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Abstract

Terahertz radiation band is crowded with spectral features of many fundamen-
tal physical processes, such as molecular rotations, lattice vibrations, intraband
transitions, superconducting gaps, etc. This property makes THz spectroscopy
a powerful tool for the investigation of novel properties in new materials. In
this thesis, I will start from the introduction of basic knowledge of mathematics
and physics related to spectroscopy, including group and representation theo-
ries, the character tables, classification of crystal lattices, 32 point groups, non-
linear optics, infrared and Raman mode, optical activity, symmetry breaking,
SOS, magnetic materials and various magnetic interactions. Then I will intro-
duce different THz spectroscopy that are commonly used in our lab, focusing
on different THz generation and detection methods, followed by the data anal-
ysis processes for the extraction of various optical parameters of crystals. At
last, I will discuss the three different kinds of materials that I studied during
my Ph.D career: quantum paraelectric perovskite crystal KTaOs3, chiral stuffed
tridymite crystal BaCoSiO4 and ferrimagnetic spinel crystal FeMnOy. In the
three materials, I will discuss THz field-induced SHG, THz Kerr effect, opti-
cal non-reciprocity, symmetry operational similarity, optical activity and field

induced birefringence respectively. ...
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Chapter 1

Group, representation and character
table

Symmetry operations of crystals, elementary particles, fields all possess the
properties of mathematical group. Here as a review, I summarized the basic

concepts of group theory related to spectroscopy based on the reference [1, 2].

1.1 Group

Let G be a set together with a binary operation (usually called multiplication)
that assigns to each ordered pair (4, b) of elements of G an element in G denoted
by ab. We say G is a group under this operation if the following three properties
are satisfied.

1. Associativity. The operation is associative; that is, (ab)c = a(bc) for all a, b, c
in G.

2. Identity. There is an element e(called the identity) in G such that ae = ea = a
forallain G.

3. Inverses. For each element a in G, there is an element b in G (called an inverse
of a) such that ab = ba = e[3].

Here the element a, b, c in group G represent symmetry operations in crystals in

this article.

A subgroup is just a group within a group. The order of any subgroup must be

an integral divisor of the order of the main group.

1
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A similarity transformations is defined by the consecutive application of three

operations a, b, c, where 4, b, c are any operations:

b= lab = c (1.1)

Here a and c related by a similarity transformation are said to be conjugate.

A class is a complete set in a group which all the operators in the set are con-
jugate to one another. The identity operator E is always in a class by itself, so
are the same with inversion operation] and horizontal mirror plane ¢3,. The or-
der of a class must be an integral divisor of the order of the group, but not all

integral divisor must exist as a class.

1.2 Irreducible representations

Symmetry operations can be represented by infinite number of multiple dimen-
sional square matrices. By using similarity transformations, one can reduce ma-
trices into block diagonal matrices, and each block of the bigger matrix follows
the same multiplication table of the bigger one, and thus can work as a new

representation of the same symmetry operation.

When a bigger matrix can not be further reduced by similarity transformations,
each block of the bigger matrix are called irreducible representations, I';. Al-
though the number of reducible representations is infinite, the number of irre-
ducible representations of most point groups are finite and small, it equals to
the number of classes in the group. Suppose a group of order g has precisely
k non-equivalent irreducible representations,l"lo), 1“1(2), ceey l"lgk), then the dimen-

sions dq,dy, ..., dy of these irreducible representations satisfy:

BB+ +di=g (12)

It is found that for any point group there is only one set of k integers that satisfy
equation 1.2, thus the numbers and the dimensions of irreducible representa-

tions for every group can be uniquely determined.
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TABLE 1.1: Complete Cy, character table[4]

o e o e e e P B

Ay ? +1 =1 +1 (|41 |z x24y2, 22 | 23, 2(x2+y?)

A, ? +1 T -1 |-1 ||Ry - -

By [[+1]-1 FIENENE x2y? |lz(x2y?)

B, ? -1 T -1 |41 |- Xy Xyz

E Z 0 ? 0o |o x,y) Rx,Ry) |[(xz,y2) | (x22,yz2) (xy2, x%y) (x3,¥2)

1.3 Character table

The trace of a matrix is also called character. The characters of any operations
in the same class are the same, and they are independent of the choice of coor-

dinates.

A character table lists all the possible operations of a symmetry group as shown
in the Cy, character table 1.1 for example. The most left column of the table are
the Mulliken symbles of the irreducible representations. Conventionally for
the finite group, A and B denote one-dimensional representations, E denotes
two-dimensional and T denotes three-dimensional. The character of the iden-
tity operation E is always the dimension of the irreducible representation. The
difference between A and B is that the character of the principle rotation C,, is
always +1 for A and —1 for B. The subscripts ¢ and u represent symmetric and
antisymmetric representations with respect to inversion operation. While the
superscripts ' and ” denote symmetric and antisymmetric representations with
respect to 0j,. The three columns on the right hand side of the table represent

the basic function, which will be heavily used in the selection rules later on.

The decomposition of any reducible representation is unique, knowing the re-
ducible representation of a group, one can easily figure out the compositing

irreducible representations by inspection or the decomposition equation below:
ai = (1/h) Y (x®- xf- %) (1.3)
R

Where g; is the number of the irreducible representation I'; in the reducible rep-

resentation I',,4, I is the order of the point group, R is an operation of the group,
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xR is the character of the operation R in the reducible representation I';.;, XzR is
the character of the operation R in the irreducible representation T;, CR is the

number of members in the class to which R belongs.

So far, we only discussed the representations of symmetry operations in crys-
tals, but in spectroscopy, what we are actually measuring are the resonances
of the normal modes of vibration with the optical probe, the following state-
ment establishes the connections in between: each normal mode of vibration

will form a basis for a irreducible representation of the point group of lattice.

The procedure to find the irreducible representations of normal mode of molecule

vibration is summarized below:
1.Assign x,y,z coordinates to each atom.

2.Determine how each axis transforms for every class of symmetry operation in

the group.
If an atom moves, the character for all of its axes is 0.

If an atom is stationary and the axis direction is unchanged, its character

is 1.

If an atom is stationary and the axis direction is reversed, its character is
-1

3.Sum the characters in each class to determine the reducible representation
Ui

4 Reduce T';,; to its irreducible components using the character table and equa-
tion 1.3.

5.Use the character table to subtract the translations and rotations, leaving the

representations corresponding to the vibrations.

1.4 Transition integral in spectroscopy

The exact wave function solutions of the molecular vibrational wave equations
under harmonic approximation can be write as the products of Hermite poly-

nomials and the corresponding energy levels are:
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1
Ek,nk = hwk(nk + 5) (1.4)

Where wy is identical to the classical frequency of the kth normal mode. n; =
0,1,2,... is the vibrational quantum number of kth mode. It should be noted
that the vibrational modes are bosons, excitation of particular mode only in-
creases the number of phonons with the same frequency but changes the parity

of the corresponding wave function.

In absorption spectroscopy, the interaction of EM wave E = Egcos(wt) with
the electric dipole moment of the materials introduces the time dependent per-

turbation to the system after t = 0:

H =p-E (1.5)

The Hamiltonian of the whole system can be written as:

H=H"+H (1.6)

Where H? is the Hamiltonian of the system at t = 0. From the time-dependent
perturbation theory one knows that the solutions of the Schrédinger’s equation

can be written as a series of non-perturbed time-independent wave functions:

F(t) =Y cu(t)pue Ent/M (1.7)

After a few steps of derivations, the transition rate of the system from state 7 to

m can be written as:

E2
I'=c,(H)em(t) = ﬁk m|pyx|n >2 4 < m\py|n >2 4 < m|pz|n >2] (1.8)

Where the part within the square bracket in equation1.8 is called transition mo-
ment integral, denoted by M2, . Because the dipole moment is independent of
the translational integral, and the rotational integral is constant, one only needs

to consider the vibrational part in the transition moment integral. Considering
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the harmonic approximation of the integral, one can readily derive the vibra-
tional selection rules: Any = £1, but more general selection rules can be found

by symmetry analysis of the transition moment integral.

1.5 Selection rules

Transitions observed in IR spectrum are infrared active, a vibrational transition
is infrared active if the dipole moment p changes during this process. Tran-
sitions observed in the Raman spectrum are Raman active, a vibrational tran-
sition is Raman active if the polarizability & changes during this process. The
transition probability is determined by the transition integral from equation 1.8.
Let’s take x component as an example, write the transition integral in a more

general way:

Mz, =|<m|Qln > |? (1.9)

Where Q can be the dipole moment or polarizability. The transition integral can
only have nonzero value if the direct product of the irreducible representation
of each component of the integrand contains the totally symmetric irreducible
representation of the point group, therefore, by studying the symmetries of the
initial, final states and the Q operator, one can predict if the transition is allowed
or forbidden.

The irreducible representations for Q can be readily read from the character
table. The irreducible representations of dipole moment correspond to the rows
with x,y,z components in the linear function column in table 1.1, while the
irreducible representations of polarizability correspond to the rows with x2, 1,

z2, xy, xz,yz components in the quadratic functions column.

Thus far, one has acquired all the ingredients needed to understand the transi-
tions in the IR and Raman spectroscopy. Lastly, an useful fact for central sym-
metric materials: p will always have u symmetry, while & will always have ¢
symmetry, therefore the IR active modes and Raman active modes are mutual

exclusive in materials with inversion center.



Chapter 2
Crystallography

A Bravais lattice is an infinite array of discret points with an arrangement and
orientation that appears exactly the same, from whichever of the points the array

is viewed|[5].

Any symmetry operations in Bravais lattice can be decomposed into translation
Tr and a rigid operation leaving at least one lattice point fixed which forms a
point group. Considering the point group of Bravais lattice, one gets 7 crystal
systems and 32 crystallographic point groups including the symmetry of basis.
Considering the full symmetry of the Bravais lattice, one gets 14 Bravais lattice
and 230 space groups including the symmetry of basis ( 73 symmorphic space

groups) plus screw axes and glide planes ( 157 nonsymmorphic space groups).

2.1 Crystal lattice

The seven crystal systems are classified with respect to the metrics and sym-
metries as shown in table 2.1. The trig- and hexagonal crystal systems are sub-
sumed to the hexagonal crystal family because their unit cell shapes are identi-
cal. But the symmetry of the motif (basis) in trigonal system is only three-fold
rather than six-fold in hexagonal system. Interestingly, the hexagonal crystal
family can also be divided into hexagonal and rhombohedral lattice systems
while the trigonal crystal system is not equivalent to the rhombohedral lattice

system[6].
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TABLE 2.1: Seven crystal systems[6]

Crystal system Restrictions concerning the Maximal symmetry
Length of axes Angles of the cell

Triclinic None? None? 1

Monoclinic None? a=y=90° 2/m

Orthorhombic None? a=p=y=90° mmm

Tetragonal a=b a=p=y=90° 4/mmm

Trigonal a=b a=p=90°%y=120° 3/m

Hexagonal a=b a=p=90°y=120° 6/mmm

Cubic a=b=c a=pf=y=90° m3m

aThis means that the respective parameters can have any conceivable value

2.2 Nomenclature of 32 point groups

The Schoenflies and the international nomenclatorial systems are both in wide
use. The designations of the 32 point groups of both are shown in table 2.2 and
table 2.3.

The meaning of the Schoenflies notation:
C,, : Groups contain an n-fold rotation axis.

Cyo : Groups contain n-fold axis and as many mirror planes that contain the

n-fold rotation axis as it requires.

C, : Groups contain n-fold axis and a single mirror plane perpendicular to the

axis.
Sy : Groups contain only an n-fold rotation-reflection axis.

D, : Groups contain an n-fold rotation axis and as many 2-fold axes perpendic-

ular to the n-fold axis as it requires.

D, : Groups contain all the elements in D,, and a mirror plane perpendicular

to the n-fold axis.

D,,; : Groups contain all the elements of D, and mirror planes containing the

n-fold axis, which bisect the angles between the 2-fold axes.

Oy, : Full symmetry group of the cube including improper operations, which

the horizontal reflection plane (h) admits.
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TABLE 2.2: The noncubic crystallographic point groups|[5]

SCHOEN- . . . ORTHO- . INTER-
FLIES HEXAGONAL |TETRAGONAL| TRIGONAL RHOMBIC MONOCLINIC | TRICLINIC NATIONAL
Ce [ C3 (& G
- | [0 @ U B\ &) -
6 4 3 2 1
Cee Cao Cs, Gy
nmm
Ce E (neven)
| nm
j (nodd)
6mm 4mm 3m 2mm
Cen Can Can
E @ @ "
6/m 4lm 2/m
Cn =
Can Cin 2)
6 m -
n
Sa Se Sz
N E> @ @
i) 3 (<) T
D, D, D D
¢ ¢ 3 2 <> n2Z
(n even)
D, t s
* n2
622 472 32|y 222 (n 0dd)
Deh Dy, Doy, (mmm)
n22
mmm
@ (n/mmm)
D 6/mmm 4/mmm (Va) 2fmmm
i
Dsp
v
~ (n even)
62m )
Dag Dy (3m) A
(n odd)
Dpy -
5 32
(Vo) ~ 42m 3

O : Cubic group without improper operations.

T; : Full symmetry group of the regular tetrahedron including all improper

operations.
T : Tetrahedron group excluding improper operations.
T}, : Results when an inversion is added to T.

Any operation that takes a right-handed object into a left-handed one is called
improper, that is operations containing an odd number of inversions or mirror

reflections are improper.

The international notation consists of a maximum of four symbols for each

space group. For example, the crystal structure of KTaOj is Pm3m No. 221,
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TABLE 2.3: The cubic crystallographic point groups|[5]

TABLE 2.4: Viewing directions for the seven crystal systems[6]

Crystal system Viewing directions

Triclinic none

Monoclinic b(c) - -
Orthorhombic a b c
Tetragonal c a [110]
Trigonal c a -
Hexagonal 4 a [210]
Cubic c [111] [110]

2In the monoclinic crystal system, symmetry elements can only appear in one direction; by
convention this should be the b direction; however, in some countries, especially in Eastern
Europe, the c direction is used instead

which belongs to cubic structure Oy,. The first letter indicates the centering of
the Bravais type, here ‘P’ is for primitive which means 'not centered’, while
'T" is for body-centered, 'C” for one-side face centered and 'F’ for all-side face
centered. The following three letters indicate symmetries along three viewing
directions which are summarized in table 2.4 for seven crystal systems. The sec-
ond letter 'm’ indicates mirror reflection found in the viewing direction along c
for cubic structure. The third letter ‘3" indicates three-fold rotation plus inver-
sion symmetry along [111] direction and the last ‘'m” indicates another mirror

reflection perpendicular to [110] direction.

Another example for the international notation is the tetragonal structure FeMn,Oy4
with the space group 141 /amd No. 141 which we also studied in this thesis. The

viewing direction for tetragonal structure is ¢, a, [110], table 2.4. In the structure
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notation of this crystal, 'I” is for body-centered. "4; /a’ represents four-fold rota-
tion axis plus 1/4 lattice constant translation along c-direction plus a-directional

1/2 lattice constant glide plane which perpendicular to c-direction. "'m’ repre-

7

sents mirror plane perpendicular to a direction. 'd” represents diamond glide

plane perpendicular to [110] direction.



Chapter 3

Classical models of optical medium

3.1 Permittivity and conductivity

We start from macroscopic Maxwell equations to study the light-matter interac-
tions, since in most cases, the electromagnetic wave length is much longer the
microscopic scales of the media, the microscopic field is averaged over distance.

As a review, the Maxwell equations is listed in the following form:

(Z)V * D — pgxt
(ii)V-B =10
0B (3.1)
(iii)V x E = 37
(ZZJ)V XH =]+ aa_]t)

where D = ¢gE + P = €peE and H = %B —M = pouH are the constitutvie
equations. Here in the Maxwell equations, we distinguish between external
(Pext, Joxt) and internal (p,J) charge and current densities in order to avoid the
confusion of the application of boundary conditions. In non-magnetic mate-
rials, the relative permeability y is assumed to be 1. By considering the non-

locality in time and space, one can generalize the constitutive equations into[7]:

D(rt) = eo/dt’dr’e(r —1,t—t)E(,t)
(3.2)
J(x,t) = / drdro(r—,t — tE(, 1)

12
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By applying the convolution theorem on equation 3.2, one gets the frequency

domain constitutive equations:

D(K,w) = epe(K, w)E(K, w)

(3.3)
JK,w)=0(K,w)EK, w)

oP
t7

Combine with the equation J = %;, one gets the fundamental relation between

permittivity and conductivity:

ic(K,w)

e(Kw)=1+ p—_
0

(3.4)

The complex permittivity of material can be figured out experimentally by de-
termining the complex refractive index 7i(w) = n(w) + ik(w) = /€, therefore,
one can get the conductivity of the material from equation 3.4. « is the ex-
tinction coefficient which describes the absorption of the electromagnetic wave

propagating in the medium.

The attenuation of electromagnetic wave propagating in the medium is de-

scribed by equation:

I(x) = [pe™™* (3.5)

where alpha is the absorption coefficient related to the extinction coefficient .

a(w) = (3.6)

3.2 Lorentz and Drude model

For the light-matter interactions, classical Lorentz model provide a good qual-
itative description for bound electrons. Considering the motion of harmonic
oscillator, the energy of the system can be written as U(x) = fw3x?, where wy
is the resonance frequency, the driving field is monochromatic wave E(f) =

Ege~'!, then the motion of the electron can be expressed as:
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d?x dx

W + ’)’E + w%x = %E(t) (3-7)

Where 1 is the damping constant. The solution of the equation of motion is:

O —

a1 —iwt
mwl — w? — iw'ye (3:8)

Therefore the relative permittivity can be expressed as:

Ng? 1

—1 —1
&lw) =1+ xe(w) =1+ mey wi — w? — iwy

(3.9)

Where N is the density of electrons. By setting the resonance frequency wy = 0,

one can get the solution for the free electrons which is Drude model:

Ng? 1 wo

— =1 - ——— 3.10
meg w? + iw?y w? +iwy (3.10)

er(w) =1+ xe(w) =1

2
Where wy = 4/ % is the plasma frequency, usually metals become transparent
above wy. A typical electron density 10'cm 3 for semiconductors correspond-
ing to w, ~ 6THz[8].



Chapter 4
Nonlinear optics

Nonlinear optics is the study of the modifications of the optical properties of
materials under the presence of high-power laser. By neglecting the vector
nature of polarization P firstly, and assuming the medium responds instanta-
neously (lossless and dispersionless), we can expand the nonlinear response of
materials as a series of external electric field E including the first linear term as

following;:

P(t) = PO() + PA(t) + PO (£) 4 - -

4.1
— o VE®) + xPE2 () + xPE (1) +-- ) (4.1)

Where x(@ and x(®) are the second- and third-order nonlinear susceptibilities

respectively.

By considering the vector nature of the polarization, we can see that )((1), )((2)

and x(®) become second-,third- and forth-rank tensors. For example:

@ _ @
P~ =eg Zk:Xijk EjEx 4.2)
]/
6 _ @
P =€ ;Xﬁsz]’EkEl 4.3)
1<,

Where{i, j, k,1} € {x,y,z}. Many of these terms in the nonlinear susceptibilities

are the same or zero due to the symmetry of the crystals.

15
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Second-order nonlinear effect is only allowed in noncentrosymmetric materials
such as ZnTe, GaP and LiNbOs3. Optical rectification, Pockels effect and Sec-
ond harmonic generation (SHG) are all very important second-order nonlinear

effects.

Third-order nonlinear effect is particularly important in isotropic media, such
as gases, liquids and glasses. Optical Kerr effect, Ramman scattering and fre-

quency tripling are important third-order nonlinear effects.

4.1 Second-harmonic generation (SHG)

[110]

Time

FIGURE 4.1: (a) Decomposition of second-order nonlinear effect. (b) Optical
rectification of ZnTe crystal.

The sinusoidal electric field of the optical beam can be represented as:
E(t) = Ee™'@! 4 E*e@! (4.4)

By plugging equation 4.4 into the second-order nonlinear term in equation 4.1,
we get:
P(Z) (t) _ 2€OX(2) EE* + GOX(Z) (E2e—z’2wt + E*ZeiZaJt) (4.5)

The zero frequency term on the right-hand side is know as optical rectification
by which a static electric field is created within the nonlinear crystal, see the red
dotted line in figure 4.1(a). While the second term has a frequency 2w is the
second-harmonic generation, see the cyan dashed line in figure 4.1(b). SHG is
broadly used in laser generation, microscopy and spectroscopy. For example,
SHG in KDP is used to transfer 1064 nm infrared light generated from Nd:YAG

laser to 532 nm green light in laser industry.
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4.2 Optical rectification

By writing the second-order nonlinear susceptibility of the optical rectification

term of equation 4.5 in tensor form we get:

Pi(Z)(O) — Zk:eoxz(jzk)(o’ w, —w)Ej(w)E;:(‘U) (4.6)
Ji

Given the indices are permutable and considering the contracted matrix, equa-

tion 4.6 can be written as:

_ P _
EZ
y
Py di dip diz dia dis die 2
Py| =2€ |dyy dyp doz dog dos dog oF yE (4.7)
P dy dyp dyz dag dss d e
- nodn o di dy ds dse] |
OE.E,

By plugging in the corresponding contracted matrix for certain material, one is
alowed to calculate the response from optical rectification. For example in ZnTe,
by aligning the polarization direction of the incident light along [111] direction,
which is the chemical bonds between the Zn and Te atoms, the generated THz

light is maximized, figure 4.1(b).

4.3 Pockels effect

Induced optical anisotropy is quite ubiquitous in crystals, strain induced anisotropy
is call photo-elastic effect, magnetic field induced circularly birefringence is the
Faraday effect, and electric field induced birefringence such as Pockels effect
and optical Kerr effect which are the main topics in the current and following

section.
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Pockels effect is a second-order nonlinear effect as shown in equation 4.8, while
the optical Kerr effect is the third-order nonlinear effect as shown in equa-
tion 4.9. Pockels effect happens in anisotropic crystals, while optical Kerr ef-
fect is observed in isotropic crystals in which second-order nonlinear effect is
symmetrically forbidden.

The response of the nonlinear materials for Pockels effect is described as:

Pi(z)( — Zzeoxz]k w,w,0)E; Zeo)@] Ej(w) (4.8)

where XZ(].Z) (w) =2Y% )(szk) (w,w,0)E(0) is the field induced susceptibility ten-

sor, and E;(0) is the external dc electric field.

In the free-space electro-optic sampling method, one utilizes Pockels effect to
detect the THz field-induced refractive index changes, by knowing the change
of the refractive index in linear range, one can map out the waveform of the
transmitted THz beam. For example, one of the most commonly used crystals

is ZnTe and the corresponding matrix equation is:

EO,xETHz,x
EoE
P, 000100 EO'VETHZ'y
P,| =4epdis [0 0 0 0 1 0 Oz"THzz
Y EO yETsz + EO ZETsz
P, 0 00O0O0T1 ’ ’ ’ ’
EO,zETHz,x + EO,xETHz,z
| EoxETHzy + Eo,yETHz x|

4.4 Optical Kerr effect

The response of nonlinear materials for optical Kerr effect is described as:

P (w) =3 ) eoxij (w,@,0,0) (@) Ex(0)E(0) = Y e (w)Ej(w) (40
jkl j

where )(1(]-3) (w) =3Y%; Xf;()l(w, w,0,0)E;(0)Ex(0) is the field induced suscepti-

bility tensor.

The electric permittivity of the nonlinear materials can be described by:
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e;zl =1+ X(l) + X(3)E2 =€, + Ae (4.10)

where e, = 1+ x(Y) and Ae = x®)E2. For non-absorbing medium, the refraction

index is equal to the square root of the relative permittivity, thus we have:

Ae

2./&

n=(e+A0e)?x \Je, +

=ng+ An (4.11)

where we assumed that Ae << €, and we split the refractive index into its linear
part np = /€, and nonlinear part An. By plugging in the relation Ae = x® E2

and considering THz beam as the pump beam, we get:

(®)
X (wrHz, wTHz, W) ( ETHZ)Z — 1 + npy ITHZ (4.12)

ITHZ —
n(I°7%) = no + g

From equation 4.12 we can see that the change of refractive index in the optical

Kerr effect is proportional to the intensity of the incident THz light.



Chapter 5
Phonon and scattering

In contrast to the optical properties of bound electrons, which occur at visible
and ultraviolet frequencies, the interactions of phonons in a crystal with light
turn out to be in the infrared region. In this section, we will discuss the Infrared
spectroscopy which is the direct interactions of phonon dipoles with EM wave,
and the inelastic scattering including Raman scattering and Brilloin scattering.
The Raman scattering arises from the change of refraction index by the optical

phonons while the Brilloin scattering is by the acoustic phonons.

5.1 Infrared active phonon

The EM wave can only directly couple with ionic crystals or covalent crystals
with polar bounds. None of the optical phonons of the purely covalent crystal is
IR active , for example Si[9]. The phonon properties of crystal can be explained

to a large extent by the adapted classical Lorentz model:

2
QTO

(%, — w? —iyw)

€r(W) = €co + (st — €c0) (5.1)

Where ¢, is the relative dielectric constant. The static dielectric constatnt e;; =
2

1+x+ —i—eoij%, where y is the reduced mass, (1o is the natural frequency
TO

of the optical phonon mode and v is the damping rate. The high-frequency

dielectric constant ¢y = 1 + .

20
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In a lightly damped system, by assuming v = 0, we can get a solution of equa-
tion 5.1 for €, = 0 as w = Q. Since €, = 0 indicates longitudinal solution of
Maxwell’s equations, so w = ()¢ is the frequency of longitudinal mode. By

replacing w with Q) o, we get the Lyddane-Sachs-Teller (LST) relationship:

0l _ st (5.2)
Oty €w
LST relationship implies the degeneracy of TO and LO phonon modes in purely

covalent crystals since €5; = € when there is no IR active mode.

The reflectivity for a polar crystal can be calculated by using the relative electric

permittivity from equation 5.1:

R— izt Wa—lp 5.3
| —= 1" = | (5.3)
ini+1 Ver+1

Because the value of /€, is imaginary between Q1o and ;o with v = 0, the
reflectivity in this region named Reststrahl band is 100%. But in real crystal, the

reflectivity is relative lower in the Reststrahl band since the damping rate y # 0.

5.2 Raman scattering

Raman spectroscopy is an ubiquitous method in spectroscopy, biophysics, chem
istry and microscopy by studying the inelastic scattering of the monochromatic
light. In contrast to IR spectroscopy, Raman spectroscopy is less sensitive due to
the weak inelastic scattering process in materials. But Raman spectroscopy has
the advantage to freely choose the incident light wavelength, which can avoid
the strong absorption of the samples or the environment. Raman spectroscopy
is also considered as a complementary method for IR spectroscopy from the
perspective of symmetry, because crystals with inversion center obey mutual
exclusion rule, which means that any optical mode in the crystal can not be

both IR and Raman active at the same time.

Raman scattering arises from the radiation of the electric dipole in a system
induced by the electric field of the EM wave. The induced dipole moment in

the system can be written as:
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p=a-FE (5.4)

Where « is the polarizability tensor. Generally speaking, the polarization of a
crystal is the function of the instantaneous positions of the atoms. Hence we

can expand « in a series of the normal coordinates:

Jda 1 P«
a=aqap+ ;(B_Qk)Qk + 5 Ig(m)Qka + .. (5.5)

Where Qs are the normal coordinates of the crystal, and Qy corresponding to
the first order Raman scattering, Q;Q; corresponding to the second order scat-
tering and so on. Usually speaking, first order Raman scattering will dominate
the process, but in centrosymmetric materials the second order dominates since
the first order Raman scattering is forbidden by the inversion symmetry. Thus
hyper Raman starts to play the rule in centrosymmetric materials. By plugging

in the lattice wave equation:

Qk — Akeﬂ:i(kk-r—wkt) (56)

into the first order of equation5.5, and with the incident EM wave E = E%¢ 27 (ke-r—vet)

we get the first order Raman effect:

m! = g EV¢-2im(kmr—vet) | Zk:(;_g) AGEO k) (e

Where the scattered light with frequency vg F vk propagates in direction kg +
ky. The frequencies given by vg T v, are called Stokes and anti-Stokes Raman
scattering. When v; corresponds to the optical branch of the crystal phonon
mode, it is Raman scattering, when it corresponds to the acoustical phonon

mode, it is Brillouin scattering.

7
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5.3 Brilloin scattering

Brilloin scattering refers to inelastic light scattering from acoustic phonon mode.

The frequency shif the Brilloin scattering is described by equation:

2rzwsin9 (5.8)

ow = vy >

Where w is the angular frequency of incident light, v; is the speed of sound, 7 is
the refractive index, c is the speed of light, and 0 is the scattering angle. In Bril-
loin scattering experiment, single-mode laser and Fabry-Perot interferometer

are used in order to detect smaller frequency shift than Raman scattering.



Chapter 6
Optical activity

Certain substances are found to possess the ability to rotate the plane of polar-
ization of light passing through them. This phenomenon is known as optical
activity. Different from the rotation introduced by birefringence, the rotation
angle introduced by optical activity is independent of the incident polarization
directions. Optical activity from chiral structural materials are usually called
natrual optical activity , when people talk about optical activity, usually peo-
ple refer to natural optical activity, but sometimes the magneto-optical effect or
Faraday effect is also included in the phenomena of optical activity. The normal
modes of optical active materials are circularly polarized waves. The right- and
left-circular-polarization phases experience nr and ny two different refraction
indexes which introduce the rotation. The rotation angle of the linearly polar-
ized light in optical active materials is proportional to the length of the path of
the light through the medium. The amount of rotation per unit length of travel

is called the specific rotatory power, defined as

T
ng —ng) (6.1)

5= "
o

where A is the wavelength of the incident light in vacuum. The plane of polar-
ization rotates towards the circular polarization direction of light with relatively

smaller refractive index.

24
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6.1 Magneto-optical effect

When an isotropic dielectric material is placed in a magnetic field and a beam
of linearly polarized light transmits through, the plane of polarization of light
rotates. This field induced optical activity is Faraday effect[10]. The rotation
angle 6 is proportional to the magnetic induction B and to the length 1 of the
material that the light passed through. Thus we can write:

0 = VBI (6.2)

where V is the Verdet constant.

To understand Faraday effect, we can start with the motion of a bound electron
under external magnetic field B driven by a sinusoidal EM wave E = E% ¢,

then the equation of motion can be written as:

d’r dr

il — —¢F —e(= 6.3
mdt2+Kr eE e(dt)XB (6.3)
By plugging in the EM wave equation and considering the displacement r with

the same harmonic dependence, one can get:

—mw?* + Kr = —¢E + iwer x B (6.4)
since P = — Ner, hence the above equation implies that
(—mw? + K)P = Ne’E + iweP x B (6.5)

By solving the three scalor equations, we get the solution:

P = ¢oxE (6.6)

where yx is the susceptibility tensor. Assuming B is in z direction, we have
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X1 +ixiz O

X=|—ix2 xu O (6.7)
0 0 X33
where
Ne? w3 — w?
= 6.8
X11 meo [ (w(z) _ wz)z _ wzwg] ( )
Ne? 1
X33 = e W] (6.9)
Ne? wWwe
xin=——]| ] (6.10)

mey (Wi — w?)? — w?w?

In which, the wp = \/% is the resonance frequency, and w, = % is the cyclotron

frequency.

Faraday effect is one of the earliest demonstration of the interaction between
light and magnetism and it has broadly practical applications. It can be used to
analyse the constituents of hydrocarbons, since each constituent has a charac-
teristic magnetic rotation. Faraday effect can also be used in optical modulators

and optical isolators.

6.2 Natural optical activity

It is not surprise to see that the susceptibility tensor for natural optical activity
is in the same form with the one for Faraday effect, equation 6.7. The refractive

index for right and left circularly polarized light is written as:

nr =1+ x11 +x12
np =1+ x11—xw

(6.11)

According to the equation 6.1, the rotation power for optical active material is:
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7T 7T X12 X127T
0= —(ng—ny) ~— 2
/\0( t) Ao VI1+ x1 noAg (6.12)

Where n, is the ordinary index of refraction. This result shows that the rotation
power of natural optical activity is directly related to the imaginary component

of x12 in the susceptibility tensor.

Natural optical activity can be found in organic liquid such as turpentine, as
well as solutions of camphor and sugar, which have chiral molecules. It can
aslo be found in crystals such as quartz, and BaCoSiO4 as demonstrated in our
following experiment result , which have chiral crystal structures. In contrast
to the Faraday effect, the origin of natural optical activity is more sophisticated
and it can be understood from spatial dispersion[11] or electromagnetic induc-

tions of materials with chiral structures[12, 13].

6.3 Magneto-chiral effect

Magnetochiral dichroism (MChD) appears as a difference in the absorption coef-
ticient of chiral systems for unpolarized light beams propagating parallel and
antiparallel to a external magnetic field[14, 15]. MChD effect is a key to real-
ize artificial gauge field for light[16], and it is also possible to realize one-way

mirrors due to the directional birefringence of unpolarized light.

Based on the aforementioned effect, the refractive index of the medium with

magnetism and chirality is written as[12]:

1 k) 1
ny = Jen + Z\/gx - és%(*) + ijsgn(kt)g (6.13)

Where the first term on the right-hand side is conventional dispersion without
symmetry breaking. The second term is proportional to the external magnetic
tield that breaks the time reversal symmetry, which represents the MO effect,
and depends on polarization states. The forth term breaks the space-inversion
symmetry and represents the OA by the chirality tensor ¢. The last term is
a mixture of chirality and external magnetic field, and it represents the Mch

effect. This term simultaneously break the space-inversion and time-reversal
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symmetries, it is independent of the polarization state because ¢ and x both

depend on the polarization state and they cancel out.



Chapter 7
Symmetry, order and non-reciprocity

The spaciotemporal symmetries are closely related to the properties of crystals
in various aspects, for instance, multiferroics, Weyl semimetals,ferromagnetic
materials, chiral materials, quantum spin liquid, Faraday effect, optical second
harmonic generation, optical activity, photogalvanic effect are all defined with
certain symmetry breaking. A symmetry is global if the Hamiltonian of the
system is invariant by applying the symmetry operation on the entire system.
A symmetry is local if the Hamiltonian is invariant by applying the symmetry

operation differently to different points.

All symmetry operations in crystals are discrete.The discrete symmetry oper-
ations include: translational symmetry, rotational symmetry, mirror reflection

symmetry, space inversion symmetry and time reversal symmetry.

Many physical quantities in condensed matter physics can be distinguished by
their symmetries, the categorization of vectorlike physical quantities by space-
time rotation group O(3) x {1,1'} = O/(3) is shown in table7.1, where O(3) is

the group of proper and improper rotations and 1’ is the time reversal operation.

In the symbol column of the table7.1, G is for time-even axial vector, for ex-
ample: electric toroidal moment, P is for time-even polar vector, for example:
polarization, M is for time-odd axial vector, for example: magnetization, T is
for time-odd polar vector, for example: magnetic toroidal moment or Poynt-
ing vector, N is for time-even neutral vector, for example: rodlike molecules in

nematic phases of liquid crystal, C is for time-even chiral vector, for example:

29
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TABLE 7.1: One-dimensional irreps character table for the eight types of vec-

torlike physical quantities. The extra dash symbol identifies the operation with

time reversal symmetry, and the ‘'m’” infront of the irrep label indicates antisym-
metry with respect to time reversal. [17]

Irrep E 1 m 2, 1V 1 mj 2, Symbol
© o'
) _my 2y m)
Ay(ZF) 1L 1 1 1 1 I 1 N
Agy(Z7) 1 1 -1-1 1 1-1-1 G
An(Z5) 1 -1 1 -1 1-1 1-1 P
Ay (Z7) L1 a1 | D] ] C
mA,(mzf) 1 1 1 1 -1 -1 -1 -1 L
mAymZ;) 1 1 -1-1-1-1 1 1 M
mA,mzf) 1 -1 1 -1 -1 1-1 1 T
mAami; Lol ko] o1 1] F

helix, L is for time-odd neutral vector and F represents time-odd chiral vector,

for example: the "false chirality’.

7.1 Landau theory of phase transition

The phenomena of spontaneous order or spontaneous symmetry breaking at
critical temperature T, is fundamentally important in condensed matter physics.
Material undergoes a phase transition due to spontaneous symmetry breaking
and this phenomenon can be characterized by an order parameter # which is
often zero above T, and non-zero below. In Landau theory, the free energy
functional can be expanded as a series function of even power of the order pa-

rameter if the system possess certain symmetries:

b(T
F(T,n) — Fy = a(T)n* + %174 +... (7.1)
In general, it is a good approximation to consider the series to the forth power,
the coefficient b(T) is taken as a positive constant by if the system is thermal-
dynamically stable, the coefficient a(T) is expanded to the first order a(T) ~

ap(T — Tc) with ap > 0 and will change sign at the critical temperature T,. The



Xiaojiang Li PhD thesis 31

free energy vs. order parameter is plotted in figure 7.1 a under different tem-
peratures, above T, the order parameter is zero, while below T, there are two
solutions for 1. As the temperature T gradually decrease from high to T, one
can see immediately that the free energy gets shallower, the shallow depen-
dence of the lattice free energy causes the long-lived birefringent state in KTaO3

which will be introduced in the following section.

By minimizing the free energy, one can find two solutions:

0 T>T,
n = (7.2)
~8(T-T,) T<T

The solutions is plotted in figure 7.1 b, with the temperature above T, the order

parameter is zero and non-zero below T.

F(T,n)—F

FIGURE 7.1: (a) Temperature dependence of free energy vs. order parameter.
(b) Temperature dependence of order parameter.

Te

7.2 Optical non-reciprocity

Non-reciprocity phenomena are ubiquitous in nature, for example, electric diode
or p-n junction which is broadly used in electronic engineering, the inbuilt E
tield breaks the inversion symmetry of the device which introduces the differ-
ent behaviors of the counterpropagating electrons. Similarly, the crystals with
optical non-reciprocity are those which can distinguish the emerged conter-

propagating light beams irrespective of the polarization state of the light[14].
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Under this definition, the Faraday effect is not considered as an example of
optical non-reciprocity, because it is non-reciprocal for circularly or elliptically

polarized light, but reciprocal for linearly polarized light.

The difference of counterpropagating light beams can exhibit in forms of rota-
tion power, absorption coefficient, reflectivity and so on. One example in THz
domain is the hight-temperature THz dichroism in polar ferrimagnet FeZnMo3Og,
the configurations of the toroidal moment T = P x M parallel and antiparallel
with the propagation direction of the THz light beam introduce giant difference
in absorption coefficients[18], this phenomenon is termed optical magnetoelectric
effect. Another interesting example of optical non-reciprocity is magneto-chiral
dichroism, different absorption coefficients are observed for THz lgith beam travel

parallel and antiparallel with the external B field in a chiral material Ba,CoGe,;O7[19].

7.3 Symmetry-operational similarity

This section focus on the understanding of Symmetry-operational similarity
(SOS) in the application of optical non-reciprocity in complex materials. SOS
analysis is an empirical result proposed that the optical non-reciprocity can oc-
cur when the specimen constituents and measuring probes share SOS in the

relation of broken symmetries[20, 21].
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FIGURE 7.2: (a) Ferro-rotation. (b)(c) Structural chirality. (d)(e) Helical spin
order. (f) Cycloidal-spin order. (g) Toroidal moment of rotating spins. (h)
Toroidal moment with P and M. [21]
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Optical beam can be characterized by wave vector k, which breaks the symme-
try operations {C, ,1, m |, 1’ }, here "L’ represents the operation that is perpen-
dicular to the k vector. Figure 7.2 lists the specimen configurations that break
the same set of symmetry operations with k vector, which are predicted to ex-

hibit optical non-reciprocity from the perspective of SOS.

Here we analyse two configurations which are closely related to our following
experiments as examples. Figure 7.2(b) shows a chiral crystal structure with
magnetization along the chiral axis. The spiral structure breaks I, m | symme-
tries, and the magnetization breaks C; | and 1’ symmetries, so compare with the
set of broken symmetries from k vectors, we know this configuration satisfies
SOS condition. For figure 7.2 (h), we know that the polarization P breaks the 1,
m, symmetries, and the magnetization breaks C,, and 1’ symmetries, so the

SOS condition is also satisfied.



Chapter 8
Magnetic materials

Along with the utilization of electricity and wireless communication, magnetism
has played an important role in modern industry. In this section, we focus on
the magnetic interactions in crystals, introduce the basic concepts based on the
textbooks[22, 23], and summarize the ideas of geometric frustration and quan-

tum spin liquid which closely related to our following research.

8.1 Magnetic moment and interactions

Electron has intrinsic angular momentum (spin) with half-integer spin quan-
tum number s = /1/2 and the observable projections s, = £1/2. The magnetic

moment of an electron due to spin is given by:

Hz = —lpB (8.1)

Where pup = 23—128 is the Bohr magneton. From equation 8.1 we know that the

electron magnetic moment is antiparallel with its spin direction.

The energy of a magnetic moment y in a magnetic field B is given by:

E=—u-B (8.2)

34
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So the energy is minimized when the magnetic moment is parallel with the
B field. However, since the magnetic moment is associated with spin angular
momentum, y instead of turning towards B, it precess around the magnetic
tield B:

du
- _ B 8.3
FTRae (8.3)

With the Larmor precession frequency wy = B.

Magnetic interaction is a key element for magnetic materials. Magnetic dipolar
interaction is maybe the first interaction one expects to play a role in magnetism.

The energy of two magnetic moment p; and p; separated by distance r is:

47113

12— 31 7) (2 7)) (8.4

The energy magnitude for two electrons separated by distance r ~ 1A4 is es-
timated to be 10723], which is equivalent to about 1K in temperature. So it
turns out that the magnetic dipolar interaction is too weak to be significant
in magnetic materials at high temperature, other magnetic interaction mecha-

nisms must be considered.

8.1.1 Exchange interaction

Exchange interaction lies in the center of the magnetic long range ordering. It
is nothing more than electrostatic interactions, the interaction energy increases
when electrons are close together and decreases when they are apart. The spin-

dependent effective Hamiltonian for all neighbouring atoms can be written as:

H=-) JjSiS; (8.5)

If ] > 0, the triplet state is favored, for example, two electrons on the same atom,
the triplet state ensures an antisymmetric spatial state to separate the electrons

apart to save potential energy. While for | < 0, the singlet state is favored,
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for example, two electrons on neighbouring atoms, the singlet state ensures an

symmetric bonding state to save kinetic energy.

Electrons on neighboring magnetic atoms interact via an exchange interaction
directly is called direct exchange. Usually, direct exchange is not the main mech-
anism of magnetic properties of materials due to the insufficient direct overlap
of neighboring magnetic orbitals. Here in the following sections, we discuss a
couple of different indirect exchange interactions which is more significant in

magnetic materials.

8.1.2 Superexchange interaction

The indirect exchange interaction between two non-neighbouring magnetic ions
mediated by a non-magnetic ion in between is termed superexchange interaction.
Figure 8.1 shows two transition metal ions mediated by a oxygen ion, antifer-
romagnetic coupling is favored because it allows the delocalized electrons to
move over the whole structure. In most cases, antiferromagnetic configuration
is favored by superexchange interactions, but in some particular circumstances,

ferromagnetic configuration is possible.

M L@ R M

FIGURE 8.1: Superexchange interaction

8.1.3 Double exchange interaction

In some oxides, it is possible to have a ferromagnetic exchange interaction which
occurs because the magnetic ion can show mixed valency, this mechanism is
called double exchange. Double exchange interaction favors the ferromagnetic

alignment as shown in figure 8.2 with Mn®>" and Mn*" as an example. The e,
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electrons can only hop to the the neighbor ion freely with the high spin config-
uration and thus lowers the kinetic energy. Because of the itinerant properties

of the e, electrons, these materials become metallic.

a v b 8
.’ < /! <
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3+ 4+ +
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FIGURE 8.2: Double exchange interaction. (a) Neighbouring ions are ferro-

magnetically aligned, the e, electron is allowed to hop to the neighbor. (b)

Neighbouring ions are antiferromagnetically aligned, so the e, electrons can-
not hop to the neighbor freely.

8.1.4 Dzyaloshinsky-Moriya interaction

The anisotropic exchange interaction is also termed as Dzyaloshinsky-Moriya inter-
action (DMI), it describes the interaction between the excited state of one ion
with the ground state of the other through spin-orbit interaction in a noncen-

trosymmetric configuration. The Hamiltonian of DMI can be written as:

I:IDM =D- (Sl X Sz) (86)

Where vector D vanishes when the crystal field has inversion center at the oxy-
gen ion. When the oxygen ion is off the inversion center, a polarization P
formed between the transition metal and oxygen ions as shown in figure 8.3.

The polarization P is expressed as:
P Zeij X (Sl X Sz) (87)
ij

Here e;; is the vector connecting the two transition metal ions. This mechanism

is the origin of the polarization P in cycloidal structure.
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FIGURE 8.3: Anisotropic exchange interaction. .

8.2 Crystal field theory

The crystal field of magnetic materials is an electric field derived from neigh-
bouring atoms in the crystal. From the section of magnetic interactions, we
learned that the environment of magnetic ions is significant for the properties
of magnetic materials, since the crystal field and d orbit electron density of mag-
netic irons are usually not spherical, the interactions exhibit pronounced angu-

lar dependence.

Take the octahedral environment as an example, the magnetic ion is surrounded
by six oxygen ions. The degeneracy of d orbitals of the magnetic ion is lifted
by the crystal field into two categories: eg orbitals (d2,d,2_,» )and f5¢ orbitals
(dxy, dxz, dyz), figure 8.4. From figure 8.4(d)(e) one can learn that the e, orbital
dy2, has larger overlap with the p orbitals of the oxygen ions than the d,
orbital in t5¢, thus dy, orbital energy is lowered while the d,. > orbital energy
is raised. Interestingly, the crystal field works exactly in the opposite sense in

the tetrahedral environment.

8.3 Categorization of magnetic materials

According to the different behaviors of the magnetic susceptibility x and Curie
temperature T;, one can classify magnetic materials into diamagnetic materials,
paramagnetic materials, ferromagnetic materials, antiferromagnetic materials

and ferrimagnetic materials.

For the diamagnetic materials, x < 0. Diamagnetism arises from the interac-

tion of the external field B with orbital magnetic moment of electrons. Strictly
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FIGURE 8.4: (a) A 3d metal ion at the center of an octohedron formed by oxy-

gen ions. (b)(c) Probability distributions of e, orbitals and t, orbitals, respec-

tively. (d)(e) Orbiatal overlaps between the oxygen 2p orbitals and dxz_yz and
dyy orbitals, respectively.[24]

speaking, all materials have diamagnetism, but usually diamagnetism is in-

significant unless the the ions in materials have completely filled orbitals.

Paramagnetism Ferromagnetism A11tiferromugnetism
Susceptibility x X X
1 I\
| PN |
1 N 1
1 1
Complex: I N
behaw'or: : N :
1 1 1
1 1 |
1 L ]
0 T 0 T, -0 0 Ty T
_C _C __C
X=T X=T_T, X=T:o
Curie law Curie-Weiss law (T > Ty)
(T>T,)

FIGURE 8.5: Curie Weiss law for different magnetic materials. [25]

For magnetic materials with susceptibility x > 0, based on the Curie Weiss law,
if T, = 0, it is paramagnetic material, if T, > 0, it is ferromagnetic material, if
Ty < 0 and spins in two sublattices are equal in magnitude, it is antiferromag-
netic material, and if the spins in sublattices have unequal magnetic moments,

it is ferrimagnetic materials. The categorization is summarized in figure 8.5.
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8.4 Magnetic resonance

When a magnetic material is exposed in an external B field, from equation 8.3
one knows that instead of turning towards the magnetic field, the magnetic
moment g precesses around it with a frequency w;, = yB. The energy of the
system is quantized into discrete levels due to the quantization of the orbital
angular momentum. An external EM wave with corresponding frequency can
be absorbed by the system and drives the system to an excited state, this process
is called magnetic resonance. Different magnetic resonance techniques involve
different EM frequency ranges, here we discuss nuclear magnetic resonance and
ferromagnetic resonance which corresponding to the frequency ranges MHz

and GHz, respectively.

8.4.1 Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) is the magnetic resonance of EM wave with
the magnetic moment of nuclears. This technique is broadly used in medical
imaging, but it is also very helpful for us to further understand the electron
spin magnetic resonance in magnetic materials and other resonant phenomena
in the study of condensed matter physics. For a proton, I = 1/2 and m  can only
take the values of £1/2, the corresponding energy splitting under B = 1T is
~ 1077eV, the equivalent temperature is ~ 1mK, and the equivalent frequency

is 42.58 M Hz, which is in the radiofrequency region.

The absorption rate of the EM wave of a two level system through NMR is
described by equation:

dE

T —Whawn(t) (8.8)

Where E represents the energy of the system, W is the transition rate and n(t)

is the population difference between the excited state and the ground state.

The most interesting phenomena of NMR we want to discuss here is the relax-
ation time. In NMR measurement, there are two distinct relaxation time T; and
T. Ty originates from the interaction of the field induced magnetization in z di-

rection with the lattice vibrations, and this process is accompanied with energy
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transfer. While T, characterizes the dephasing time of the interaction between
different parts of the spin system in the xy plane, this process has no energy
consequences because the applied field is along z direction. The relaxation be-
havior of NMR is:

de - Mx
dM, M,
A - 8.9
= (M x B), - ! (89)
sz - MO - MZ
= = 7(M x B -

8.4.2 Ferromagnetic resonance

For an isolated electron with spin—1/2, under an external magnetic field B =
1T, and taking g, ~ 2, one can get the spin resonance frequency readily about
28GHz, which is close to the the THz range (0.1 — 30T Hz).

Charles Kittel gave a solution for ferromagnetic resonance half century ago[26]
which resolved the Larmor Frequency anomaly in Griffiths paper[27]. He started
from equation aa_{ = M x H, where J is the angular momentum density and

M is the magnetization. By plugging in J = 1/+J, one gets the equation:

oM

= = 7[M x H] (8.10)

Where the components of H are (Hy, —4nM,, H,). Here the Hy component is
replaced by —471 M, based on the divergence relation B, = H, + 47M, = 0. By
plugging H in equation 8.10 and neglecting the small quantities, one gets:

oM

oM

_t Y — ’)’(Msz — Mtz) (8']‘]‘)
T

By solving these equations, one can get the resonant frequency wo = y(B,Hz)!/2.



Chapter 9

Terahertz spectroscopy

9.1 Back ground

Terahertz (THz) radiation refers to a frequency band, it is also called "T-ray’.
The spectrum region lies between microwave and infrared region. THz band
has enormous spectral features associated with many fundamental physical
processes such as molecular rotations, lattice vibrations, intraband transitions,
superconducting gap and so on. The frequently used units corresponding to 1

THz are as following:

(1) Frequency: v = 1THz = 1000GHz

(2) Period: T =1/v = 1ps

(3) Wavelength: A = ¢/v = 0.3mm = 300um
(4) Wavenumber: k = k/2m = 1/A = 33.3cm ™!
(5) Photon energy: hv = hw = 4.14meV

(6) Temperature: T = hv/kp = 48K

9.2 Experiment setups

Figure 9.1 shows the schematic diagram for THz time domain spectroscopy by

using optical rectification and free space electro-optic sampling as generating

42
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FIGURE 9.1: THz time domain spectroscopy.

and detecting methods, these methods can be easily replaced by photoconduc-
tive antenna. By adding a polarizer before the receiver to measure £45° trans-
mitted THz amplitude, we can easily calculate the rotation angle and ellipticity
of the tramsmitted THz light. By conducting the sample-reference measure-
ment, we can calculate the complex refractive index of materials as well as other
characteristic coefficients such as absorption coefficient «, distinction coefficient

k and conductivity o.

Delay stage

Beam spliter
Laser source l GaP photodiode
| v a4
Blue filter
Grating — LNO a QD
ABL-100
\ balance detector
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Chopper v
( ND filter n
'l
! =
~
Sample

FIGURE 9.2: THz-pump optical-probe spectroscopy.

Figure 9.2 shows the schematic diagram for THz-pump optic-probe spectroscopy.
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In this set up, the THz light works as pump to excite materials into higher en-
ergy state in picosecond time scale, by using this method, one is allowed to
study the ultrafast dynamics of materials. At the receiver end of this schematic
diagram, by using GaP (band gap = 2.24eV) photodiode detector accompanied
with a blue filter, one can measure the THz field-induced second harmonic genera-
tion (TFISH) of the fundamental beam. While by using the balance detector as
a receiver, one can measure the THz field-induced Kerr effect (IKE). These effects

are closely investigated in KTaOj3 in the following experiments.

9.3 THz generation

9.3.1 Femtosecond Laser

THz spectroscopy is performed using a home-built spectrometer based on a
1-kHz repetition rate regenerative Ti:Sapphire laser amplifier. The predomi-
nant gain medium Ti:Sapphire has several outstanding properties to produce

ulstrashort laser pulses:
(1) The gain spectrum is extremely broad ranging from 650 to 1100 nm.

(2) The crystal has high thermal conductivity and can take upto 20 W optical

pumping power.
(3) The carrier lifetime is relatively small, about 3.2 ms.

The generated laser pulse in the lab has 800 nm wave length, 37 fs duration

time, and about 4 mJ energy per pulse.

9.3.2 Photoconductive antenna

Photoconductive antenna (PCA) is an electrical switch that can be used both as
THz emitter and receiver. In order to have a PCA work in THz domain, the
switch-on and off time must be limited in the subpicosecond range. The switch-
on time is mainly determined by the laser pulse duration while the the switch-

off time depends on the lifetime of the photoexcited carriers. The lifetime of the
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" radiated THz far field
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FIGURE 9.3: Schematic diagram for PCA and simulated THz radiation. a. Top

view of interdigital PCA (iPCA) with microlens array. b. THz generation in

iPCA. c. Bow-tie PCA THz receiver. The THz electric field works as DC field

relative to the femtosecond optical pulse. d. The simulated emitter photocur-
rent and correspongding radiated THz far field[8].

excited carriers is determined by the concentration of the defects in the materi-
als. The commonly used materials for PCA are low-temperature grown gallium
arsenide (LT-GaAs) and radiation-damaged silicon-on-sapphire (RD-SOS). The
high concentration defects of LT-GaAs are mainly from point defects, such as
antisites, while RD-SOS are from O ion implantation in the silicon layer. The

typical PCA emitter and detector used in our lab is shown in figure 9.3.

The instantaneous electric field of the emitted THz light from a PCA can be

written as:

_ Howosin(6) dlpc(tr) 5  dlpc(t) ©.1)

Ernz(t) 4y dt, A

Which is proportional to the rate of the induced photocurrent in the PCA.

Assuming the incident laser pulse is Gaussian with the duration time 2v/ 127,

one can derive the photocurrent:

VT 0 T;% t Tp t
L.(t) = — Epcl — = —) — = — )=
pC( ) 2 Ju(e) DC Opt [exp (4,[_02 Tc) erfC(ZTc Tp) (9 2)
(R T t '
P —_— — . p —_— —
exp (gry — 7o) erfelzr = )

whereerfc(x) =1—erf(x) = \/L% [ e tdt, %5 = Tlc + Tls, Lopt () is the intensity

profile of the optical pulses, ji, = ets/m is the electron mobility.
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9.3.3 Tilted wave-front phase-matching method

Optical rectifictation in noncentrosymmetric materials is another method for
THz generation, it has already been established in the chapter of nonlinear op-
tics, so here we only introduce the tilted wave-front phase-matching method as

the application of optical rectification.

LiNbOj (LNO) is a ferroelectric material. Its crystal structure belongs to trigonal
crystal system with space group R3c. LNO has high optical transparency from
350-5200 nm. The electro-optic coefficient dz3 of LNO is 27 pm/V which makes
it a perfect material for THz generation[8]. In our setups, we use tilted wave-
front phase-matching method in LNO to generate THz. The schematic diagram
is shown in figure 9.4. In order to satisfy the phase-matching condition in LNO,
we use a grating here to tilt the wave-front of the incident light, the angle 0 as
shown in figure 9.4 is 64°, and the first order diffraction beam of the grating
is chosen as the generating beam, the slits distance of the grating here is 1800

grooves/mm.

Cylinder lens Sample

Laser source

800 nm optical beam -

FIGURE 9.4: THz generation by tilted wave-front phase-matching method in
LiNbOj3 bulk crystal.

The phase matching condition for two waves with frequency w; and w; can be

written as:

AD = (kW) — 2kl =277 (9.3)
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A

where, [, = P rCmmen

is the coherence length, n(“1) and 1n(“2) are the refrac-

tive indices.

In order to have all the emitted THz light in phase from the LNO crystal, the
cutting angle of the crystal relative to the incident laser beam is particularly
choose as 64°, which matches the tilting angle of the incident wavefront. The
tilting angle is calculated from the refractive indices of the optical beam and the

THz beam below:

0 = cos 1(12) ~ 64° (9.4)
nr

9.3.4 Spin current injection
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FIGURE 9.5: a. Schematic diagram of the mechanism for spin current injection
method[28]. b. THz pulse generated by Fe/W bilayer by using spincurrent
injection method in our lab.

THz generation in ultrathin metal bilayer by spincurrent injection is an ex-
tremely promising new generation of THz emitter because of its large band-
width (1 — 30T Hz), large field amplitude at low pump power, scalability and
low cost[28, 29].

Figure 9.5 (a) illustrates the basic principle of the spintronic emitter. The device
is made of two layers of materials, the first layer is ferromagnetic material (FM)
and the second layer is nonferromagnetic material (NM) but with strong spin-
obit coupling. By applying an external magnetic field antiparallel with y axis,
the spin population along the field direction in the FM layer gets higher than
the population in the opposite direction. The femtosecond pump laser excites
the electrons in FM layer above the Fermi energy and the excited electrons start

to launch along z direction over the interface. Electrons with opposite spins are



Xiaojiang Li PhD thesis 48

scattered by the NM layer in the opposite directions which form the transverse
net current in the x direction and generate the THz light. A THz pulse and
the corresponding frequency band generated in a Fe/W bilayer synthesized by

sputtering method is shown in figure 9.5(b).

This process of a spin current generates transverse net current is called inverse
spin Hall effect or Mott scattering[23, 30]. Mott scattering can be understood from
the perspective of the force on a magnetic dipole m in a field H, equation 9.5,
and the field here is created by the relative motion of the nucleus with the elec-

trons in the NM layer.

F=V(m-H)=(m-V)H (9.5)

9.4 THz detection

9.4.1 Photoconductive antenna

The mechanism underlies the PCA receiver is almost identical with the PCA
emitter. In this setup, the THz electric field, instead of the external dc field,
drives the injected electrons. The lifetime of the excited electrons must be in
subpicosecond range in order to have time resolution of THz pulse. The in-
duced photocurrent is proportional to the amplitude of the THz electric field.
By scanning the optical path of the laser beam, one is allowed to map out the

THz waveform.

THz pulse

180um ()| Spm@)f
Metal electrodes

Stanford SR830

10 pm (w)

FIGURE 9.6: Bow-tie type THz receiver. (a) The schematic diagram of time
resolved THz detection by a bow-tie PCA. (b) A magnified picture of the PCA
antenna. .



Xiaojiang Li PhD thesis 49

9.4.2 Free-space electro-optic sampling

Optical N4
pulse Wollaston

prism
N |
Balance
THz pulse EO crystal photo-detector

FIGURE 9.7: The schematic diagram for free-space electro-optic sampling.

As an alternative method of THz detection, free-space electro-optic sampling method
also can measure the amplitude of THz light in time domain as well as the phase
with precision< 10~2rad. The underlying physics for this method is Pockels ef-
fect which has been discussed in the chapter of nonlinear optics. The schematic
diagram is shown in figure 9.7. The electric field of the THz light modulates the
refractive index of the EO crystal and rotates the linearly polarized optical pulse
by angle A¢, the quarter wave plate converts the linearly polarized light into el-
liptically polarized, then the Wollaston prism splits it into two linearly polarized
light and eventually detected by the balanced photo-detector and generates pho-
tocurrent I, and I, where 'x’ and 'y’ corresponding to the x and y components

of the linearly polarized light after the prism .

(1-A¢)

(14 A¢)

I, = E(l — sinA¢) ~
2 (9.6)

NSNS

Iy .
I, = E(l —sinA¢) ~
Equation 9.6 describes the linear relation between the rotation angle and the

current signal, combining with the linear electric field dependence of Pockels

effect, we can establish a linear relation of the signal and the THz amplitude.

9.5 Data analysis

To quantitatively describe the optical rotation and ellipcity of the transmitted

THz light in the frequency domain, we can measure the x and y components
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of the light, and then calculate the righ-hand and left-hand circularly polarized
light:

FIGURE 9.8: The optical ellipse.

3 Ey+iE
Feral) ==

V2

9.7)
Ecri(w) =

Then by plugging into the equation 9.8 and equation 9.9, one can get to rotation

angle 0 and ellipticity #, which are demonstrated in figure 9.8[31].

¥(w) = arg[Ecra(w)] - arg[Ecri(w)] 9.8)
_ |Ecra(w)| — |Ecri(w)]
|Ecra(w)| + |Ecri(w)]

n(w) 9.9)
By conducting the sample-reference measurement with normal incidence, one
can easily extract the complex refractive index of a materials by knowing the re-
fractive index of the reference[32]. Here in our measurement, we use free-space
as reference by assuming the refractive index of air n,;, = 1. The experiment
configuration is shown in figure 9.9. Considering different components of the

sample signal, one can write the emitted electric field as:

Esamp(w) = le(w) Pz((U) . Tzl(w) FP(C()) . E((U) (910)
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where the Fabry Pérot term FP(w) is:
FP(w) = Y [Ro1(w) - P3(w) - Ryy(w)]* (9.11)
k=0

The Fresnel equations of normal incidence are:

i —Tip
Rpp(w) = o (9.12)
fia — 1
R = 1
n(w) =2 (9.13)
Tip(w) = 211 (9.14)
P '
271y
T = 9.15
21(w) R, (9.15)
The amplitude decay introduced by the sample is:
.fiywd
Py(w) = e (9.16)

where 71, = n, + ixg,a = 1,2, d is the thickness of the sample. The transmitted

amplitude through free-space is:

Eref(w) = Pl(w)E(w) (9.17)
By comparing the difference between the sample and reference:

Esamp (w) A (1 — 7iy)wd

Eref(w) — (711 + 11y ] ©.18)

)zexp[i
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Assuming n, >> «x, and take 7i; = 1 for air, one can get

. c Esamp (w)
Esamp(w) ‘
2 Eref(w) (920)

r2(w) = " | T12 T |



Chapter 10

KTaO3

10.1 Introduction

Ultrafast optical control of structure in perovskites and their relatives has been
of great interest in studying nonlinear phononics and laser-induced phase tran-
sitions, including the transitions to metastable hidden phases[33, 34, 34-36]. In
particular, the nonlinear coupling between the infrared-active soft mode and
tirst-order Raman-active modes provides a new path for lattice modulation[37-
39]. The zone-center IR-active soft mode plays a key role in the phonon-phonon
interaction picture in the perovskites. As the temperature decreases, the soft
mode gradually softens, the material either undergoes a ferroelectric phase
transition at Curie temperature, for example BaTiO3[40, 41], or arrives at a so
called quantum paraelectric state without any long range polar orders down to
0 K, such as SrTiO3 (STO) and KTaO3 (KTO)[42—44]. The quantum paralectric
state results from the competitions among antiferrodistortive (AFD) structural
phase transition, ferroelectric ordering and quantum fluctuation below certain

threshold temperatures[45].

KTaOg3 is one of the perovskite family compounds which has been intensively
studied since the middle of last century [42, 43, 46-49]. KTO has a simple
cubic structure with space group Pm3m (No0.221) at room temperature and
holds the cubic structure down to at least 10 K which is out of our research
scope[42, 49]. KTO single crystal exhibits many novel physical properties such
as two-dimensional electron gas[50], superconductivity under electrostatic car-

rier doping[51], metal-insulator transitions[52]. KTO is also well known as a

53
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quantum paraelectric material, the temperature dependence measurements show
that the dielectric constant of KTO increases continuously as the temperature
cools down to 8 K and levels off to 0 K without undergoing ferroelectric phase
transition[53]. More interestingly, even though the long range ferroelectric or-
der is banned at low temperature, but the local polar phase can still exist with
Rog/a =~ 4 in both doped and nominally pure KTO[43, 44]. So at the low tem-
perature regime, the phase diagram of KTO crystal is almost temperature in-
dependent, but very sensitive to the external stimuli, such as electromagnetic
irradiation or strain. These properties make KTO an ideal material for studying
nonlinear phononics and usltrafast optical control. The TO; soft mode in KTO
can be described very well by the mean-field Barrentt formula[47, 54, 55]. By
fitting the experimental data with Barrentt formula, Chen et al. found that the
Curie temperature of KTO is 1.6 K, the temperature at which the instability be-
gins is 32 K, and the dielectric constant depends significantly on the external dc
electric field which agrees well with our measurements under THz field in the

present work[54].

10.2 Methods

Here we report optical time-resolved studies of KTO where intense single-cycle
THz pulses are used as the excitation. We use optical rectification in a LiNbO3
prism and tilted-wavefront phase matching to generate the THz pulses from
femtosecond pulses with 800 nm center wavelength. A small portion of the
temtosecond pulse energy is split off before THz generation and is used as an
optical probe pulse. We detect two quantities using the optical probe: one is
the THz field induced second-harmonic generation (TFISH) and the other is the
THz-induced polarization rotation (THz Kerr effect, or TKE). Both the TFISH
and TKE are measured with the probe beam transmitted through the sample.
For the TFISH experiment, the polarization directions of the THz beam and the
optical beam are both chosen to be vertically polarized in the lab frame, while
in the TKE experiment, the optical beam is 45° polarized from the vertically po-
larized THz beam. The TFISH intensity is measured using a GaP photodiode
and a blue filter after the KTO sample, which eliminates the fundamental 800
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nm wavelength from the detected light. The KTO sample used here is a com-
mercial product from MSE Supplies cut in the (100) direction with double-side

polished surfaces.

10.3 Result and discussion

KTO crystal possesses inversion symmetry, so that no second-harmonic gener-
ation can occur in the equilibrium state. The presence of the strong THz electric
tield breaks the inversion symmetry and causes a bulk polarization of the crys-
tal and leading to the detection of the TFISH intensity. Therefore, TFISH light
serves as an optical probe of polarization. The TFISH intensity rises with the
arrival of the THz electric field and decays within a few picoseconds after the
THz pulse. Only positive values of the TFISH intensity are recorded because it
is measured as a difference in the intensity of the TFISH light with and without
the THz field, and the latter intensity being zero. This is in contrast to TFISH
measurements in non-centrosymmetric media where both positive and nega-

tive second-harmonic intensity can be observed.
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FIGURE 10.1: (Color online) THz field induced second-harmonic generation
spectra. (a) Time domain spectroscopy under various temperatures. (b) The
frequency domain spectroscopy corresponding to the measurements in (a), the
first derivatives of the interpolated time domain spectroscopy were calculated
before the Fourier transformation to reduce the relative amplitude of the non-
oscillatory signal. (c) Frequency domain spectroscopy under various THz elec-
tric fields at 15 K. Inset: The peak values of TFISH time domain spectroscopy
vs. amplitudes of THz electric field, red dots are the experiment data and the
blue solid line is the quadratic fitting curve.
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Figure 10.1(a) shows the temperature dependence of the time domain TFISH
signal. The peak strength of TFISH gradually diminishes with increasing tem-
perature. In addition to the rise and decay of the intensity, we also find os-
cillations in the signal. The first three peaks in Fig. 10.1(a) are mainly driven
directly by the THz pulse packet, while the remaining oscillations come from
the relaxation of the stimulated phonon mode. Because the TFISH signal is
measured using co-propagating THz pump and optical probe beams, it is nec-
essary to consider their dephasing due to their different group velocities inside
the medium. However, the penetration depth of the THz light in KTO at low
temperature is less than 1 ym [47, 53], which means that the measured second-
harmonic response originates from a thin 1-ym-scale layer near the front sur-
face of the specimen and any dephasing effects on the measurement can be
neglected.

Figure 10.1(b) shows the corresponding frequency domain spectra of the TFISH
measurement, where the Fourier transform was performed on the first deriva-
tive of the time-domain signals in Fig. 10.1(a). The dependence of the frequency-
domain spectra on the strength of the incident THz field at 15 K temperature is
shown in Fig. 10.1(c). The THz field dependent TFISH is usually described as a
X3(wrHz, W, w) process in nonlinear optics, the intensity of the signal is propor-
tional to the square of the product x® (wry., w, w)ETHZ(E¥)2, where ETHZ de-
notes the THz electric field and E“ denotes the electric field of the optical probe
pulse. By fitting the THz field dependent TFISH signal with a quadratic func-
tion as shown in the inset of figure 10.1(c), the consistent fitting result further
demonstrates that the TFISH signal comes from the third order x3(wrH,, w, w)

process.

Figure 10.1(b) shows that the TFISH resonance peaks at 15 K is around 1.9 THz,
which is roughly the double of the TO; soft mode frequency from the earlier
works[42, 48, 53]. The frequency doubling can be understood by considering
the soft mode motion of the Ta>* cation relative to the O?>~ anion octahedron in
the KTO unit cell. The external THz field ET"Z introduces a minute displace-
ment of Ta®" along z axis, which breaks the inversion symmetry of the crystal,
but the total displacement of the Ta>* cation is still dominated by the amplitude
of the soft mode oscillation. Since second-harmonic generation only depends

on the displacement of the Ta>" cation from the equilibrium position, rather
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than the directions, so the frequency of the TFISH signal doubles. The time res-
olution of our setup is 0.05 ps, while the TFISH period is about 0.5 ps which
is one order larger than the resolution, so ideally we should have the capabil-
ity to capture more sophisticated oscillation pictures than we actually have at
hand. But unfortunately we can only observe a few peaks of oscillations at
relatively high amplitude values in the TFISH signal, this deviation may come
from two alternatively plausible reasons which need further exploration. (a)
Different areas of the laser spots (both THz and optical) incident on the sample
are not absolutely in phase, so the low intensity signals smear out at the GaP
diode detector. (b) The skewing of the anharmonic mode function renders the
probability of the Ta%* cation in the intermediate region much lower than other

places in the unit cell.

The complementary TKE measurement is conducted right after the TFISH ex-
periment. TKE is a third order nonlinear optical effect describing the THz in-

tensity dependence of the refraction index[9]:

©)
n(ITH?) = ng + X (wTIZ;aJTHz,w) (ETH2)2 = g + n, ITH= (10.1)
0

where 1y is the linear part of the refraction index, X(S)(WTHZ, WTHz, W) is an-

— X (Wrhz WrHw)
n3ceg

other third order nonlinear susceptibility and 7, . The refrac-

tion index of the specimen in our case changes along the ETH* field direction
and is proportional to (ETH?)2 according to equation (10.1). More details of
TKE measurement with significant fundamental THz pulse overlap in noncen-

trosymmetric materials are described in our earlier work[56].

Figure 10.2(a) shows the temperature dependence of the time domain TKE spec-
tra. The THz field changes the refraction index of the specimen along electric
tield vector introduces optical birefringence. We observed similar oscillatory
behavior in the TKE measurement in Fig. 10.2(a) as in TFISH, Fig. 10.1(a). But
the non-oscillatory component relaxes much slower than that in TFISH mea-
surement, specifically Trgg > 100 ps at 8 K while trrisg < 10 ps at 11 K. The
dashed line in figure 10.2(b) shows clear tendency of the mode softening as the
temperature decreases, so we assign this mode to Ay, mode. This observation
is in contrast with Xian’s work on SrTiOs crystal which is both qualitatively
and quantitatively similar with KTO. In their work, they assigned the 1.3 THz

mode from the TKE measurement which has no obvious mode softening to the
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FIGURE 10.2: (Color online) THz field induced Kerr effect spectra. (a) Time

domain TKE spectra under various temperatures. (b) The frequency domain

spectroscopy corresponding to the measurements in (a), the blue dashed line

is used to show the shift of peaks. (c) Frequency domain spectroscopy under

various THz electric field at 15 K. Inset: the peak values of TKE time domain

spectroscopy vs. amplitudes of THz electric field, red dots are the experiment
data and the blue solid line is the quadratic fitting curve.

A1, Raman mode and the Aj; mode anharmonically coupled with the Ay, soft
mode which agrees well with the theoretical prediction[33, 48]. Figure 10.2(c)
shows the THz field dependence of the TKE signal with a blue dashed line
showing the peak shift. The resonant frequency of the soft mode increases as
we increase the external field, and we have the similar observation in the TFISH
measurement in figure 10.1(c), this agrees well with the field dependent behav-
ior of the soft mode in the earlier work[48] and it further strengthens our mode
assignment argument. In the mean time, this field dependent behavior sketches
the onset of the field induced nonlinear effect in the soft mode. The inset of fig-
ure 10.2(c) exhibits a quadratic behavior of the time domain TKE peak vs. THz
tield which is described by function (10.1) for TKE effect.

Figure 10.2(b) shows that the soft mode frequency is also doubled the same
as the TFISH measurements. But the mechanism underlying is quite different.
The TKE measurement detects the change of refraction index of the crystal, or in
other words, the change of polarizability from the stand point of spectroscopist.
We can express the polarizability as a series of mormal coordinates Q of the
crystal[57]:
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“=a +Z(a—(x)Q +12(82—“)QQ + 10.2
With the lattice wave equation:
Qr = Age*lr—ed) (10.3)

The linear term of Qy in equation (10.2) is responsible for the first-order Ra-
man scattering, while the quadratic term accounts for the second-order effect.
Since the KTO crystal has cubic structure with inversion symmetry, all long-
wavelength phonons at I point in k space have odd parity. As a result, the first-
order Raman scattering in equation(10.2) is forbidden by the selection rule. But
the second-order Raman scattering is alowed, and if we plug the lattice wave
function (10.3) into the second term of the polarizability function (10.2), we will
get the expression for the two-phonon response of the Raman scattering which

describes the observed frequency-doubling behavior in our TKE measurement

exactly[49, 58].
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Figure 10.3 shows the long time range TKE measurements and the fitting relax-
ation time vs. temperature. The main figure is the soft mode relaxation versus
different temperatures, the small kinks at 31 ps are due to the reflection of sil-
icon wafer in the upper THz stream. We used a biexponential function to fit
the relaxation behavior, and the two different relaxation times are plotted in
tigure 10.3(a). The shorter relaxation time trxg; in black triangles behaves more
like a constant with the value about 4 ps, while the relaxation time trgr; in red
closed circle is much larger than trxg, and increases from 18 ps to 43 ps as the
temperature decreases. As a comparison, we also plotted the relaxation time
trrisy from TFISH measurement in figure 10.3(b) from three different measure-
ments. The relaxation time from TFISH increases even faster than frxg; from

0.35 ps to 1.57 ps but with much smaller values.

By far, the most striking thing arises from the two complementary measure-
ments is the huge difference between the non-oscillatory relaxation time f7xg;
and trrsy. The dramatic difference indicates two basically different interaction
pictures underlying the TKE and TFISH measurements but bridged by the same
ferroelectric soft mode. Here we provide a qualitative explanation from the
perspective of different interaction ranges of electric dipoles and quadrupoles,
further theoretical calculation is needed in the future work. The electric dipole
moment of the soft mode in KTO can be described by p;,,. = 4Q,, where q
is the effective charge and Q, is the displacement of normal mode along z di-
rection. The attenuation rate of a dipole moment potential is ~ %2, where r is
the distance between different electric dipole moments. So the interactions of
the dipole moment with the environment decay in a way of ~ rlZ By the same
token, for the Raman active mode in TKE measurement, considering the ex-
pression in equation (10.2), we can generally describe it in a way analogous to
electric quadrupole with expression pgu4, ~ 7Q? and the attenuation rate of
the quadrupole potential is ~ r% From this angle of view, since the potential
of electric quadrupole decays much fast in space than its counterpart, namely
electric dipole, the ineractions of the quadrupole with its environment decay
much faster than electric dipole, so we could expect to observe a much longer
relaxation time in the TKE signal than the TFISH.
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10.4 Summary

In summary, from the complementary TFISH and TKE measurements on quan-
tum paraelelctric material KTO, we observed the ferroelectric mode softening
with decreasing temperature. The mode assignment is supported by the in-
creasing frequency of the soft mode under external electric field. We explained
the totally different mechanisms of the soft mode frequency doubling in these
two measurements. Most strikingly, we observed dramatically different relax-
ation times from TFISH and TKE measurements, and qualatitively explained
it using electric dipole and quadrupole models. Generally speaking, our re-
sults demonstrate an extremely clear microscopic picture of the ferroelectric
soft mode oscillation under THz field induced symmetry breaking in KTO and
it paves the way for the further study of ultrafast optical control in perovskite
family. In addition, the dramatically different IR and Raman responses from the
same THz pulse excitation provide a very unique angle for the study of nonlin-
ear phononics, and reveals a deeper insight in the path of the resonant mode

energy dissipation between different mechanisms bridged by the same mode.



Chapter 11

BaCoSi0y4

11.1 Introduction

Optical active materials have the power to rotate the plane of linearly polar-
ized light beam. The first optical active material - quartz crystal, was found
by a French scientist Arago in 1811. Optical active materials are said to ex-
hibit natural optical activity(OA) in the absence of external influences such as
magnetic field B[59]. Materials with chiral crystal structures are closely re-
lated to the optical activity phenomenon. Chiral materials are those that the
images of their crystal structures cannot coincide with themselves by any se-
quence of rotation and translation operations. Chiral materials with the point
group 1,2,222,4,422,3,32,6,622,432 and 23 and the non-chiral materials with
the point group m, mm2,4 and 42m are all predicted to exhibit OA [60]. The OA
phenomenon exhibited in chiral materials are generally ascribe to the distribu-

tions of electrons in the crystals[61].

Natural circular dichroism(NCD) and rotatory dispersion spectroscopy are power-
ful tools to study electric and vibrational excitations of states for chiral mate-
rials in sterochemistry and condensed matter physics[62]. By studying NCD
and rotatory dispersion of the transmitted linearly polarized light, we can get
the information of the refraction index n and absorption coefficient a of the
medium for the right and left handed circular polarized light respectively. Here
in the present section, we conducted the terahertz time-domain spectroscopy
(THz-TDS) measurement to investigate the NCD and rotatory dispersion in
BaCo0SiO4(BCSO,).

62
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Due to their complex polymorphism, the derivatives of the tridymite (5iO,)
are good model systems to study the changes of tetrahedral frameworks in-
duced by atom replacing[63]. The structures and UV range optical proper-
ties of the compound Ba(Coj_,Zny)O4 were closely investigated as candidates
of new photo-catalytic materials because of its relatively small band gap[64].
Strong photo-induced dielectric response was observed in one of the deriva-
tives: BCSO[65].

BCSO is a Mott insulator with a tetrahedral porous network. Three crystal-
lographically independent Ba** kations with different coordination environ-
ments are stuffed into the voids of the structure as shown in figurell.1(a). The
Co®* kations surrounded by oxygen anions form octahedral sublattices and oc-
cupy high-spin state with spin 3/2. BCSO belongs to hexagonal space group
of P63(NO.173,Z = 6) corresponding to point group C¢. The gyration tensor
of point group Cs has no zero element which indicates that BCSO has a chiral
structure that breaks the space inversion symmetry[60]. Fisrt-principle calcu-
lations predict a sharp density of states at the bottom of the conduction band
around 2eV suggesting fairly localized excited electrons [63, 64]. The temper-
ature dependent magnetization measurement of BCSO shows a antiferromag-
netic transition at 3.2K, from 3.2K up to room temperature, BCSO is in param-
agnetic state, figure 11.2. BCSO has intricate magnetic structures as shown in
figure 11.1 (b) and (c). To appreciate the toroidal nature of the antiferromag-
netic groud state below 3.2K, three sublattices with red, cyan, and blue colors
are marked, each of which is a network of trimers forms nonzero toroidal mo-
ment. The three sublattices form a antiferrotoroidal ground state under zero
magnetic field, but can flipped into ferrotoroidal state by applying an external
magnetic field B = 1.2T at 1.5K[66].

11.2 Methods

Spectroscopy: we used a femtosecond mode-locked Ti: sapphire laser source
(center wavelength: 800nm, pulse width: 35fs, repetition rate: 1000Hz). The
homemade zero-field THz time domain spectroscopy (THz-TDS) was used to
detect the absorption and rotation of BCSO crystal under Faraday geometry.
The THz pulse was generated by optical rectification in Lithium niobate (LiNbO3).
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FIGURE 11.1: (a) BaCoSiOy4 crystal structure in c direction. Bal, Ba3, Ba5 atoms

all located on threefold axes but have different coordinate environments, we

can tell this from the orientations of the different CoO4 sublattices at the equiv-

alent positions relative to Ba>* anions. (b) Magnetic ferritoroidal ground state

at B = 0T. (c) The ferritoroidal ground state is changed into ferrotoroidal state
under B = 2T[66].
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FIGURE 11.2: BaCoSiO4 magnetization measurement. (a) The temperature de-

pendence of the magnetic susceptibility along c axis and in ab plane with mag-

netic field (B = 0.1T). (b) Inverse magnetic susceptibility curves and the cor-
responding fits using the Curie-Weiss law[66].

The actual electric field of the THz pulses with accurate amplitude and phase
was measured by free-space electro-optic sampling using a ZnTe crystal. The
THz Spectroscopy in high magnetic fields (—17T to 17T) were performed using
photo-conductive antennas as THz emission and detection. The polarization of
the incident THz beam is controlled by a wire-grid polarizer. The transmitted
x,y component of the THz light was picked out by a wire-grid analyser. More
detailed setups are introduced in our previous work[67].

Magnet: for the field-dependent measure of BCSO, the sample was mounted in
the chamber of J4839 17T cryogen-free magnet, the temperature range from 4K
to 300K, the magnetic field can change continuously from —17T to 17T.

Sample: we used two BCSO samples from different batches in this experiment.
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Sample-#1 was cut perpendicular to c axis of the crystal, with the normal direc-
tion of the cutting plane off the c axis less than 3°. Sample-#2 was cut off c axis

27.5°. Both samples were grounded into thin plate with polished surface.

DFT calculation: in our theoretical calculation, we used the frozen phonon
method[68] for the force constant and dynamic matrix calculation[69]. Then
solve the dynamic matrix we can have the phonon band structure. On each
point of the band structure, the eigen mode can be generated and the polariza-
tion change in the eigen mode can be calculated using Berry phase with Born

effective charge correction.

11.3 Results and discussion

We conducted THz ellipsometry measurement along c axis of the BCSO crystal
sample-#2 without magnetic field firstly, the rotation and ellipticity measure-
ments show a lattice vibrational mode lies between 0.6 — 0.7THz, figure 11.3.
The amplitude of the phonon mode smear out gradually into the thermal fluc-
tuation background as the temperature raises above 60K, figure 11.3(a). By us-
ing Local-density approximations+U method, we calculated the phonon band
as shown in figure 11.6(a), which shows the lowest phonon mode at I' poit is
about 0.923T Hz, the energy shift between the experimental result and the the-
oretical calculation may stem from the defects or doping in the BCSO crystal,
and we do observe a slight shift of the resonant peaks between BCSO sample-#1
and #2 from different batches by comparing figure 11.3(a) and figure 11.4(a)(b).

Since the crystal structure of BCSO is chiral, from the knowledge of SOS we
know that by applying an external magnetic field along the chiral axis ¢, one
would expect to observe optical non-reciprocity with counterpropagating THz
beam in this configuration. We studied the THz rotation and ellipticity of BCSO
under £ B field, the non-reciprocal effect becomes more and more significant as

the magnetic field increases from 0 to 17T as shown in figure 11.3(b)(c).

Chiral materials are naturally optical active, despite the other possible mech-
anisms, the rotation power of optical active materials along the chiral axis is
isotropic, this means one would expect to observe polarization-independent
rotation power from BCSO along c axis. We conducted incident polarization-

dependent measurements on both BCSO sample-#1 and #2 in figure 11.4. From
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FIGURE 11.3: BCSO phonon mode and THz non-reciprocity(a) BCSO optical

rotation and ellipticity as a function of temperature. (b)(c) THz non-reciprocity

of BCSO can be observed from both field-dependent optical rotation and ellip-
ticity.

tigure 11.4(a)(b), we find that the ellipticity and rotation angles are dependent
on the polarization directions of the linearly polarized incident light, the rota-
tion angles range from —6° to —15° as we sweep the incident angle from 0°
to 60°. Then we studied the ellipticity and absorption on sample-#2 with the
incident polarization 90° apart from each other. The ellipticity flips sign after
90° rotation indicating a two-fold rotational symmetry in the crystal. This ob-
servation is also supported by the absorption measurement, at 80° of incident
polarization, the resonant absorption is suppressed, but shows up after 90° ro-

tation as shown in figure 11.4(d).

To better understand the optical non-reciprocity and magnetic structure of BCSO,
we studied the angle-dependent transmission and ellipticity as a function of
external magnetic field on sample-#2, figure 11.5. For the incident angle 20°
and 70°, figure 11.5 shows the relative transmission and the ellipticity of the
sample-#2 under +£B. The relative transmission and ellipticity with opposite
directions are different under various magnetic field, which indicating optical
non-reciprocity as we have discussed earlier in figure 11.3. In addition, we can
observe significant magnetic spin resonances with different external magnetic
fields which are marked with double-side arrows in different colors, the mag-
netic resonance changes the absorption and ellipticity of the transmitted THz
light.

As we have discussed earlier, the rotational power of optical active materials

should be the same along the chiral axis, but we observed angle-dependent
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FIGURE 11.4: Anisotropy of BCSO in the ab plane. (a)(b) Rotation and ellip-

ticity as a function of incident linearly polarized light at 14K for sample-#1 of

BCSO. (c)(d) Two-fold rotational symmetry of BCSO sample-#2 at 14K. The

sign of the ellipcity flips in (c) and the absorption resonance disappears by the
90° rotation of the incident polarization of the THz light.

rotational power in both samples. Since BCSO is an uniaxial material, it is rea-
sonable to have two-fold rotational symmetry in the plane of sample-#2 with
an angle 27.5° off the ¢ axis of the crystal, but not for sample-#1 with an angle
< 3°. From the theoretical calculation, we find that the lowest energy phonon
mode forms a inbuilt polarization along c axis as shown in figure 11.6(b). From
the discussion of Pockels effect in the earlier chapters, we learned that second-
order nonlinear effect of crystal with the electric field launching along c axis
will introduce birefringence in the ab plane of the crystal just as what happened

in the typical nonlinear crystal KH, POy.

11.4 Summary

In summary, we investigated the THz non-reciprocity of BCSO under the exter-
nal magnetic field along c axis of the crystal, which is predicted by SOS meth-
ods for chiral materials, the experimental results demonstrate that that non-
reciprocal effect is tunable by adjusting the amplitude of the magnetic field. We
observed THz anisotropy in the ab plane of BCSO from the polarimetry mea-

surement, this phenomenon is probably due to the birefringence in the ab plane

Rotation (°)

Absorption(m™ ')
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FIGURE 11.5: Transimission and ellipcitiy of BCSO as a function of external

magnetic field with the incident angle 90° apart from each other. For +B,

the transmission exhibit non-reciprocal effect for both measurements.Except

optical non-reciprocal effect, we can also observe magnetic spin resonance with

the resonance frequency proportional to the magnetic field, the corresponding
resonant peaks are marked by arrows in different colors.
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FIGURE 11.6: DFT calculation of BCSO. (a) Phonon band and density of state.

The lowest two optical modes at 0.923THz and 0.988THz on I' point are

marked with red circles. (b) Polarizations of the two lowest optical mode, the

yellow arrows are for 0.923T Hz mode and the salmon arrows are for 0.988THz
mode.

induced by the spontaneous polarization in the material which is supported by

the DFT calculation.



Chapter 12
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12.1 Introduction

Spinel family crystals have historically been one of the most highly revered
gemstones due to its diversely beautiful colors. In modern industry, spinel
crystals are widely used in battery and memory devices. Compounds from this
family can also be used as spin filters in spintronics due to the asymmetry of the
spin-polarized density of states around the Fermi energy, where one of the spin
channels is a conductor while the other one behaves as an insulator[70, 71].
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FIGURE 12.1: (a) FMO crystal structure[72].(b) Magnetization of FMO as a
function of temperature[73]

The FeMn,0O, (FMO) that we studied in this article has an inverse spinel struc-

ture with half manganese atoms and all iron atoms in the octahedron sublattices

69
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(O sublattice) and the remaining manganese atoms in the tetrahedron sublat-
tices (T sublattice). FMO has a structure phase transition at T; ~ 595K from cu-
bic structure at higher temperature to tetragonal structure (I41/amd, No. 141)
at low temperature as seen in figure 12.1(a), due to a cooperative Jahn-Teller
distortion of the MnOg octahedra. The superexchange interaction between O
sublattices and T sublattices are much stronger than the interaction within the
same sublattices, so typically, ions in different types of sublattices interact ferri-
magnetically, while ions within the same kind of sublattices interact ferromag-
netically. Since the number of T sublattices is less than the O sublattices, the
ferrimagnetic state is developed. FMO has two ferrimagnetic phase trasitions
at Trr—1 ~ 373K and Trj_, ~ 50K respectively, figure 12.1(a)(b), the first phase
transition is collinear while the second one is noncollinear. The magnetic easy

axis of FMO is along [111] direction of the crystal structure[73].

12.2 Methods

Single-crystalline FMO was provided by our collaborators from LSU, it was
grown by using a two-mirror optical floating zone furnace. For more details,

readers can refer to the reference article from Roshan Nepal[73].

THz-TDS was performed using a home-built spectrometer based on a 1-kHz
repetition rate regenerative Ti:Sapphire laser amplifier, equipped with He flow
cryostat J4839 17T cryogen-free magnet that allows sample temperature control
in the 4 — 300 K range.

In order to study the magnetic spin waves with different polarization directions
in FMO, we conducted THz time-domain spectroscopy under two distinct con-
tigurations, Faraday geometry and Voigt geometry, respectively, figure 12.2. For
both of these two configurations, the THz light beam propagates along the [111]
direction of the FMO crystal, the only difference lies on the direction of external
B field. For the Faraday geometry, the THz light beam is parallel with the B
tield, and the polarization direction of the THz light is horizontal, while for the
Voigt geometry, the THz light beam propagates perpendicularly to the external
B field and the polarization direction of the THz light is also parallel with the
B field.
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FIGURE 12.2: Different configurations for FMO measurement.(a) Faraday ge-
ometry.(b) Voigt geometry

12.3 Results and discussion

We ftirst conducted THz transmission measurement for both Faraday and Voigt
geometry with opposite B field directions at low temperatures. From the trans-
mittance in figure 12.3(a) at 17T, it is obvious to see that these two configura-
tions behave drastically different. In Faraday geometry, THz non-reciprocity
shows up with the opposite directions of B field. For B = 17T, two reso-
nant peaks can be observed at 0.54THz and 0.34T Hz, respectively, . While for
B = —17T, one resonant peak shows up at 0.68THz, but the other one at lower
frequency at 0.38THz splits into two peaks. In the Voigt geometry, one broad
resonant peak at 0.58THz is observed, and a smaller one shows up at 0.85THz.
The most interesting observation from Voigt geometry is that the transmittance
for B = £17T match very well, no non-reciprocal effect is observed as in the

Faraday geometry.

We further studied the magnetic field-dependent THz transmittance at low tem-
peratures for FMO, figure 12.3(b)(c). As the value of B field increase from 5T to
17T, the spin resonance frequencies raise higher. But the optical non-reciprocity
in Faraday geometry and the optical reciprocity in Voigt geometry are consis-

tent despite the variation of B field.

By using an analyser after the FMO sample in the THz stream, we measured
the x and y components of the transmitted THz light individually, combin-
ing these two measurements, we calculated the ellipticity of the transmitted
light at 3K and 40K in Faraday geometry, figure 12.4. First of all, in all these
ellipticity measurements, optical non-reciprocity sustained, the resonant peak

positions in the frequency domain are systematically shifted for £B, and the
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FIGURE 12.3: FMO transmittance under Faraday and Voigt geometry.(a) The
transmittance of FMO at £17T, in Faraday geometry, the transmittance ex-
hibits THz non-reciprocity, while for Voigt geometry, it is reciprocal.(b) Non-
reciprocity of Faraday geometry at £5T and +17T.(c) Transmittance of FMO

0.8
0.6
0.4

024

Ellipticity
o

-0.2

-04

-06

-08

Faraday
geometry|

-0.2
-0.4
-0.6

-0.8

in Voigt geometry is reciprocal under various magnetic fields.

0.8
0.6
0.4

0.2

Faraday
geometry

A f(THz)
o
2

---

3K
Faraday
geometry

-1
01 02 03 04 05 06 07 08

Freeugency (THz)

-1
01 02 03 04 05 06 07 08
Frequency (THz)

8 10 12 14 16 18
Magnetic field (T)

FIGURE 12.4: Ellipticity of FMO in Faraday geometry. (a) Ellipticity from —17T
to 17T at 3K. (b) Ellipticity of FMO from —17T to 17T at 40K. (c) Main elliptic-
ity peak shift between counterpropagating THz beam under various magnetic

fields at 3K.

field-dependent shifts of the main peaks at 3K is plotted in figure 12.4(c). Below
B = 10T, the spin resonant frequency increases linearly with the external mag-
netic field, which satisfies the magnetic resonant equation for ferromagnetic
wo = v(B,Hz)'/?, while for magnetic field B above 10T, the field-dependent
resonant frequencies deviate from the linear behavior under lower field conter-
intuitively, which indicates possibly field-induced magnetic phase transitions.

Secondly, from figure 12.4(a) it is obvious to see that there are three resonant
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peaks above 14T, which can be presumably related to the three different sublat-
tices in FMO crystal, further proof is needed to confirm this conjecture. As the
temperature increases to 40K, one of the resonant peak disappears and the en-
ergy gap of the remaining two resonant peaks shrink, based on this tendency,
it is reasonable to infer that the remaining two may merge into one resonant
peak at higher temperature eventually, and this is supported with the reported

collinear ferrimagnetic phase transition at 50K[73].
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FIGURE 12.5: Symmetry analysis of FMO crystal structure with external B
field.

Now let’s get back to the THz non-reciprocity in FMO and try to use the SOS
method to understand the symmetry difference between Faraday geometry and
Voigt geometry in this material. Figure 12.5 demonstrates the relative positions
of the magnetic field with respect to the crystal structure in the two configura-
tions and the international space group representation of FMO is pasted on the
right-hand side of the figure. The THz probe is characterized by the k vector,
which breaks the set of symmetry operations {2 ,m |, 1,1’}.The space group of
FMO is [41/amd, from the chapter on crystallography in this thesis we know
that the Bravais lattice of this crystal has an inversion center, and the inversion
symmetry is broken by including the motifs on each lattice site, but it still pre-
serves the 2 |, m | and 1/ symmetries. But if we launch a magnetic field B along
[111] direction of the crystal in the Faraday geometry as shown in figure 12.5,
one can find that the whole system including the magnetic field breaks the 2,
m and 1’ symmetries simultaneously, then from the perspective of SOS, FMO
crystal with the B field in Faraday geometry should exhibit non-reciprocal ef-
fect. While for the Voigt geometry, the external magnetic field is perpendicular
to the [111] direction of the crystal, the SOS analysis result turns out to be con-

ditional. (1) If the magnetic field B lies in the ac plane or the bc plane of the
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crystal structure, then the specimen which including the crystal and the mag-
netic field still maintains the m; and 2, symmetries, so the THz light should be
reciprocal. (2) If the magnetic field B is out of the ac plane and bc plane, then
all the symmetries in the set {2,m, 1,1 } are broken, then this configuration
is predicted to have THz non-reciprocal effect. But from our experiment results,
we only observed THz reciprocal phenomenon instead of both in the Voigt ge-
ometry. It is possible that we accidentally aligned the magnetic field B in the
ac or bc plane, but it is more possible that some other mechanism stops it from

being so and this should be examined by the future investigation.

12.4 Summary

In summary, we conducted THz transmission and ellipticity measurement on
FMO in Faraday and Voigt geometries. We studied the magnetic spin reso-
nance at 3K and 40K under various magnetic field. THz non-reciprocal effect is
observed in the Faraday geometry configuration but not in the Voigt geometry.
We anaylised the symmetry of the experiment by SOS method, the THz non-
reciprocal effect in Faraday geometry is predicted readily from the perspective
of SOS, while for the Voigt geometry, the result is conditional, further investi-

gation is needed to fully understand it.
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