode. A lock-in ampli-
fier (Signal Recovery 7270) is used to monitor the change of the interface conductance. In
Figure 7.2(a) and (b), a sinusoidal excitation voltage (frequency fezeir ~ 26 Hz and ampli-
tude V' = 100 mV) is sent to the Source (S) and the current from Drain (D) is detected by
a lock-in amplifier at the frequency of f...;. During the device fabrication, AFM is kept in
the darkness to suppress any possible photo-doping process and the humidity is maintained
at the level of 30% to 35%. Positive voltage (the typical value is 8 V ~ 10 V) is applied to
the AFM tip for creating a conducting channel (Figure 7.2(a)) whereas negative bias is used
for cutting the channel (Figure 7.2(b)). When a conducting channel is successfully formed
between them, the drain current will increase sharply. Four-terminal structures adopted for

experiments presented in this letter have typical dimensions as depicted in Figure 7.2(c).

7.3 CHARACTERIZATION OF NONLINEAR PROCESS

Figure 7.3(a) illustrates the basic experimental setup. A nanojunction, consisting of a 10
nm wide nanowire with a 10 nm insulating barrier, is fabricated at the LAO/STO interface

with ¢-AFM lithography. Ultrafast (~ 30 fs) optical pulses from a Ti: Sapphire laser are
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Figure 7.1: Sample structure. (a) Side view of the sample layers. (b) A 35 pm by 35 um
atomic force microscope (AFM) image shows the topography of the sample. The overlap of

the first and second Ti/Au layer can be seen in the image. (c¢) Close-up topography image

clearly shows the terraces.
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Figure 7.2: Device fabrication and typical dimensions. (a) Conducting channel is written
with a positive bias on the ¢c-AFM tip. (b) A negative bias on the tip restores the interface
to its initial insulating state and therefore forms a gap in the middle of a conducting channel.

(c) The typical dimensions for the devices described in the text.
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divided into "pump” and "probe” beams by a Mach-Zehnder interferometer. Photoconduc-
tive properties are measured using a four-terminal geometry in which a voltage is applied
between source (S) and drain (D) electrodes, and two voltage sensing electrodes, V. and V_,
are used to measure the photo-induced differential voltage AV, =V, —V_. All experiments
are performed at 80 K except where noted.

By measuring AV}, as a function of the (x,y) coordinate of the focused light spot [25, 114],
a photoconductive image is generated. In Figure 7.3(b), the diffraction-limited peak shows
where the nanojunction was created. By allowing both beams to illuminate the nanojunction
and scanning the optical delay line (ODL), dynamical information can be resolved. In Figure
7.3(c), when the chopper is off, interference fringes are observed which is attributed to field
autocorrelation. It is noticed that the lower envelope shows larger amplitude than the upper
one. By turning the chopper on, lock-in detection can filter away the fast oscillations,
leaving only the asymmetric envelope to be detected by averaging over a large number of
measurements(Figure 7.3(d)). The response exhibits a full width at half-maximum (FWHM)
of 31 fs.

The spatial and temporal response of the device can be measured by repeating the time-
resolved measurement at a regular two-dimensional array of locations. After the position of
the nanojunction is located by measuring the time-averaged image (Figure 7.3(b)), an array
of spatial positions (Figure 7.4) is chosen.

The microscope objective (100X, NA = 0.73) is fixed on a closed-loop 3-axis piezo stage
(Piezosystem Jena Tritor T-401-1) which can then be digitally controlled to move the ob-
jective and focus the light onto each spot at which the time-resolved measurement could be
performed. At each point, the time-resolved signal is measured for V, set as-1V, 0V and +1
V. The time delay is calibrated by measuring the interference of a HeNe laser. By collecting
the data for all positions, the serial of time-space images could be formed (See Figure 7.5).

So far time-resolved measurements for the nanojunction have uncovered response which
is ultrafast in time, localized in space and tunable by external electric field. Several physical
mechanisms are considered to understand the origin of the LAO/STO nanojunction ultrafast
response. Processes involving resonant optical absorption and carrier relaxation can be ruled

out because the reported lifetime for photo-excited carriers in SrTiOgz is on the order of
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Figure 7.3: Time-resolved photoresponse measurement. (a) Representation of the experi-
mental setup. X and Y indicate the scanning axes. BS: ultrafast beam splitter. (b) AV,
image with the color scale showing its amplitude. (/,,. ~ 10 kW/cm? and V; = —1 V.) (c)
Time-resolved measurement. Interference fringes are observed when the chopper is turned
off. (d) Time-resolved measurement with the chopper on. Offsets have been subtracted.

This is the average over 120 measurements. (I, ~ 50 kW/cm? and V, = —1 V.)
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Figure 7.4: Positions chosen for time-resolved measurement. In the time-averaged photo-
induced AV}, image (the background image), each cross indicates a position at which the
time-resolved experiment is carried out. Totally there are 11 by 11 points with 1 ym sepa-

ration between two adjacent points. The color bar shows the amplitude of AV,.
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Figure 7.5: Tunable local ultrafast photoresponse. From top to bottom, the three rows
represent the measurement for V; = -1 V, 0 V and +1 V, respectively. From left to right,
the three columns correspond to the experiment performed at time delay 7 = -20 fs, 0 fs and

20 fs, respectively. (NA = 0.73, I, ~ 50 kW /cm? for both pulses.)
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nanosecond [119, 161]. Nonlinear x® or x® processes, on the other hand, have a much
greater inherent bandwidth. SrTiOjz is a centrosymmetric crystal that should not exhibit a
bulk second-order nonlinear response. Because inversion symmetry is broken at the interface
of LAO/STO, x® processes can exist [20]. However, the ultrafast response measured here is
highly localized at the junction and can be tuned by external electric field; hence, intrinsic
x? processes are unlikely to play an important role. The electric field is strongly confined
around the nanojunction [25] and can be on the order of 10¢ V/cm. Therefore, it is believed
that the observed ultrafast response results from a y® process involving one quasi-static

local field across the junction and two optical fields:

Pyp(wr — wp) = 50X5§12;1(W1 — wy, 0, w1, —ws) B BN (w1) By (—ws), (7.1)
where Pj; is the nonlinear polarization, XZ(.?,)CZ is the third-order susceptibility at the nano-

i

i .o is the electric field across the nanojunction, and E*(w) is the optical field (i,

junction, F
i, k, 1 =x,y, z).

The nonlinear polarization Pj; combines the spatial resolution of the bias field and
temporal resolution of the optical field (Figure 7.6). In the experiments described here, the
optical fields Efpt are localized in time (~ 30 fs duration), and confined to ~ 1 pm in the

plane of the junction. The quasistatic field from the junction EY. . is localized within a

volume V ~ (10 nm)3, defined by the spatial extent of the nanowire which is known from
prior investigations [15, 25]. A similarly high spatial and temporal resolution applies for
detection, as described in more detail below.

The nonlinear response is analogous to GaAs crystals excited by off-resonance irradiance
[140, 141]. For these oxide heterostructures, the incident light has a photon energy ~ 1.48
eV, and SrTiOj has a direct and indirect band gap of 3.75 eV and 3.25 eV, respectively [19];
hence, the interaction between non-resonant photons and valence electrons in Sr'TiO3 can be
described as a virtual absorption process [162, 163, 164]. Physically, the picture indicates
that, when valence electrons interact with non-resonant photons, the electrons remain bound
but are shifted from their equilibrium positions by the optical electric field, the result being

a transient dipole moment produced via a x® process that reduces the static external field

(Figure 7.7(c)). Because this process involves no real absorption, a FWHM comparable to
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Figure 7.6: Spatiotemporal confinement of the nonlinear polarization. The DC bias field is
local in space, while the optical field is local in time. Consequently, the x® polarization is

confined both spatially and temporally.

138



that of the laser pulse is expected (for example, Figure 7.3(d)).

In order to characterize the x® process, in all measurements for a single-junction struc-
ture, a 2 ps time-delay range is scanned. In addition to the ultrafast response, illumination
of these nanojunctions also produces a time-averaged (slow) response manifested as overall
offsets in the bias-dependent curves in Figure 7.8. This offset can be attributed to the ab-
sorption of photons by electrons occupying the in-gap states in SrTiO3 [120]. Experiments
[161, 119, 165]have shown that SrTiOs, especially when subjected to growth of LaAlOs,
can form deep traps from either oxygen vacancies [125] or unintentional doping of SrTiO3
substrate [128]. Prior investigations of the wavelength dependence of the photoconductive
response and the Stark shifting under electric fields [25] is in agreement with the picture
that incoming near-infrared photons can be absorbed by electrons residing in states within
the SrTiO3 band gap.

In all characterization measurements, each time-resolved curve is fit to a hyperbolic

secant function

f(t) = Ay + Aysech?((t — to) /tw) (7.2)

within a time window of 300 fs (black lines in Figure 7.8. Following the fitting process, the
amplitude A; can be plotted as a function of source bias V; (Figure 7.9(a)), average intensity
Ipe (Figure 7.9(b)) and temperature (Figure 7.9(c)), respectively.

The model described above is consistent with the time-resolved signal dependence on
the strength of the applied static electric field across the nanojunction. According to Eq.
(7.1), the response should depend linearly on Ej;,s ~ V;/d, where d is the size of the gap.
In Figure 7.9(a), the amplitude of ultrafast response A; is fit toA; ~ V%, where a = 0.97 for
Ve, < 0and a =0.75 for V, > 0.

The x® process, described by Eq. (7.1), has a linear dependence on the light intensity
Iwe = E(w)E(—w). Fig. 2 (b) shows that in the moderate intensity range, the measured
dependence is in good agreement with what is predicted by Eq. (7.1), although certain
variation between the two devices is also noticed.

In Figure 7.9(b), for Device #1, measurements in the range 10 ~ 100 kW /cm? (corre-

sponding intensity I, ~ 0.1 ~ 1 mW) show a linear relation with the power law exponent
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Figure 7.7: Schematic band models for SrTiO3. (a) Energy band diagram showing the in-
gap states in SrTiOs. (b) External bias field can bend the bands and incident pulsed laser
initiates the interaction between photons and carriers. (c¢) Virtual absorption. Dashed gray
circles and dashed white circles are for virtual electrons and virtual holes respectively. (d)
Real absorption results in the photoconductive effect that contributes a finite offset in the

signal.
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where § = 1.1. For Device #2, a wider intensity range is covered (10 uW to 3
mW). When the intensity is low, 960 W/cm? < I, < 3 kW/cm?, the amplitude increases
sharply, with a power law fitting parameter of § = 2.8. Saturation occurs above [y, ~ 80
kW /cm?. In the moderate intensity range, 3 kW/cm? < I, < 80 kW /cm?, the power law
fitting gives 8 = 0.8.

The variation between these two measurements may result from certain unknown factors
in the experiment. As argued above, in-gap states are involved in the photoconductivity.
However, it is not clear whether or how those states might be modulated during the c-AFM
lithography. Another uncertainty is the relative importance of real and virtual absorption
processes (Figure 7.7(c) and (d)). It is likely that the number of photons involved in either
process has intensity dependence as well. This complexity is not reflected in Eq. (7.1).
Other nonlinear processes, such as two-photon absorption, might be initiated in SrTiOj
under certain intensity regimes as well. Nevertheless, based on the measurement in Figure
7.9(b) and taking into account those uncontrollable factors, the dependence of the ultrafast
response amplitude on the light intensity is in good agreement with what is predicted by Eq.
(7.1).

SrTiO3 undergoes several structural phase transitions [166], which influence the dielectric
permittivity and nonlinear optical properties [167, 168]. As the temperature decreased from
290 K to 30 K (Figure 7.9(c)), A; is generally increasing. In Ref. [168] a minimum of x*
is found around 30 K, however, this feature is only observed when the electric field across
the sample is lower than 1.5 kV/cm [168]. Across the junction, the electric field is several
orders of magnitude higher. It is possible that the abrupt change might be related to a
local electric-field-induced structural phase transition within the Sr'TiO3 from tetragonal to
orthorhombic [166]. Between 5 K and 20 K the signal decreases before somewhat recovering

around 5 K.

The polarization dependence is measured with V, = —1 V and I, ~ 50 kW /cm?. Verti-
cal polarization of light is defined as the direction along the Y-axis and horizontal direction
is along the X-axis, as shown in in Figure 7.3(a). When the polarization of both beams
are parallel (Figure 7.9(d) and (f)), a strong time-resolved signal is detected. When their

polarizations are mutually perpendicular (Figure 7.9(e) and (g)), the signal is suppressed.
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This observation can be explained by the symmetry that SrTiO3 possesses: non-vanishing
x®) parameters put constraints on the polarization of light for generating nonzero Py
Since SrTiO3 belongs to m3m symmetry group[85], it has the following non-vanishing

X(3) parameters:

3 _ 3 _ 3

@B 6 6 06 06 0
Xazyy = Xyyaz = Xazzz = Xzzaz = Xyyzz = Xzzyy

B 6 6 06 6 .0
Xa:yzy - Xya:yx = Xazaz = Xzdzae = Xyzyz - Xzyzy

B 6 6 06 —.\06 —.,0)
Xxyyx - Xymzy = Xazzz = Xzzzz = Xyzzy - Xzyyz

-3
w

— ~—~ ~~ e
(@)} =~
N— SN— S— N—

-3
(@)

Because the incident light at the junction is normal to the sample, the electric field of the
light is transverse. Our samples are grown and processed in such a way that the in-plane
principal axes of SrTiO3 are along the X and Y directions in Figure 7.3(a). The polarization
dependence found in the experiment can then be explained as follows: The external bias field
is applied in the Y direction. The induced field, caused by the separation of virtual holes

and virtual electrons(Figure 7.7(c)), then has to be in -Y direction. This means only X?(,i,)yy

and Xg(,z’,)m terms are relevant. However, both of them require the optical fields to be parallel
(either in the X or Y direction), otherwise the x(® coefficient will be zero and therefore no

virtual absorption can occur:

PyNL ~ Xg(/?g;)yy(oa 07 w, _w)EziasEy<w)Ey(_w> (77)
P;VL ~ X;zlw(O, 0,w, —w)EziasEx(w)Ex(—w) (7.8)

7.4 GENERATION AND DETECTION OF THZ

Motivated by the fact that rectified THz fields can be generated via x® processes, the
experiments that we have shown so far demonstrate the feasibility of generating THz field

at 10 nm scale (Figure 7.6). To illustrate the THz field detection mechanism, an experiment
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is performed with two nanojunctions, separated by a distance Ax (Figure 7.11(a)). Each
nanostructure is illuminated with a focused optical spot. The THz field E7g, produced at one
junction (source) interacts with the optical field E,, around the other junction (detector).
The resulting polarization via the x® process P! ~ Ej.,; EX E! , acts on the detector as a
field offsetting the photoconductivity of the nanostructure. The spatial resolution is again
determined by the gap [25], while the temporal resolution is determined by the optical pulse
duration. Although the two-junction experiment does not directly demonstrate the spatial
resolution for THz near-field imaging, based on the above analysis and physical mechanism,
it is a reasonable conclusion that the scale of the nanojunction determines the resolution
in the near-field region. This field sensing mechanism is analogous to work described in
Refs.[155, 157]; however, our detection mechanism is fundamentally different in that the
field confinement required by near-field measurement is provided by the spatial confinement
of Epiqs around the nanojunction. The results discussed here are for Ax =12 m; similar

measurements with Ax =6 m are shown later. The two junctions are electrically isolated

from one another, as confirmed by I-V measurements.

After the nanostructure is written at the interface, the sample is transferred immediately
to a cryostat with optical top access (Montana Instruments Cryostation). The chamber is

then pumped to vacuum and cooled to the desired operating temperature.

At T = 80 K, before the device is exposed to light, electric properties are first character-
ized. Figure 7.10(b) shows the DC IV measurement for the structure on the left in Figure
7.10(a). The red (green) line is the measurement when DC source bias (V) is applied onto
Electrode 1 (3) and drain current at Electrode 2 (4) is measured by a preamplifier (Stanford
Research Systems SR570). Both devices show ohmic response. The blue curve in Figure
7.10(b) shows the I-V response between Electrodes 1 and 4. Because of the potential bar-
rier at the junction, DC current is prevented from flowing between source to drain. Figure

7.10(c) shows the results for the other device (Electrodes 5-8).

In order to make sure there is no leakage from one device to the other, the conductance
between different pairs of electrodes is measured in Figure 7.10(d). In each pair, the source
electrode is from the left device while the drain electrode is from the right device. The results

indicate there is no DC coupling between two devices.
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Figure 7.10: (a) Schematic of the nanostructures written at the interface with c-AFM lithog-
raphy. (b) DC IV measurement for the device on the left in (a). (¢) DC IV measurement for
the device on the right in (b). (d) DC IV measurement between electrodes from two devices.

No DC coupling is detected.
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Figure 7.11: (a) Experimental setup for double-junction measurement. The ODL is stepped,
and no piezo shaker is used. (b) and (c), The AV,; image overlapped with the reflection
image. Relevant electrodes are labeled to match (a). The coordinates are extracted from
2D Gaussian function fitting (I, &~ 60 kW/cm? and Vi, = -1 V on both devices). (d)
Time-resolved signal measured from the two devices. Each waveform is an average over 100

measurements (I ,. ~ 70 kW /cm? and V, = -1 V for both devices). (f) FFT spectra of (d).
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The locations of the two junctions are confirmed by overlapping the AV, image with a
simultaneously acquired confocal reflectivity image. In Figure 7.11(b) and (c), the surround-
ing electrodes are imaged via the sample reflectance; the red spot corresponds to the AV,
image, indicating the location of the nanojunction. Each beam is focused on one nanojunc-
tion. Both are intensity modulated, but at different frequencies: the pump beam, focused
on Junction A (the device measured in Figure 7.11(b)), is modulated at frequency fa =~ 380
Hz while the probe beam, focused on Junction B (the device measured in Figure 7.11(c)),
is modulated at frequency fa ~ 460 Hz. During the scan of optical delay line, the AV, in
Junction A is detected by a lock-in amplifier at frequency fp. Similarly, the AV, in Junction
B is measured by a second lock-in amplifier at frequency f4. In this configuration, radiation
generated by one nanojunction can simultaneously be probed by the other. The ODL is
stepped and the piezo shaker used for the single junction characterizations (See the Methods
Summary) is turned off for this experiment, making it sensitive to any optical interference
effects. A time delay of approximately A7 = 44 fs between the two peaks is found in Figure
7.11(d).

The interpretation of this experimental result is as follows: The light pulse focused on one
junction produces THz radiation that subsequently propagates to the second junction. The
delay corresponds to the propagation time, which is close to that of free space (t = Az/c = 40

fs). The negative peaks are ascribed to the near-field component of the rectified THz field.

The spot size of both pump and probe light has been carefully measured to make sure
that there is no overlap between them. Behind the focusing objective (20X, NA = 0.53),
the size of the laser spot is measured by scanning the laser spot across the edge of a gold
electrode while the reflected light is detected in a confocal arrangement. The reflection signal
is plotted as a function of the position of laser spot in Figure 7.12. The sharpness of the edge
of the gold electrode is confirmed by AFM and assumed to be mathematically represented

by a Heaviside step function:

1 x>0
0 z <0
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Figure 7.12: Laser spot size measurement behind the focusing objective. (a) The spot size in
the X direction. The fitting gives a diameter of 1 pum. (b) The spot size in the Y direction.
The fitting gives a diameter of 650 nm.

The laser spot is assumed to have a Gaussian profile. The data are fitted with the following
function:
a b—x

R(x) = éerfc(

) +d, (7.10)

where a is the magnitude of the step, b is the center location of the step and d is the offset.

The function

erfe(z) = % /OO e dt

is called the complementary error function which is a convolution of the Heaviside step
function and Gaussian function. The spot size can be estimated from 2v/In2 x ¢ where
24/1n2 is the deconvolution factor.

Depending on in which direction the line-scan is performed, the spot diameter in X
and/or Y direction could be measured (X and Y directions are defined in Figure 7.3(a)).
From the fitting, it is found that the diameter in the X direction is about 1 ym (uncertainty
o, ~ 60 nm) (Figure 7.12(a)) whereas the diameter in the Y direction is about 650 nm
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(uncertainty o, ~ 70 nm) (Figure 7.12(b)).

In our experiment, the sample stays in a fixed position while the objective stage is moved
to locate the area where nanostructures are present. After the location is found, it is possible
that the incident light may not exactly pass through the center of the objective. Therefore
the focal plane in the X direction may not spatially overlap with the one in the Y direction.
This can cause the slight elliptical shape observed in the measurement. However, from this
measurement, one should be able to tell that the laser spot size is by far smaller than the
distance between two junctions (either 6 ym or 12 pm).

Because the AV, at Junction B is being measured at frequency f4 (and vice-versa), the
detected signal must result from an interaction between the locally generated field and an
electric field Ee,,;(t), generated by the other remote junction. The field Ee,,;(t) cannot be
an optical field; otherwise one would observe interference fringes as shown in Figure 7.3(c);
such interference is not observed (Figure 7.11(d)). Instead, the measured signal should be
due to THz emission from one junction that is detected at the other one. A Fourier transform
(Figure 7.11(e)) reveals a spectral peak at 1 THz with a 3dB-bandwidth around 3 THz and
spectral content extending to 10 THz.

By comparing the measurement for the case of Az = 12 ym and Az = 6 pm (see the
following discussion), one sees that the finite time delay between the measurements for two
devices can be tuned by the distance between them. This is a signature of the propagation
of the electric field from one device to the other.

The measured rectified field E.,;(t) should have its wavelength on the order of ~ 100
pm, which is one order of magnitude larger than the distance between two devices. This
implies that it is the near-field component that is measured in Figure 7.11(d). The emitted
field can be modeled using a Hertzian dipole radiation expression[137]. A Hertzian dipole
model for the radiation field due to a time-varying dipole moment p(t), at a distance r and

angle 6 relative to the dipole axis, is given as follows:

1 PNL(t) 4 TLPNL(t) i ’)’L2PNL(t)

E it t) =
emit (?) dre,eq T3 cr? c2r

)sin(0) (7.11)

where ¢, is the relative permittivity, n is the refractive index and c is the speed of light. The

first term is the quasi-static field and the second and third term describes the near-field and
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far-field contributions.
For the nanostructures at the interface of LaAlO3/SrTiO3 , the dipole moment is pro-

posed to be determined by

w0y = [ P

eff
where V. s¢, the effective volume, is defined as the spatial volume in which the electric field is
trapped. The V¢ is supposed to be centered on the nanojunction around which the electric
field is strongly trapped as shown in the previous work (Ref.[25]). P(Z,t) is the polarization
density at the position 7 and time t. By integrating over the whole effective volume, the
dipole moment could be calculated.

Due to the small size of the nanojunction (10 nm 10 nm), it is assumed that P(Z,t) is
uniform in V,s;. This assumption can simplify the calculation and enable a quick estimation

of the contribution from different terms. Now the dipole moment becomes

p(t) = VesrP(2,1). (7.12)

Since it is the nonlinear process that we focus on, only x® term is included in the

expression of polarization density. In frequency domain, it is

Py = sox(?’)(O, 0,w, —w)Epias E(w)E(—w). (7.13)

In the time domain, it becomes

t t1
Pyi = €0 / dt’ / dt' XDt =t t —t")Epas E(t)E* (), (7.14)
t1 to

where YO (t — tt — t”) describes the temporal response of the material to external time-
varying electric field. Here we introduce a second assumption: the response of our system is

assumed to be instantaneous which results in

Ot =ttt —t)=xBst—t)o(t —t). (7.15)
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So now

Pyi = coX® Eyias E(t)E* (). (7.16)

In our experiments, two nanojunctions are aligned along the X direction. The angle 6
therefore could be taken as 90°.

Given that nonlinear parameters have been reported in the literature (Ref.[37]) can be
estimated as 3 x 10716 cm?/V?(~ 2 x 107!% esu)’. The laser shape is assumed to resemble

the square of a hyperbolic secant, and the optical field then becomes

t
Tp

E(t) = Eysech(—)e™", (7.17)

where Ej is the amplitude, which is about 440 KV /cm in the experiment. 7, is the pulse

width which is measured to be 30 fs. The nonlinear polarization and its time derivatives are:

t
PNL(t) = EOX(S)EbwsEgSGChQ(:), (718)
P
. 2 t t
Py (t) = —c0—x® Eyias B2 sech?(— tanh(—), (7.19)
Tp Tp Tp
.. 2 t t
Pnp(t) = EO—QX(?’)EwaESsechQ(—)(Q — 3sech*(—)), (7.20)
72 T T

whereEj;,s is 1 MV /cm for 1 V on the source and 10 nm gap width. By fitting the data in
Figure 7.11(d) with the following function:

t—1t
F(t) =ao + ast + agsech?(—2)
Tp
as t— to ay 2 t— tO
14+ —tanh —(2 - h 7.21
1+ St + B2 st (7.21)

where

1To convert the unit from m?/V? to esu, one can refer to the book[169].
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X(S) Ebias Eg

1= A (7.22)

azas _2nx(3)EbmsE§ (7.23)
T 4re,r3eT, '

204 2n2X(3)EbiasE§ (7.24)
3 dme,rc} '

represent the magnitudes of the quasi-static field, near field and far field component respec-
tively.
It is found that in the 12 um separation case, for the waveform measured by Device A

(Figure 7.13(a)), the fitting parameters give the result as

laz|| =27.5 uV -em™, (7.25)
H“j‘“” | =24 uV-em™, (7.26)
p
Haj‘;“ | =014 pV-em™, (7.27)
p

For Device B (Figure 7.13(b)), they are

laz|| = 38.7u V -em™, (7.28)
Hai“?’ | =078 puV-em™, (7.29)
p
Haj‘;“ | =075 uV-em™, (7.30)
p

This implies that the quasi-static field overwhelms the other two terms and dominates in the
observed response.

This THz radiation can propagate from one junction to the other via three different
media: vacuum, LAO and STO. Both LAO and STO show strong dispersion and have much
larger refractive index for THz frequencies[170, 171]. Therefore, one expects the propagation
time for Ee,,;;(t) in both oxide layers to be much longer than 40 fs. The dominant response is
clearly coming from free-space propagation not strongly coupled to the LAO/STO interface.

Much weaker dispersive effects are observed in both the single-junction and double-junction
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Figure 7.13: Fitting the experimental data with Hertzian dipole model. (a) The measured
waveform by Device A that is defined in Figure 7.11 is fitted with Hertzian dipole model to
figure out the contribution from different fields. (b) The same analysis as (a) for the data

from Device B defined in Figure 7.11.
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experiments; an investigation of the self-interaction of THz radiation within the LAO/STO
system extends beyond the scope of this paper and will be discussed elsewhere.

The polarization dependence for the two-junction experiment (Figure 7.14) matches that
of the single junctions: a time-resolved signal is observed when both polarizations are parallel,
and the signal is suppressed when they are perpendicular to each other. The overall simi-
larity between one-junction and two-junction measurements implies that the same physical
process is involved in these two different experiments. It is noticed that different polarization
configurations lead to slightly different relative time delay (Figure 7.14(a) and (c)).

For the 12 pum separation geometry (Figure 7.11(a)), as discussed above, a cross detection
configuration is employed. However, for the 6 um separation geometry, a different detection
scheme is exploited: the pump beam is focused on Device A" (Figure 7.15(a)) and the probe
beam is focused on Device B’ (Figure 7.15(a)). The pump and probe beam are intensity
modulated at frequency fpump ~ 400 Hz and f,oe ~ 330 Hz, respectively. The photo-
induced differential voltage AV, in both devices are simultaneously detected by two lock-in
amplifiers (Stanford Research System SR830 for Device A" and Signal Recover 7265 for
Device B') at frequency Af = Jpump — forobe = 70 Hz.

By fitting the two curves in Figure 7.15(b) with the Hertzian dipole model, one can find
that for Device A" (Figure 7.16(a)) there are

laz|| =171 pV -em™, (7.31)
Hame:68 uv - em™, (7.32)
p
Hffﬂ|:4ﬁ uv - em™, (7.33)
p

and for Device B" (Figure 7.16(b)) there are

las|| =17.9 uV -em™, (7.34)

1298 = 5.7 WV -em™, (7.35)
p

20 _

||;4u:14 uV - em™. (7.36)
p
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Figure 7.14: (a) The polarization of pump and probe are both in X direction. The relative
time delay A7 ~ 50 fs. (b) The polarization of the pump is in the X direction while the
polarization of the probe is in the Y direction. (¢) Both polarizations are in the Y direction.
The relative time delay A7 =~ 57 fs. (d) The polarization of pump is in Y direction while
the polarization of probe is in X direction (T = 80 K, NA = 0.53, I,,. ~ 50 kW /cm? and V,
= -1 V on both devices ). In (b) and (d), curves are normalized by the values used in (a),

respectively. In all figures, each curve is an average over five measurements.
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Figure 7.15: (a) Schematic of the double-junction structure. (b) Time-resolved signal from
both devices. Each curve is an average of 100 measurements. The time difference between
them is about 12 fs (NA = 0.53, I, ~ 77 kW/cm? and V, = - 1 V on both devices). (c)
and (d), Time-averaged images overlapped with reflection images show the location of two
junctions. Both have the same false color scale and the same scan size of 32 ym by 32 pm.
The designed distance between two junctions is 6 pum, which is confirmed by experimental

data (NA = 0.53, I,pe ~ 10 kW /cm? |, V, = - 0.1 V for both devices).
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Figure 7.16: Fitting the experimental data with Hertzian dipole model. (a) The measured
data for Device A’ is fitted with Hertzian dipole model. (b) The fitting analysis for the data

. /
from Device B .

The fitting results indicate that in 6 pum case, the measured waveform has almost equal

contributions from the quasi-static field, the near-field and the far-field.

7.5 CONCLUSION

The x® process discovered in the nanostructure at the interface of LAO/STO can give rise
to rectified THz fields which provides useful spectral information[131]. As a THz source and
sensor, the nanojunction structure offers several advantages: its dimension is comparable to
that of a single molecule; it is easy to fabricate, and the THz source and detector can be
easily integrated in a micron-scale area. These features allow this platform to be a promising

lab-on-chip device for THz near-field imaging of individual molecules.
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8.0 OUTLOOK

Chapter 6 and Chapter 7 both show that the oxide nanostructures provide great potential in
various photonic applications. The development of a nanoscale THz source and sensor that
is close to the size of a single molecule can potentially add new families of THz devices to
THz spectroscopy research [172].

When light interacts with nanostructures, it can couple to free-electron excitations at
the surface. The electromagnetic resonances associated with the surface plasmons form
quasi-particles called surface plasmon polaritons (SPP). They have become the focus of
intense research owing to their subwavelength confinement and potential ability to perform
ultrasensitive optical measurements [173, 174, 175]. In optical pump-probe experiments on
the nanodevices at the interface of LaAlO3/SrTiOg, strong oscillations are observed. One

possible origin is the excitation of SPP in the oxide heterostructure.

8.1 THZ SPECTROSCOPY FOR A SINGLE MOLECULE

At the time when this thesis is synthesized, THz spectroscopy has not been applied to a single
molecule yet because of the lack of enough sensitivity and sufficiently high spatial resolution.
One strength of the c-AFM lithography method is that it can fabricate devices that can be
as small as 2 nm. This dimension approaches the size of a single molecule. One possible
way to realize the imaging for a single molecule is to integrate our nanoscale THz emitter
and detector platform with an atomic force microscope (AFM). The AFM can be exploited
to locate the target of imaging. Afterwards, the same AFM can be used to create both the

emitter and detector in close proximity to the target (Figure 8.1). Another approach involves
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electrostatic trapping of single particles [176]. Polar particles can be attracted by the electric
field confined in the nanojunction. By measuring the transport properties, one can determine
whether the particle is trapped or not, and subsequently perform THz spectroscopy with and

without the particle or molecule.

8.2 NANOSCALE SURFACE PLASMON POLARITON

The oxide photonic nanostructures may also provide opportunities to explore surface plasmon
polaritons (SPP) in oxide heterostructures. A SPP is usually excited at the interface between
metal and dielectrics, and its basic properties can be understood by solving the Maxwell

equation.

V-D=py

q OB
E=_-_=
V x 5
V-B=0

L - 9D

8.2.1 Surface Plasmon Polariton

Because there are usually no free charges or currents in either metal or dielectrics, we can

set py = 0 and J_} = 0. Therefore, the Maxwell equations become:

1

V-D=0
ﬁ 0B
E=_-2=
V x 5
V-B=0
. 9D
H="= 2
V X ™ (8.2)
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Figure 8.1: Device geometry for THz spectroscopy for a single molecule.
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Suppose the incident electromagnetic wave is p-polarized (Figure 8.2), which means the

magnetic field H is in the y direction while the electric field E has both x and z component.
The fields in the metal are

—

Em — (Emm; 0’ Emz>€i(kmzx—kmzz) e—’iwt

(8.3)
I:_im = (07 Hmya O)ei(kmzxfkmzz)efiwt (84)
The fields in the dielectrics are
By = (Eup, 0, By )ei sz thasz) gt (.5)
ﬁd = (()’ de’ 0)6i(kda:x+kdzz)e—iwt (86)

At the boundary, the normal components of D and B must be continuous and the

tangential components of E and H must be continuous. Since we have

D = 6067«E

—

B = popr

T

and we can assume that p, =~ 1. The boundary conditions are

8r‘memz = grdEdz

(8.7)
E,..=FE4 (8.8)
H,,, = Hyg, (8.9)
In the metal, the relation between H field and E field is
O0H OF
_ — Mz 1
0z 05rm oy (8.10)
O0H OF,,.
i 8.11
or Mot (8.11)
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Figure 8.2: Surface plasmon polaritons at the metal-dielectrics interface.
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which leads to

kmzHmy = —€0Ermw By (8.12)

kmaHpmy = —€0€rmw En. (8.13)

Similarly, in the dielectric we have

kdszy = €0€rdwEdm (814)

/{dede = —EoerdwEdZ (815)

From Eq.(8.13) and Eq.(8.15), we can derive that

[ (8.16)
From Eq.(8.12) and Eq.(8.14), we have
ka 8Tm
=——. 8.17
kdz Erd ( )

From the wave equation in metal and dielectrics, we can have

Erm
Erd

Since k. = kg, it is readily to have

Erm — Erd
b = kg = =5’ (8.20)

From Eq.(8.17) and Eq.(8.20), we can solve for k,,. and kg,

2 2
w £
g2, = Em (8.21)
2
C* Erm + Erd
2 2
w €74

k3 = (8.22)

c? Erm T Erd
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and k,,, (or kg;) is found to be

2
/{Z2 _ ]{32 _ w ErmErd
mx — Vdx T

Z _Trmerd 8.23
CQ Erm + Erd ( )

For k... (and kg,) to be real, we must have Re(e.,,) < 0 and |, > €.4. Under this
condition, both k,,. and k,;, are imaginary. This solution describes a situation that the
electromagnetic field can propagate alone the x direction at the interface between metal and
dielectric, but the field decays inside both metal and dielectrics.

We assume that the incident wave is s-polarized, which means the electric field is in the

y direction while the magnetic field has both x and z components. In metal, the fields are

Ep = (0, By, 0)ikmazhms2) g=iot (8.24)
ﬁm — (me’ O’ Hmz)ei(kmzx*kmzz)ef’iwt (825)

In the dielectrics, the fields are

Ed — (07 Edya O)Qi(kdmerkdzz)efiwt (826)
ﬁd = (dev O’ Hdz)ei(kdxx+deZ)e_th (827)

The boundary conditions now are

H,. = Hy, (8.28)
Emy - Edy (829)
Hyo = Hys (8.30)

In the metal, the relation between the H field and E field can be found to be

T (8:31)
OFny  OHy.
or "ot (8:32)

165



which leads to

ks Emy = —powHpa (8.33)
kg Emy = —powHp, (8.34)
Similarly in dielectrics we have
deEdy = [ngde (835)
kdedy = _NOWHdz (836)

From Eq.(8.33) and Eq.(8.35), we have

(ks + ki) Emy = 0. (8.37)

If B,y # 0, then we have

Ko = —kas. (8.38)

From Eq.(8.34) and Eq.(8.36) we also have

[ (8.39)

Then from the dispersion relation, we can reach the result that k2,, + k2, = k% + k2, which

means

Erm = Erd (8.40)

which is not possible. Therefore we have to require that £,,, = 0. Therefore s-polarized
surface plasmon cannot exist.
Different schemes that are used to excite the surface plasmon polariton (SPP) are sum-

marized in Figure 8.3.
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Figure 8.3: SPP excitation configuration. (a) Kretschmann geometry. (b) Two-layer
Kretschmann geometry. (c¢) Otto geometry. (d) Excitation with a scanning near-field opti-
cal microscope probe. (e) Diffraction on a grating. (f) Diffraction on surface features.(This

figure is from Ref. [177].)
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8.2.2 Preliminary Results

For the sketched nanostructures at the interface of LAO/STO, we also observe strong oscil-
lations in the time-resolved experiments. The nanostructure has the configuration shown in
Figure 8.4.

The setup of the time-resolved experiments is basically the same as shown in Chapter 7.
When both pump and probe are focused onto the junction, the ultrafast response discussed in
Chapter 7 is discovered. However, at certain spots other than the nanojunction, we observe
fast oscillations (Figure 8.5(e) and (f)) with frequencies about 78 THz(Figure 8.6(a) and
(b)), although the physical origin of these strong oscillations requires further study.
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Figure 8.4: The configuration of the nanodevice. The backgroud is the topography image
obtained by AFM. The green funnels indicate the area where the scanning is performed
with positive voltages on the AFM tip. The black lines indicate the positions of nanowires
created by applying positive voltages onto the tip. The short horizontal line that crosses the
nanowire between Electrode 1 and 2 indicate the trajectory scanned with negative voltage
on the AFM probe. Electrode 1 and 2 are used as source and drain. Electrode 3 and 4 are

for sensing the voltage cross the junction.
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Figure 8.5: Possible plasmonic effect observed in the oxide nanostructures at the interface of
LaAlO3/SrTiO; . (a) Experimental setup for time-resolved measurements. S and D stand
for the source and drain terminal. V, and V_ are sensing the voltage AV cross the gap. X
and Y indicate the scanning directions. (b) Scanning photoconductivity image. The color
scale shows the magnitude of AV. The diffraction-limited peak shows the location of the
nanojunction. Location A and B indicate the positions at which the oscillations are observed.
Location C is a reference point at which no oscillation is observed. (NA = 0.73, I, = 10
kW /cm?, V, = -1 V) (c) Temporal response when both pump and probe are focused onto
the nanojunction. (NA = 0.73, I, = 50 kW /cm?.) (d-f), Temporal response when both
beams are focused onto Location C (d), A (e) and B (f), respectively. Each waveform is an

average of 120 measurements. (NA = 0.73, I,,. = 50 kW/cm?.)
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Figure 8.6: Temporal-spatial and frequency-spatial images. (a) Fourier transform of the
temporal response in Figure 8.5(e). (b) Fourier transform of the temporal response in Figure
8.5(f). (c), Temporal-spatial images show that the ultrafast response is localized around the
nanojunction. (NA = 0.73, I, = 50 kW/cm?.) (d), Frequency-spatial images show that
the 78 THz oscillation is near the conductive nanowires. (NA = 0.73, I,,. = 50 kW /cm?.)
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APPENDIX A

DOUBLE-PULSE PHENOMENON

During the characterization of our customized Ti:sapphire laser, we notice sometimes that
the spectrum shows oscillation patterns like in Figure Al. This is the signature of double
pulses!.

One way to detect double pulses is to use a fast photodetector and an oscilloscope. Figure
A2 shows such a measurement. In Figure A2(a), no double pulses occur. However, in Figure
A2(b), when an oscillation pattern shows up in the spectrum, two pulses close to each other
are detected.

The reason for the occurrence of the double pulsing phenomenon is believed to have to
do with both the pumping power and the intracavity dispersion [99]. In practice, it is found
that an easy way to solve the problem is to decrease the pumping power until the oscillation
patterns in the spectrum go away. However, this method is not always applicable because the
pumping power cannot be decreased below the threshold value required for mode-locking to
occur. Therefore, the fused silica wedge pair in the cavity should be adjusted to change the
intracavity dispersion. Double pulsing may be eliminated under certain dispersion condition.
For our home-built Ti:sapphire laser, the pumping power is usually set at 4 ~ 4.2 W. The
output power of the mode-locking mode is about 170 mW. Higher output power may result

in double pulses.

LAn online article describing double pulses can be found here.
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(a) (b)

Figure Al: The spectrum of the mode-locked laser shows oscillations when double pulsing

occurs.
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Figure A2: (a) The normal mode-locking mode outputs pulses with designed repetition rate.
(b) When double pulsing occurs, the laser can output two pulses that are close to one another
like the ones in the red circle. They are seperated by ~ 2.5 ns. The measured repetition

rate is roughly doubled as well.
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APPENDIX B

MATHEMATICA CODE FOR CALCULATION OF A LASER CAVITY

In this chapter, the Mathematica code for calculating the mode-locking conditions for our
customized Ti:sapphire laser is presented with comments explaining what each command
does.

All quantities are expressed in the unit of millimeters(mm). The following codes are used

in Mathematica 7. First of all, we need to define several parameters:

d =2 * The thickness of the crystal. *
R =75 * The radius of the focusing mirror. *
n=1.76 * The refractive index of the crystal at 800 nm. *

f =175 * The focal length of the convex lens for the pumping light. *

We then solve for the folding angle of two focusing mirrors

Sin[x]Sin[x] g\/n4 —1vn2 -1 |
Coslx] R n’ -

theta = x/.sol[[2]]

sol = Solve|

foldingangle = 2 x theta x 180/

The focus and effective thickness in the tangential plane are defined as
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fa = RCos|theta] /2

dvn? +1
A

dea =

The focus and effective thickness in the sagittal plane are

fb = R/2Cos[theta]
dvn? + 1

n2

deb =

From now on, the following codes are written for the tangential plane. Calculations in the

sagittal plane can be done by replacing the quantity fa and dea with fb and deb, respectively.

Now we can calculate the length of two arms L; and Lo

d2 — fa

arm = Solve[{d1 + d2 == 1500, TS

—=1.75},d1,d2]
L1 = d1/.arm|[1]][[1]

L2 = d2/.arm[[1]][[2]]

Before we can calculate the function S(x, z) and §(z, z), we need compute several matrices

as described in Chapter 5

A 1 zx-dea 1 0 1 L1 10 1 L1 1 0 1 zx-dea
0 1 —= 1 0 1 0 1 0 1 —= 1 0 1
1 x 1 0 1 L2 10 1 L2 1 0 1 x
Ba = . .
01 —= 1 0 1 01 0 1 —= 1 01
1 L2 1 0 1 x 1 dea 1 z-x-dea 1 0 1 L1
Ma: . . . . . .
0 1 —= 1 01 0 1 0 1 —= 1 0 1
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Two functions can be defined in Mathematica

2Aa[[1][[2]]Aa[[2][[2]] _ Aa[[1][[1]]Aa[[2]][[1]]dea

ala[x_z_ | == Ton >
a2z = 2olRNIBalR])[2]] _ BallLl{[1]/Ba[[2]][[1]]dea
o dea 9

The stability function S(z, z) is given by

Safx.z.] := Ma[[1J][[1]]Ma[[2]][[2]} + Ma[[1]][[2]]Ma[[2]][[1]

The function 6(x, z) is

ala[x,z] + a2a[x,z]Sa[x,z]
2(alalz, 2]? + a2a[zx, 2| + 2alalx, z]a2a]x, 2] Sa[z, 2])

deltaalx_z_] :=

We can plot S(z, z) out

Plot3D[Salx,z|, {x, 25,45}, {z, 74, 81},

RegionFunction — Function[{x,z,y}, —1 < Sa[x,z] < 1]]

The parameter range for mode-locking to occur can be computed by calculating S(z, 2)

under the condition of §(z,z) <0

DensityPlot[Sa[x,z], {x, 25,45}, {z, 74, 81},

RegionFunction — Function[{x,z,y}, —1 < Salx,z] < 1&&deltaalx,z] < 0]]

The following codes describe the calculation for mode matching. We first compute the

following matrix
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. dga 1 x 1 0 1 L2 10 1 L2 1 0
Matrixa =
0 0 1 0 1 0 1 -+ 1
1 x 1 dea 1 z-x-dea 1 0 1 L1 10
0 — 1 0 1 01
1 0 1 zx-dea) (1 92
0 1 -1 0 1 0 1

fa

Then we can solve for the beam waist of the cavity mode at the center of Ti:sapphire

crystal by calculating the q parameter

gMatrixa[[1]][[1]] + Matrixa[[1]][[2]]
gMatrixa[[2]][[1]] + Matrixa[[2]][[2]]’

The first element in the solution list given by the above calculation can be defined as a

gsolution = Solve[q ==

ql

function gfunctionalx_,z_]. The center wavelength of the cavity mode is

Lambdac = 830 % 1076

The beam waist function is

Lambdac
wealx_,z| = . 5

gfunctiona[x_,z_] ]

The beam waist as a function of z can be plotted out by running the following Mathe-

matica commands

array3a ={};

Dola = {x/.FindRoot[Re|

],x,25,45],

qfunctionalx,z]

wealx,z] /. FindRoot[Re]

|,x,25,45]};

gfunctionalx,z]

AppendTolarray3a,al,z, 77.3, 78.8, 0.1];
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We also need compute the beam waist of the pumping light at the center of the crystal.

In order to do that, we calculate the following matrix first

1 x+ 92 1 0 1 d2 1 0
Mla = : : :
1

0 1 —+ 1 0 1 —

=

where d2 is the distance between the focusing lens for the pumping light and the focusing

mirror for the cavity mode. The parameters for the pumping light are

wp =2 * input beam radius. *
Lambdap = 533 %« 107® * pumping wavelength *

¢ = 3.14% x wp? /Lambdap® * a constant *

Twp?

ql = ——————— * The initial q parameter for the pumping light *
iLambdap
The q parameter of the pumping light at the center of the crystal is found by the following

computation

qlMIa[[1]][[1]] + Mla[[1]][[2]
qIMIa([2]J[[1]] + M1a[[2]}[[2]]

g2solution = Solve[q2 == q2]

The first element of the solution array is defined as a function g2functiona[x_]. The beam

waist is

Lambdap
wpal[x_| 1= -

wlm[m]

We can make a plot of wpalx]
d2solutiona = Solve[cM1al[[1]][[1]]M1a[[2]][[1]] + M1a[[1]][[2]|M1a][2]][[2]] == 0,d2]

arrayba ={};
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Do[m = {x, wpa[x]/.d2solutiona[[2]]; Append To[array5a,m],x, 37.1521, 38.6278, 0.1];

By comparing array3a with arrayba, the suitable values of x can be located at where the
beam waist of the cavity mode is greater than the one of the pumping mode. The distance

d2 can also be plotted as a function of x

arrayba ={};

Do[m = {x,d2/.d2solutiona[[2]]; AppendTo[array6a,m|,x, 37.1521, 38.6278, 0.1];

Once the x is found, d2 can be fixed. The identical calculation can be repeated for the
sagittal plane with fa and dea replaced with fb and deb, respectively. The results from both

planes do not show much discrepancy.
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APPENDIX C

INTERFEROMETRIC AUTOCORRELATION

Although sophisticated methods, such as FROG [178] and SPIDER [179], have been de-
veloped for characterizing the qualities of ultrashort pulses simultaneously, they are not
straightforward to use, given that they are heavily equipment- or software-oriented. As a
consequence, interferometric autocorrelation (IA) is the most widely used technique due to
its effectiveness and accessibility, because only a nonlinear crystal, some mirrors and a pho-
todetector are required . A two-photon absorption detector, like GaAsP in our case, can
simplify the setup even further.

The specific measured waveform in an IA experiment is sensitive to the spectral phase
of a pulse, the pulse shape and intensity ratio between two interfered pulses [180, 181,
182]. Systematic errors like too low sampling rate can distort the final measurement as well
[183]. The purpose of this appendix is to summarize various situations in interferometric
autocorrelation measurement that have been or possibly will come across during experiments

so that one can avoid some of the errors or at least be cautious of them.

C.1 TWO-PHOTON ABSORPTION DETECTOR

GaAsP! is a two-photon absorption (TPA) detector used for IA measurements. There is dis-
cussion about the competition between TPA and SHG in GaAsP [184]. These two processes

! This item is from Hamamatsu, model number G1117.
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may lead to different waveforms in IA measurements. In our experiments, we also notice
that GaAsP will be overloaded if the input power is too high. The signature of overloading
in GaAsP is that the envelope of the TA waveform is up-side down, meaning that the lower
envelope shows larger amplitude than the upper envelope. To avoid this error, an iris can
be put in front of the GaAsP detector. By adjusting the size of the opening, one can control
how much power is incident onto the detector. The GaAsP detector should be placed at
the focus of the focusing element, either a lens or an objective. We usually use the same
objectives for the GaAsP detector as for the samples so that the pulse which hits the GaAsP
travels through the same optics as the one which hits the sample. By monitoring the pulse
quality with GaAsP, we can determine how well the pulse is preserved before it hits the
sample.

Another important factor is the orientation of the GaAsP relative to the incident beam.
The angle should be adjusted in order to have an optimal signal. If the detector is off too

much, then waveforms shown in Figure C6 may possibly show up.

C.2 PULSE SHAPE

The shape of the laser pulse intensity is a dominant factor in determining the shape of the TA
waveform, which is closely related to the spectrum by the Fourier transform. For example,
the spectrum shown in Figure 8.1(a) gives a sech? intensity profile; while the spectrum
shown in the case of 8.1(b), the intensity is assumed to have the functional form of (%@))2
[185, 186].

Figure C1, from Ref. [186], summarizes the simulated possible IA results for various
pulse shapes. The left column gives the A measurement with insets showing the intensity
I(t), spectral phase ®(¢) and instantaneous frequency w(t) as a function of time ¢ respec-
tively. The right column gives the spectrum (or power spectral distribution (PSD)) of the
corresponding pulse. Different situations included in Figure C1 are:

(a) Bandwidth-limited Gaussian laser pulse of 10 fs duration.

(b) Bandwidth-limited Gaussian laser pulse of 10 fs duration shifted in time to -20 fs.
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c¢) Symmetrical broadened Gaussian laser pulse due to 200 fs*> GVD.
d) Gaussian laser pulse with the third order dispersion is 1000 fs>.
e) Combined action of all spectral phase coefficients from (a) to (d).
f) 7 step at the central frequency.

g) m step displaced from the central frequency.

)
h) Sine modulation at central frequency with II(w) = sin(20fs(w — wp)).

(
(
(
(
(
(
(i) Cosine modulation at central frequency with IT(w) = cos(20fs(w — wy)).
(j) Sine modulation at central frequency with Il(w) = sin(30fs(w — wp)).
(k) Symmetrical clipping of spectrum.

(1) Blocking of central frequency components.

(m) Off center absorption.

(n) Self-phase modulation. Note the spectral broadening.

(

)
0) Double pulses (See Appendix A) with pulse-to-pulse delay of 60 fs.

The pulse shape is determined by the spectrum. Generally it can not be varied by
simply tuning the mirrors. It has to do with the quality of intracavity optics. When the
pulse width 7 is in the range of 20 fs < 7 < 100 fs, the pulse shape is typically assumed to
be sech? function. When the pulse is sub-20 fs, the typical pulse shape is typically sin(x)/x
[180]. By comparing our results (See Figure C2) with the ones listed in Figure C1 and the
characterization in Ref. [185], we believe that our home-built laser generates pulses in the

shape of sin(x)/x.

C.3 FINITE CHIRP

In Chapter 3, we see SPM can introduce chirp into the laser pulses. In Chapter 5 we know
that in order to get transform-limited pulse width, the chirp present in the pulse must be
balanced. Unbalanced chirp can be reflected in the IA measurement (Figure C3(b)). The
dependence of the TA waveform on various chirp values is shown in Figure C3.The detail

calculation can be found in Ref. [36].
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Figure C1: Interferometric autocorrelation for various pulse shapes (See Ref. [186]).
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(b)

798 nm 843 nm

Figure C2: (a) The spectrum of the laser pulse. (b) The IA measurement for the pulse.

There are several optics that can be adjusted to balance the chirp in the pulse. The first
one is the compression mirror pair at the output of the laser cavity. By changing the number
of times that the laser beam bounces back and forth on the pair of mirrors, one can control
how much negative GVD is introduced to the pulse. This should coarsely compensate the
positive GVD introduced by all the following optics. After this mirror pair is set, one can
adjust the extracavity fused silica wedge pair?, which provides finer control of the amount
of negative GVD in the pulse. If no improvement is achieved by adjusting the extracavity
pair, then one can turn to the intracavity pair. However, be cautious about the intracavity
one because when the intracavity wedge pair is being tuned, it is possible that one can lose

the mode-lock at a certain point.

2If one wants to shorten the pulse duration, CaF, wedge pairs could be tried. They are available from
Venteon.
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Autocorrelation signal

Figure C3: Interferometric autocorrelation for the laser pulse from the same laser with the
chirp (a) balanced and (b) unbalanced. (c) Interferometric autocorrelation for various chirp

values.(This figure is from Ref. [36].)
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C.4 UNEVEN INTERFERENCE ARMS

If the intensities of two interfered pulses are not exactly identical, then the ratio 8:1 in the
IA measurement may not be reached. To see that, we can do a simple calculation by defining
E,\(t) = aFEsy(t), where the proportional factor a is in the range 0 < a < 1. The IA function

becomes

dt(E?(t)E*2(t) 4+ a®*E*(t — 7)E**(t — 7))

dtE(t)E* () E(t — 7)E*(t — 1)

dtE)E*(t)(E(t)E*(t—7)+ E(t —1)E*(t))

+a? / dt(E2(t)E*2(t — 7) + E2(t — 7)E"(t))
/th(t — VBt — T)(E()E(t — 1) + E(t — 7)E*(¢)) (C.1)

Then the ratio between A;(0) and A;(o0) is

Ai(0)  1+4a+T7a® +4a®
Ai(o0) l+a '

(C.2)

Therefore in the experiment, if these two pulses are not exactly identical, one may not be
able to see the ratio of 8:1 (Figure C4). Other factors like the pulse front tilt can also result
in a ratio less than 8:1 [182].

Once the optics is set up, the ratio of the powers for the two arms is fixed. During the
experiment, we do see that they are not exactly identical. However, as long as we use a 50%

ultrafast beam splitter?, the ratio is very close to 1.

3This item is from Layertec, model number 104040.
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Ai(0)/A;()

Figure C4: The ratio between A;(0) and A;(co) as a function of the relative amplitude of

two pulses.

C.5 ASYMMETRIC TA MEASUREMENT

Sometimes, the waveform from an IA measurement can be asymmetric in time (See Figure
C5). This could result from either (1) asymmetric motion of the optical delay line (ODL).
When the ODL is moved back and forth, its trajectory of motion in one direction does not
overlap with the one in the other direction or (2) the pulse is made asymmetric for one beam
but not the other. For example, if the dispersion conditions in both beam paths are different,
then the pulse in one beam may be stretched or compressed while the pulse in the other is

unchanged.

C.6 RANDOM PHASE NOISE

Air turbulence and mechanical instability can introduce fluctuation in the optical path

length, which manifests itself as phase noise in the laser pulse [183]. This random phase
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Figure C5: Asymmetric interferometric autocorrelation (Ref. [36]).
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Figure C6: Random phase noise in interferometric autocorrelation measurement.(This figure

is from Ref. [183].)

noise can lead to the IA measurement shown in Figure C6.

What we found in the experiments is that when waveforms like the one in Figure C6 is
observed, one should check the optics for both arms to make sure that the spatial overlap
between the two beams is as good as possible. As mentioned above, the orientation and the
position of GaAsP detector can also be adjusted. The third factor is the ODL. One can try

different waveforms used to drive the motion of the ODL, such as sine and triangular wave.

C.7 SUMMARY

Since the TA is sensitive to various parameters, measuring the pulse duration based on TA
can be tricky. One example is that in A measurement, one always assume that the pulse
shape is already known, which enables the extraction of the pulse width from experimental
results. However, different pulse shapes correspond to different deconvolution factors. In

most cases, a sech?) profile is assumed. In certain cases, this assumption must be modified
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[180]. A better way to make use of TA is to combine the spectral and temporal measurement.
As described in Ref. [187], one can measure the power spectrum S(w) of a laser pulse. The
pulse intensity is fount to be I(t) = F*(y/S(w)), where F denotes the Fourier transform.
Once the intensity I(¢) is known, the TA function can be theoretically derived or numerically

calculated, which acts as a reference in comparison with the experimentally measured TA

trace.
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APPENDIX D

CAVITY ALIGNMENT

In this appendix, we will discuss how to align the intracavity optics in order to achieve the
optimal mode-locking state. First of all, the height of the Ti:Sapphire crystal determines
the height of all optics in the cavity. In order to measure the height of both the cavity mode
and pump mode beam, we can set up an iris for which the height is set to be the same as
the Ti:Sapphire crystal. The output power of the pump laser can be set to be as low as 10
mW for aligning the cavity.

1. Before we insert the waveplate and focusing lens for the pump beam, we should check its
height by placing the iris at Position 1, which is close to the cavity input, and Position
2, which is close to the focusing mirror f; (See Figure D1). Once the height of the pump
beam is correctly set, it should pass the center of f; and f,. Green light can transmit the
focusing mirror, therefore one should see some residual pump light after f;. The incident
angle of the pump beam on the Ti:Sapphire crystal should be the Brewster angle. The
angle of the two focusing mirrors, f; and f5, and the distance between them, should be

close to the calculated values discussed in Chapter 5.

2. Next we can insert the waveplate and focusing lens f,,. Make sure the pump beam passes
through the center of both of them. One should see divergent green light coming out
from f;. A laser blocker can be set after f; to stop it. The waveplate should be set so
that the transmitted green light is horizontally polarized. Once the polarization of the

pump beam is rotated to be horizontal, the reflected green light from the crystal, which
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Figure D1: Pump beam alignment.

can be stopped with a laser blocker, should have the minimal intensity. The distance

between f, and f; should be about the same as calculated in Chapter 5.

. Now we can move on to set up the mirror M; and M,. Make sure the length of the path
f1— My — Mj is close to the calculated value (L;) in Chapter 5. The same iris should be
used to check the height of the beam between f; — My and M, — M;. The reflected green
light from f; should be strong enough to be seen by eyes; however, the luminescence from
the Ti:Sapphire crystal, which looks red, is very dim. The trick to adjust the height is to
use the green light as the guidance. One should make sure that the green beam passes
through the center of the iris for all the positions shown in Figure D2. One now may
notice the appearance of a second green beam after f;. That is the reflected light from
M.

. Next we can set up the other path fo — M3 — Ms— OC. We need make sure that the path
length is about the value of Ly given in Chapter 5. The alignment for this path is a little
tricky since this path is shorter and optics are placed in a more compact configuration,
there is no room for the iris to be inserted. First of all, we must adjust the mirrors to
land the cavity mode at the center of Ms, M, and OC' (See Figure D3). This may be
difficult since the reflected green light from f5 is too weak to be seen. Therefore, one can
only rely on the luminescence from the Ti:Sapphire crystal. To see the luminescence,

one can wear laser goggles or use an infrared viewer.

. Now we need to make sure that the cavity mode in both paths L; and Ly overlaps.

We can insert a laser blocker between M; and M, to block the reflected beam from the
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ending mirror M; (See Figure D4). Now the luminescence we observe at Position 1 and
2 includes two parts (1) the luminescence reflected by f; (2) the light reflected by the
output coupler and passing through My, Mjs, fs, Ti:Sapphire and f;, successively. As
long as we can overlap the light from these two paths at both Position 1 and 2, we can
be sure that the cavity mode in path L; and L, overlaps with each other. To do that,
we can adjust the OC to overlap the beams at Position 1 and Mj at Position 2. Keep
adjusting these two until the light overlaps well at both positions.

. Now we are ready to try to get the cavity to lase. We can increase the pump power to
5 W (The maximum power of the Verdi-V5.). If the cavity starts to lase, one should see
a bright spot after the output coupler. If the cavity does not lase, then one can try the
beam walking by adjusting the ending mirror M; and OC. Before walking the beam, a
power meter can be used to collect the output light from the cavity. To walk the beam,
one can start with the X axis of M; by slowly turning the knob counterclockwise (or
clockwise) a little bit. Then the X axis knob of OC should be adjusted slowly. If the
output power increases, one can go to M; and keep turning the X knob in the same
counterclockwise direction (or clockwise), then go back to adjust the X knob of OC. If
the output power decreases, one should go to M; and turn the X knob in an opposite
way such as clockwise (or counterclockwise), then adjust OC to see if the power can be
increased. This adjustment should be repeated until the power is maximized. After the
X axis is done, one should go through the same process for the Y axis. One ought to
repeat the iterative alignment for both directions to optimize the output power. If one
has trouble in getting the cavity to lase by adjusting the output coupler and M;, one
should try to move f; a little.

. After the cavity starts to lase, the fused silica wedge pair can be installed. The angle

should be the Brewster angle.

. After the installation of the wedge pair, the cavity may stop lasing. One need to do beam
walking to bring the cavity back to the lasing state. The power is not the only parameter
one should optimize for CW mode. The output laser mode and the spectral line width
are important as well. The mode should be Gaussian. The narrower the spectral line

width is, the better. By combining the beam walking process with M; and the output
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Figure D4: Overlap of the cavity mode in the two arms.
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10.

11.

coupler with the adjustment of f;, one should achieve a state in which all parameters are

optimized.

. Once the CW mode is optimal, we can try mode-locking. In order to initiate the mode-

locking, the cavity must be disturbed. One can do that by pushing f; a little then release
it. It can take some time to tune the alignment so that the mode-locking can occur. One
can start with f; by moving it a little bit then shake it. If mode-locking does not occur,
keep moving f;. Both our experience and theories indicate that mode-locking is more
sensitive to the position of fy than the position of f;. Therefore, if one has trouble in
getting laser mode-locked by adjusting f;, one can try to move fs.

Once the mode-locking is achieved, one can play with the wedge pair to optimize the
intracavity GVD conditions so that the output laser pulse has the minimal duration.

In order to measure the pulse width with autocorrelation, one may need to adjust the
extracavity GVD control optics as well. That includes a pair of compression mirrors

which has negative GVD and a pair of fused silica wedge pair.
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