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Abstract

In this dissertation, I present spectroscopic studies of several model electronic and
magnetic materials. Compounds of interest include VO, nanoscrolls, VOHPO4~%HQO,
and (Lag4Prg6)1.25r1 sMnyO7. These materials are attractive systems for the inves-
tigation of optical gap tuning, lattice and charge dynamics, spin-lattice-charge cou-
pling, and hydrogen bonding effects. I measured the optical properties of VO, nano-
scrolls and the ion-exchanged derivatives to investigate the lattice and charge degrees
of freedom. Selected V-O-V stretching modes sharpen and redshift with increasing
amine size, which are microscopic manifestations of strain. We observed bound car-
rier localization in the metal exchanged nanoscrolls, indicating they are weakly metal-
lic in their bulk form. I also investigated the variable temperature vibrational prop-
erties of single crystals of the S = 1/2 Heisenberg antiferromagnet VOHPO4-%H20.
In order to explain the activation and polarization dependence of the singlet-to-
triplet gap in the far-infrared response, we invoke a dynamic Dzyaloshinskii-Moriya
mechanism and we identify the low-energy phonons that likely facilitate this cou-
pling. Vibrational mode splitting of VOHPO4-%HQO also points toward a weak local
symmetry breaking near 180 K, and the low-temperature redshift of V-O and H-O
related modes demonstrates enhanced low-temperature hydrogen bonding. Finally,
I measured the magneto-optical response of (Lag4Prg6)1.2511.8MnsO7 to investigate
the microscopic aspects of the magnetic field driven spin-glass insulator to ferromag-

netic metal transition. Application of a magnetic field recovers the ferromagnetic
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state with an overall redshift of the electronic structure, growth of the bound carrier
localization associated with ferromagnetic domains, development of a pseudogap,
and softening of the Mn-O stretching and bending modes that indicate a structural
change. By exploiting the electronic mechanisms, we can induce large high energy
magnetodielectric contrast in (Lag4Prog)1.25r1.8MnsO7. The dielectric contrast is
over 100% near 0.8 eV at 4.2 K. Remnants of the transition also drive the high

energy magnetodielectric effect at room temperature.
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Chapter 1

Introduction: Emerging Problems

in Transition Metal Oxides

Transition metal oxides display rich and fascinating properties including supercon-
ductivity, novel magnetism, unusual optical properties, and emerging engineering
applications. These properties originate from low-dimensionality, a competition be-
tween near degenerate states, nanoscale charge and spin texture, the unique nature
of the outer d electrons on transition metal centers, the special metal-oxygen bonding
networks, structural phase transitions, and strong spin-lattice-charge coupling. [1-11]
Competition between phases has become a central issue in complex oxides especially
in presence of frustration or quenched disorder. Figure 1.1 shows several examples
of how near degenerate states can be tuned with chemical composition, tempera-
ture, pressure, or applied magnetic field. Enormous physical property changes can
therefore be achieved by small chemical and physical perturbations. Fundamental in-
vestigation of electrical, optical, and magnetic properties of model oxides that exhibit
these effects can bring us closer to a microscopic understanding of these phenomena.

The discovery of nanoscale materials provides the exciting opportunity to inves-

tigate bulk versus nanoscale chemistry using molecular-level strain as the tuning
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Figure 1.1: (a) The complex phase diagram of La;_,Ca,MnOs; with an abun-
dance of physical properties, such as ferromagnetism (F), antiferromagnetism (AF),
paramagnetism (P), canted antiferromagnetism (CAF), colossal magnetoresistance
(CMR), and charge ordering (CO). (after Ref. [10]) (b) The global phase diagram of
RE;_,AE,MnOj3 (x=0.45) crystals in the plane of effective one-electron bandwidth
(r4) and the magnitude of quenched disorder (02). (after Ref. [8]) (c) Temperature
vs. pressure phase diagram of k-(ET);Cu[N(CN)]Cl. The shaded area represents
two regions of inhomogeneous phase coexistence. (after Ref. [11]) (d) H — T phase
diagram of NizV,Og for H || b, emphasizing the cascade of phase transitions in the
low temperature regime. (after Ref. [9])



parameter. [12] Recently, many inorganic nanoscale materials including MoS,, WS,,
BN, TiO, NiCly, VO,, and NbS, have been reported, with beautiful nanomorpholo-
gies, functional structures, and interesting lattice curvature. [12-24] Figure 1.2 dis-
plays representative TEM images of WSy nanoparticles, WS, nanotubes, vanadate
nanoscrolls, and BiFeO3 nanotubes. [25-28] These nanostructures offer molecular
level control of size, shape, mechanical response, as well as unusual electric, opti-
cal, and magnetic properties due to confinement and finite length scale effects. The
physics of nanomaterials, especially the experimental understanding of the energy
and momentum relaxation processes by the lateral dimensions and the modified in-
teraction between phonons and electrons by the nanostructures remains a rich area
for investigation.

To develop a comprehensive understanding of low-dimensional and nanoscale
transition metal oxides, a lot of careful and detailed experiments have to be done.
Spectroscopies are one of the most powerful techniques that allow us to determine
various physical properties of complex materials using electromagnetic radiation.
Traditionally, the electromagnetic spectrum is divided into several well-known spec-
tral regions, including radio waves, microwaves, infrared, optical (visible and ultra-
violet light), x-rays, and 7-rays. They correspond to different energy scales and are
sensitive to different kinds of excitations. Infrared and optical spectroscopies are
perfect probes to investigate local microscopic properties, often the origin of unusual
bulk or macroscopic properties. According to formal selection rules, there must be a
change in electric dipole moment during the vibrational transition for a material to
absorb infrared radiation. However, some of the symmetric oscillations or magnetic
excitations can be activated due to symmetry breaking and various kinds of coupling
mechanisms such as electron-phonon or spin-phonon coupling.

Careful spectroscopic measurements allow us to obtain information on the vi-



(c) (d)

Figure 1.2: (a) TEM images of WS, nanoparticles (b) TEM images of WS, nanotubes
(c) TEM images of vanadate nanoscrolls (d) TEM images of BiFeOs nanotubes.
(after Ref. [25-28])



brational, electronic, and magnetic degrees of freedom. Vibrational modes can be
excited to higher energy states by infrared light. Collective excitations for density
waves and other broken-symmetry ground states can be observed in the far-infrared
(or even microwave and radio frequency) range. The energy gap in superconductor is
expected in an energy range comparable to the superconducting transition temper-
ature, that is, between microwave frequencies and the far-infrared radiation. Both
charge localization and Drude free carrier electronic response exist in the low energy
electromagnetic regime. Many collective magnetic excitations in low-dimensional
magnets could also be observed by far-infrared radiation, activated via spin-phonon
coupling. Optical spectroscopy, at the same time, is a complementary technique for
the investigation of charge degrees of freedom in complex oxides. If infrared and
optical reflectance is done over a wide frequency range, a Kramers-Kronig analysis
can correlate the measured data to the complex dielectric function, e(w). [29] The
dielectric tensor is directly related to the dispersive and lossy response of a solid. We
can also extract the optical constants including optical conductivity (o (w)), plasma
frequency (w,), effective mass (m*(w)), oscillator strength (.5), and relaxation time
(T(w)). These parameters often provide insight on the intrinsic properties of solids.
Infrared and optical techniques have been successfully applied to investigate lattice
and charge dynamics, structural phase transitions, and high energy magnetodielectric
effects in complex solids. [9,30-37] Figure 1.3 displays an overview of the electromag-
netic spectrum along with the physical properties investigated in the compounds of
interest here.

In this dissertation, I present the reflectance and transmittance spectra of sev-
eral model transition metal oxides over a wide spectral range as a function of both
temperature as well as magnetic field. Compounds of interest have included VO,

nanoscrolls, VOHPO4‘%HQO, and (Lag 4Pro¢)1.20511 sMnyO7. [38-44] My analysis of
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Figure 1.3: The electromagnetic spectrum showing the compounds of interest in this
dissertation and the physical properties investigated. [38-44]



the experimental results concentrates on optical gap tuning, lattice and charge dy-
namics, hydrogen bonding, spin-lattice-charge coupling, and high energy magnetodi-
electric effects. These scientific problems and our contributions are summarized in
Table 1.1.

Among the transition metal oxides, vanadates show particularly rich chemistry
due to the tunable vanadium oxidation state and flexible coordination environ-
ment. [45] The nanoscrolls, (amine), VO, of interest here are mixed-valent with x
~ 2.4. [26,27] The size of the amine or diamine template determines scroll winding,
providing an opportunity to tune the size of these materials. The exact crystal struc-
ture has not been completely resolved and is thought to be related to BaV;Oy. [46]
Scrolled vanadates exhibit very interesting physical properties including a large spin
gap and potential battery as well as optical limiting applications. Recently, electron-
and hole-doped vanadium oxide nanoscrolls were also reported to be 300 K ferromag-
nets, raising fundamental questions about their magnetic exchange mechanism. [47]
Here, we are especially interested in the chemical structure and physical property
correlations as well as charge and lattice dynamics in these novel nanoscale materials.
In the pristine nanoscrolls, the electronic structure strongly resembles that of other
bulk, low-dimensional, and molecular vanadates. [38] The 1.2 eV band is assigned as
a superposition of V4* d — d and V4t — V5T charge transfer excitations, and the
features above 3 eV are attributed to O 2p — V 3d charge transfer excitations. The 5
eV excitation shows a modest sheet distance dependence, redshifting with increasing
sheet distance. We find that the optical gap is ~0.56 eV at room temperature and
~0.65 eV at 4.2 K. It does not depend systematically on tube size. At the same
time, selected V-O-V stretching modes sharpen and redshift with increasing sheet
distance. We attribute these trends to the microscopic manifestations of strain, which

changes with curvature. [38] We unexpectedly observe a bound carrier excitation in



Table 1.1: Scientific problems and my contributions in this dissertation

Scientific Problems

Model Compound Used
to Investigate the Scien-
tific Problems

Our Scientific Findings

e Bulk vs. nanoscale dynamics
e Structure-property correlations
e Metal substitution effects

e Vanadate nanoscrolls
o Refs. [38-40]

e Optical signature of molecular Ievel
strain effects

e 1.2 eV band arising from superposition
of V¥* d — d and V** — V5T charge
transfer excitations

e Weakly metallic in ion substituted
compounds

e Localized bound carrier excitation
in ion substituted compounds rather
than Drude free carrier response due to
inhomogeneous charge disproportionation
and electron-electron correlation effects

e Spin-phonon coupling
e Structural transition
e Hydrogen bonding

° VOHPO4%HQO
e Refs. [41,42]

e Magnetic excitations activated via
Dzyaloshinskii-Moriya interactions

e Weak local symmetry breaking near
180 K

e Enhance low-temperature hydrogen
bonding near 180 K, driving phase tran-
sition

e ~1.5 eV color band derived from crystal
field splitting of the V4t 3d levels, with
low temperature trends consistent with
improved hydrogen bonding

e Spin-lattice-charge coupling

e Controlling disorder near phase
boundary

e High energy magnetodielectric
effects

[ ]
(Lao.4Pr0.6)1.QST1.8MH2O7
o Refs. [43,44]

e Overall redshift of electronic structure,
growth of bound carrier localization, and
softening of Mn-O stretching and bending
modes through spin-glass insulator to
ferromagnetic metal transition

e Exploiting magnetic field driven metal
to insulator transition is a better way
to achieve high energy magnetodielectric
effect

e Room temperature high energy magne-
todielectric effects

e High energy magnetodielectric effect
over 100% near 0.8 eV at low temperature




the metal substituted nanoscrolls rather than a metallic response that was predicted
by theory. [47] This bound carrier excitation is localized in the far-infrared due to a
combination of inhomogeneous charge disproportionation and electron-electron cor-
relation effects. We propose an alternate band filling picture that accounts for the
charge localization. Analysis of the vibrational properties shows that the aforemen-
tioned V-O-V equatorial stretching modes redshift with ion substitution, indicating
that ion exchange modifies both the local curvature and charge environment. Charge
effects also redshift several high energy electronic excitations. [40]

The low-dimensional vanadates VOHPO4-%HQO attracted our attention as model
system for fundamental investigations of low-dimensional quantum spin interactions
and practical applications in the area of catalysis. [48-53] VOHPO4~%HQO is a two-
dimensional material. Each layer consists of face-sharing vanadium oxide octahedra,
corner-linked by hydrogen phosphate tetrahedra in the ab-plane. Here, we are mostly
interested in the spin-phonon coupling, structural transition, and hydrogen bonding
effects. We invoke a dynamic Dzyaloshinskii-Moriya mechanism to explain the ac-
tivation and polarization dependence of the singlet-to-triplet gap in the far-infrared
response, and we identify the low-energy phonons that likely facilitate this coupling.
Vibrational mode splitting of the title compound also points toward a weak local
symmetry breaking near 180 K, and the low-temperature redshift of V-O and H-O
related modes demonstrates enhanced low-temperature hydrogen bonding. [41] We
also investigate the optical properties of VOHPO4-%HQO at variable temperature.
VOHPO4-%HQO displays a strong color band centered at ~1.5 eV that derives from
excitations between crystal field split 3d levels of the V4T centers. These features red-
shift with decreasing temperature, indicative of enhanced low temperature hydrogen
bonding between layers.

Substituted perovskite manganites have attracted considerable attention due to



their exotic magnetic, electronic, and optical properties. These properties derive from
the many competing ground states of the complex phase diagram, strong coupling
across different energy scales, and the presence of an inhomogeneous texture. [4,6,7]
The manganite of interest here is (Lag4Prog)129r1 sMnaO7, which crystallizes in
a body-centered tetragonal structure (space group I4/mmm). [54,55] It is well-
suited for fundamental magnetodielectric properties investigations, [37, 56, 57] ex-
tending the Tomioka-Tokura electronic phase diagram picture, [8] and testing os-
cillator strength sum rules. [58,59] We measured the magneto-optical response of
(Lag 4Pro¢)1.25r1 sMnyO7 in order to investigate the microscopic aspects of the mag-
netic field driven spin-glass insulator to ferromagnetic metal transition. Applica-
tion of a magnetic field recovers the ferromagnetic state with an overall redshift of
the electronic structure, growth of the bound carrier localization associated with
ferromagnetic domains, development of a pseudogap, and softening of the Mn-O
stretching and bending modes that indicate a structural change. We discuss field-
and temperature-induced trends within the framework of the Tomioka-Tokura global
electronic phase diagram picture and suggest that controlled disorder near a phase
boundary can be used to tune the magnetodielectric response. [43] By exploiting the
electronic mechanisms, we observed high energy magnetodielectric effect response in
(Lag.4Pro¢)1.25r1 sMnyO7, behavior that results from a magnetic field driven spin-
glass insulator to ferromagnetic metal transition. The size of the dielectric contrast
depends on energy and it is as large as ~100% near 0.8 eV. Remnants of the transition
also drive the high energy magnetodielectric effect at room temperature. [44]

The remainder of the dissertation is organized as follows. The second chapter
discusses the infrared and optical techniques, and the interaction of light with solids.
Chapter 3 gives a literature survey of selected interesting properties of transition

metal oxides. Chapter 4 presents our optical investigations of vanadate nanoscrolls,
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focusing on strain and doping effects. Chapter 5 is devoted to the experimental and
theoretical results of VOHPO4-%H20, focusing on hydrogen bonding, spin-phonon
coupling, and magnetic excitations. Chapter 6 details the magneto-optical inves-
tigation of the field-induced spin-glass insulator to ferromagnetic metal transition
in the bilayer manganite (Lag4Prgg)1.25r1sMnsO7, with the goal of understanding
phase competition, spin-charge-lattice coupling, controlling disorder near the phase
boundary, and the high energy magnetodielectric effect. Chapter 7 summarizes my

work.
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Chapter 2

Experimental and Theoretical

Techniques

2.1 Introduction

When a solid is subject to electromagnetic radiation of intensity Iy, the intensity of
this beam is attenuated after passing through the sample. Several processes, such
as absorption, reflectance, and scattering, contribute to the attenuation. Infrared
and optical spectroscopies analyze reflectance or transmittance of the sample as a
function photon energy. If infrared and optical reflectance is done over a wide fre-
quency range, a Kramers-Kronig analysis can correlate the measured data to the
dielectric function, €(w). [29] At the same time, the dielectric response is directly
related to the electronic structure and lattice dynamics of a solid. We can extract
the optical constants including optical conductivity (o;(w)), plasma frequency (w,),
effective mass (m*(w)), oscillator strength (5), and relaxation time (7(w)). These
parameters often provide insight on the intrinsic properties of solids. Experimen-
tally, the reflectance (R(w)) and/or transmittance (7'(w)) are often carried out with

combination of several light sources, spectrometers, and detectors. This chapter will
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describe the experimental and theoretical techniques used in our spectroscopic work.

2.2 Optical Properties of Solids

2.2.1 Maxwell’s Equation and Optical Constants

The theoretical description of the interaction of radiation with matter and the anal-

ysis of the experimental results are based on Maxwell’s equations and on their solu-

tion for time-varying electric and magnetic fields. In the long wavelength limit, the

propagation of electromagnetic wave can be described by the macroscopic Maxwell’s

equations: [29]

V,D:4ﬂ.peact
Vsz_la_B
c Ot
V-B=0
10D 4 4
VXH:——+_7TJcond+_7TJ6xt’
Cat C I

(2.1)
(2.2)
(2.3)

(2.4)

where E and H are the electric and magnetic fields, D and B are the displacement

field and magnetic induction, J®*¢ are free-current density, and J*' and p° are

current and charge density induced by external force. In an anisotropic medium, the

polarization and induced currents generally lie in a direction different from that of

the electric field. We can represent the dielectric function as a tensor to solve this

problem. For simplicity, in the isotropic media and within the linear approximation,
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we can assuine

D =¢E (2.5)
B =uH (2.6)
Jeord — o, (2.7)

where € is the dielectric function, and o is the optical conductivity, and p is the
magnetic permeability. Here both € and o are scalar quantities rather than tensors
for the isotropic and homogeneous media.

The complex refraction index [29]

N(w) = n(w) + ik(w),

and the complex dielectric function

e(w) = e.(w) + i€ (w),

where n and k are the refractive index and the extinction coefficient, and N(w) and

¢(w) are related by the following equation

N(w) = e(w). (2.8)

Finally, solving Maxwell’s equation 2.1-2.4 for a plane wave

E = Epexpli(q - x — wt)] (2.9)
gives the following relation,
io(w)
=1 2.10
() =1+ 2% (2.10)



Table 2.1: Relationships between the various response function €(w), o(w), and N (w)

Dielectric constant e(w) Conductivity o(w) Refractive index N(w)
€ = 1— 47:72

€ = €1 + t€a €9 = 747:71 € = n2 — k2

01:%;2 o =01+ 102 € = 2nk

7= G noo= (- Py gy ke

n=(G((f + )2 +er))' Ano1)2)1/2 4 (1 — 4m22)))1/2 op = (1—n2 + k)2

k:(%((6%+e%)1/2_61>)1/2 n _ (%(((1 _ 47;&)2 + N =n +ik
47r01) )1/2 _ (1 _ 47rc72)))1/2

or

dmio (w)

€(w) = €1 (w) +ie(w) =€ (w) + (2.11)

w

where o7 (w) is the frequency dependent (optical) conductivity. In the case of weak

absorption, €; = n? — k? ~ n?, and v =~ c¢/n, the absorption coefficient o can be

written as

4 4
o= _ 219 (2.12)
€10 ne

Table 2.1 lists the relationships between the various response functions.

2.2.2 Kramers-Kronig Analysis and Sum Rules

The dielectric function can be derived by Kramers-Kronig transformation of the
reflectance spectrum.

The reflectivity is defined as:

(2.13)
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where N, and N, are refraction indices of medium a and b. When the light is incident
from vacuum onto a sample surface at normal incident, which means that N,=1, and

Ny=N=n+1ixr, the power reflectance is given by

R(w) =rr* = % (2.14)

The power reflectance R(w) and phase-dispersion shift ¢(w) are related by Kramers-

Kronig transformation: [29]

b(w) = w /0°° InR(w) — InR(w )dw/. (2.15)

T w'? — w?

Since reflectivity

r = VRe, (2.16)

and combining Egs. 2.14, 2.15, and 2.16, n and k can be determined by R(w) and
¢(w). Then from Eqgs. 2.8 and 2.11, the real part of dielectric function and the real

part of optical conductivity can be determined:

e =n*—k? (2.17)

wey  wnk
2z _ 2.18
o 47 2 ( )

In Eq. 2.15, the integration is from zero to co. Since our optical measurements usually
cover the frequency range from far-infrared to ultraviolet, a proper extrapolation
should be used. In this dissertation, in the low-frequency range, Hagen-Rubens
relation, R(w) = 1 — (2w/mo0)'/2, is used for metallic material; the low-frequency
reflectance was extrapolated as a constant for semiconductor; in the high frequency,

«

the optical response is mimicked by R ~ w™®, where « varies from 0-4 and can be

determined by comparing the absorption and calculated optical conductivity.
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Together with physical arguments about the behavior of the response in certain

limits, the Kramers-Kronig relation can also be used to derive sum rules. That is

/OOO w'Im(—1/e(w))dw’ = 1/2mw?. (2.19)

2.2.3 Lorentz and Drude Models

The dielectric function can be modeled by three parts:
€ = €0 T €free + €bound; (220)

where €, is the contribution from free electrons, and e€poynq is contributed from
bound carriers.

The model to describe the contribution of free carriers to the dielectric function
is called the Drude model, and the contribution of bound electrons is modeled with a
Lorentz oscillator. Both models are essentially deducted from the dielectric function
of a harmonic oscillator with frequency wy responding to an electromagnetic field,
with wy=0 for the Drude model. [29]

The form of the Lorentz dielectric function is:

2
Wpj
c=c +Zw]2_w2_lw7ij (2.21)

4rNe?
wy = 4/ Wme , (2.22)

and w; and ; are the resonant frequency and damping constant, respectively, of the

where the plasma frequency

4t Lorentzian oscillators.
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From Eqgs. 2.21, taking w;=0, we have the form of the Drude dielectric function

2
Wy
2 | w
w+T

(2.23)

ep(w) = € —

where 7=1/7 is the mean free time between collisions.

2.3 Spectrometers

2.3.1 Bruker IFS 113v Fourier Transform Infrared Spectrom-

eter

The majority of the far-infrared (30-600 cm™!) and middle infrared (500-5000 cm™)
reflectance and transmittance spectra in this work were obtained by using Bruker
IFS 113v Fourier Transform Infrared (FTIR) spectrometer. The schematic of the
optical components of the Bruker IFS 113v FTIR spectrometer is illustrated in Fig.
2.1. The spectrometer is divided into four chambers — source, interferometer, sample,
and detector. Light from the source chamber is focused on the beamsplitter at a small
angle of incidence, and is split into two beams, i.e., one reflected and one transmitted.
Both reflected and transmitted beams go to a moving two-side mirror, which gives a
path length difference. Then the two beams are recombined at the beamsplitter and
directed through the sample chamber to the detector. The entire system is operated
under vacuum.

a) Interferometer and beamsplitter

The Bruker IFS 113v uses Genzel-type interferometer, which is similar to a
Michelson interferometer. A Michelson interferometer is illustrated in Fig. 2.2.
Here, the incident beam is split into two parts by a beamsplitter. Half of the radia-

tion transmitted by beamsplitter is reflected from the movable mirror My. The other
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Figure 2.1: Optical layout of the Bruker 113V FTIR spectrometer.
A. Source Chamber; a- Tungsten lamp, Hg arc lamp, glowbar; b- automated aperture. B.
Interferometer Chamber; c- optical filter; d- automatic beamsplitter changer; e- two-sided
moving mirror; f- control interferometer; g- reference laser; h- remote control alignment
mirror. C. Sample Chamber; i- sample focus; j- reference focus. D. Detector Chamber; k-
far- and middle infrared deuterated triglycerine sulfate (DTGS) detector, far-infrared Si
bolometer detector.
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Figure 2.2: Schematic diagram of the Michelson interferometer

half is reflected onto the fixed mirror M;. Both beams are recombined again at the
beamsplitter, and recorded by detector D. The intensity of the recombined beams
I(x) (interferogram function) depends on the path difference between the fixed mir-
ror M; and the moving mirror M. The plot of I(x) as a function of path difference
x is known as an interferogram. If My travels at a constant velocity, the relation

between interferogram function /(z) and the source intensity B(w) is given by

I(z)=1/2 /OOO B(w)cos2mwdz,

where w is the frequency in wavenumbers. [(x) is the cosine Fourier transform of
B(w), and contains complete information about the spectrum. Thus, the Fourier
transform of the interferogram gives the single beam infrared spectrum. The typical
transmittance or reflectance spectrum is the ratio spectrum of sample to reference.
In the Bruker IFS 113v, a secondary laser/white light interferometer physically at-

tached to the main Genzel-type interferometer (as shown in Fig. 2.1) provides an
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Table 2.2: Bruker IFS 113v operating parameters

Range (cm~!) Beam splitter Opt. Filter Source Polarizer Detector
10-50 Mylar 50 p Black PE  Hg arc 1 bolometer, DTGS
30-120 Mylar 23 Black PE  Hg arc 1 bolometer, DTGS
50-240 Mylar 124 Black PE  Hg arc 1 bolometer, DTGS

100-600 Mylar 3.5u Black PE  Hg arc 1 bolometer, DTGS
450-4000 KBr open Globar 2 DTGS

PE = polyethylene. Polarizer 1 = wire grid on oriented PE, Polarizer 2 = wire grid on AgBr

“optical marker” to initiate the start of spectrum data acquisition and also to pre-
cisely determine the optical path difference and speed of the main moving mirror.
The design is essential for accurate Fourier transformation.

b) Source, beamsplitter, detector, and accessories

In order to obtain the best far- and middle-infrared spectrum, we have to choose
the appropriate combination of sources, beamsplitters, detectors, and polarizers.
Table 2.2 lists the typical operating parameters.

Typically, an external He-cooled Si bolometer detector made by INFRARED
Laboratory Inc. is used for far-infrared measurements. The intensity of a black-
body source becomes very weak in the far-infrared region, and the room-temperature
DTGS detector does not have sensitivity to provide sufficiently high signal-to-noise
ratio. The INFRARED Laboratory Inc. bolometer provides a much higher sensi-
tivity (100 times better than DTGS) and lower noise level (less than 1% at liquid
helium temperature).

The spectra taken with different beamsplitters are merged together to give the
whole spectrum in the far- and middle- infrared. The spectrum can be merged with

the data taken with the Perkin-Elmer A-900 spectrometer, if necessary.
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Table 2.3: Bruker IRscope II operating parameters

Beam splitter ~Detector Range (cm™1)
KBr MCT 600-8000
Quazi InPb 7500-12500 with near-infrared polarizer
Quazi Si diode 12300 -16000 with visible polarizer

2.3.2 Bruker Equinox 55 IR Microscope

The Bruker IR Scope II is designed for accurate measurement of micro samples, or
small areas on larger samples. In our lab, Bruker IRscope II combined with Bruker
Equinox 55 FTIR spectrometer can be used to obtain the spectrum from the middle-
infrared to visible range. It is ideal for small crystals, small edges of a crystal, and
checking the absolute reflectance level obtained on the other instruments.

Bruker Equinox 55 FTIR spectrometer is equipped with a Globar source, two
beamsplitters, and a DTGS detector. It has an external port to transfer the incident
light to the IRscope II. IRscope II has three objectives (4x, 15x, and 30x), and
several detectors (MCT, InPb, and Si diode) to cover the energy range from 600-
16000 cm™t.

Figure 2.3 shows the optical path of Bruker IRscope II. The IRscope II can
measure reflectance or transmission of the sample by changing the orientation of
mirror 22. The infrared or visible mode can be chosen depending on the orientation of
mirror 3 (reflectance mode) or 17 (transmission mode). The detector can be changed
by flipping mirror 13. Table 2.4 lists the operating parameters of Bruker Equinox 55
FTIR spectrometer combined with IRscope II. The spectrometer is operated under

N, purge.
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Figure 2.3: Optical path diagram of Bruker IRscope II.
1,16-visible light source; 2,19- visible light aperture; 3,22- motorized switch mirror; 4,18-
optional iris or knife edge aperture; 5,9,10,17- beamsplitter changer; 6- Objective lens; 7-
Sample; 8- Iris or knife edge aperture which defines the area of sample analyzed; 12- binoc-
ular eyepiece; 13- two position detector selection mirror; 14- mirror routing to detector; 15-
detector; 20- condenser; 21- IR beam (from spectrometer); 23,24-camera port; 25,26,27-
polarizer.
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Figure 2.4: Optical layout of Perkin-Elmer A-900

2.3.3 Perkin-Elmer \-900 Spectrometer

The near-infrared (NIR)/Visible (Vis)/Ultraviolet (UV) spectra in this dissertation
were measured on the Perkin-Elmer A-900 Spectrometer. The Perkin-Elmer A-900
Spectrometer features an all-reflecting, double-monochromator, double-beam optical
system. The energy range covered by the A\-900 Spectrometer is 3300-190 nm (=
3000-52000 cm™1). The spectrometer is operated under nitrogen purging. The optical
system is depicted schematically in Fig. 2.4.

There are two radiation sources, a deuterium lamp (DL) and a halogen lamp (HL).
Halogen lamp is used for NIR and Vis range, and deuterium lamp is used for UV

range. Source change is controlled by flipping mirror M1. The radiation of source is

24



Table 2.4: X\-900 operating parameters

Monochromator Source Detector Range (cm™1)

Holographic Gratings  Halogen Lamp PbS 3100-14250
Holographic Gratings Halogen Lamp Photomultiplier ~ 11240-31330
Holographic Gratings Deuterium Lamp Photomultiplier = 31330-52000

reflected by mirror M2, M3, and passes optical filter FW. Then, the beam is brought
in monochromator I through M4, slit SA, and M5. Depending on the desired wave-
length range, the collimated radiation beam strikes either the 2400 lines/mm grating
or the 1200 lines/mm grating. The rotation position of the grating effectively selects
a segment of the spectrum, reflecting this segment to mirror M5, to go through the
exit slit, and enter Monochromator II. The advantage of the double-monochrometer is
to maintain high spectral purity with an extremely low stray radiation content. The
automatic grating change during monochromator slewing avoids the time-consuming
re-alignment of the optics pathway due to themonochromator change.

The double beam is achieved via the chopper assembly C. As the chopper rotates,
a mirror segment, a window segment and two dark segments are brought alternately
into the radiation beam. When a window segment enters the beam, radiation passes
through to mirror M9 and is then reflected via mirror M10 to create the reference
beam (R). When a mirror segment enters the beam, the radiation is reflected via
mirror M10" to form the sample beam (S). When a dark segment is in the beam
path, no radiation reaches the detector, permitting the detector to create the dark

signal (D). Then, the measured spectrum is expressed as

spectrum = (S — D)/(R — D).
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Figure 2.5: Reflectance set-up for (a) Bruker IFS 113v FTIR and (b) Perkin-Elmer
A-900

Two detectors are used in the Perkin-Elmer A\-900 spectrometer. A photomulit-
plier (PM) is used in the UV /Vis range while a lead sulfide (PbS) detector is used in

the NIR range. Detector change is automatic by rotating mirror M14 during scans.

2.3.4 Reflectance Stage and Polarizers

To measure the absolute reflectance spectrum, a reflectance stage (as shown in Fig.
2.5) is used to bring the near normal incident (< 6°) light to a solid sample or
reference mirror. An aluminum mirror is usually used as a reference material to
obtain a baseline scan, then the reflectance spectrum of the sample is measured
relative to the baseline. The absolute reflectance spectrum of the sample is obtained
by renormalizing the measured spectrum with absolute Al mirror reflectance.

The optical theory outlined in Section 2.2 is based on Maxwell’s equations 2.1—

2.4 and Egs. 2.5-2.7. The Eqgs. 2.5- 2.7 is the material equations for an isotropic
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medium. In an anisotropic crystal, D and E are related by the following form:

D, =€, Ey + ey By + €, F, (2.24)
D, = e E, + ey By + €., (2.25)
D,=¢e,E,+ e, E,+ €. E,. (2.26)

The nine qualities €;, €,y, ...are constants of the medium, and constitute the dielectric
tensor. It is always possible to find a set of axes, the principle dielectric azes, such

that the complex dielectric tensor can be put into diagonal form, i.e.,

€zz 0 0
ww)=| 0 e, 0| (2.27)
0 0 e,

Along the principle axes, D and E have the same directions. Since the dielectric
tensor varies with frequency, the directions of the principal axes may also vary with
frequency. This dispersion of the axes can arise only in crystals with monoclinic and
triclinic symmetry. In the reflectance experiment on single crystals, the principal axes
can be determined by considering the crystal shape and measuring the polarization
dependence of the reflectance response.

To find the dielectric tensor along the principle axes of the single crystals, a
polarized electric field of the light E is required. The polarized light is obtained by
inserting a polarizer in the path of the beam. Several polarizers are used to cover the
spectral range from far-infrared to UV. In the infrared, the polarizers used are made
of a gold wire grid, vapor deposited on polyethlylene (far-infrared) or silver bromide
substrates. A set of plastic Polariod film polarizers are used for the IR microscope.

In the NIR/Vis/UV range, dichroic Glan-Thompson and Glan-Taylor polarizers are
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used for Perkin-Elmer A\-900.

2.4 Low-Temperature and High-Field Measurements

2.4.1 Low-Temperature Techniques

The low-temperature measurements were carried out with an open-flow cryostat.
For the low-temperature experiments with the Bruker IFS 113v and Perkin-Elmer
A-900, an APD LT-3-110 Heli-Tran Liquid Transfer Refrigeration system with dual
temperature sensors together with a Lakeshore Model 330 temperature controller
were adapted. The principles of operation are illustrated in Fig.2.6. Cooling is
accomplished by a controlled liquid He transfer through a high efficient transfer line
to a heat exchanger adjacent to the sample interface. A needle valve at the end of the
Heli-Tran transfer line permits precise control of the flow rate. The cooling rate can
be regulated by changing the pressure of the supply dewar, adjusting the flowmeter
and optimizing the position of the needle valve. It often takes about 25 minutes to
precool the system, and the lowest stable temperature obtained is ~ 5 K.

To improve the thermal contact, crycon grease is placed between the cold stage of
the cryostat and the sample holder, and the sample is mounted on the sample holder
with GE Varnish and silver paste. There are two thermal sensors inside the cryostat,
one is embedded in the tip of the cold stage, the other one is mounted on the sample
holder. In this configuration, the temperatures provided by the two sensors allow us

to estimate the real sample temperature.

2.4.2 Experimental Set-up at the NHMFL

The National High Magnetic Field Laboratory (NHMFL) provides a great oppor-

tunity to do magnet-related research. The world record magnets and magneto-
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Figure 2.6: Set-up of LT-3-110 Heli-Tran liquid transfer line and cryostat.
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Figure 2.7: A schematic of IR set-up in the resistive magnet at NHMFL (after
Ref. [60]).

optics facilities at NHMFL make it possible to investigate the unusual nature of
low-dimensional solids in very high magnetic fields. For more information, visit the
website of NHMFL at http://www.nhmfl.gov. The information in this section is
largely from NHMFL website and Refs. [60-62].

Figure 2.7 shows a schematic of the infrared set-up for the transmission mea-
surement in the 30 T resistive magnet. The infrared radiation provided by a Bruker
113v FTIR spectrometer is reflected out of the back sample chamber by an off-axis
parabolic mirror. Another mirror in the light pipe further diverts the beam by 90°
and focuses the beam onto the sample which is located in the middle of the probe.
The transmitted light is finally collected by a Si-doped Bolometer and transformed
into an electric signal. The signal is amplified and sent back to the Bruker to be
processed by the computer. For the measurement in the NIR/Vis/UV range, a
MacPherson 0.75m single grating monochrometer/spectrometer with a CCD camera

or Ge detector is used to cover the energy range from 300-1600 nm, and the light is
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Figure 2.8: A schematic of (a) the transmittance probe used in the resistive magnet,
and (b) the reflectance probe in the superconducting magnets (after Ref. [60]).
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transferred in and out of the probe by appropriate optical fibers. Similar set-up can
be used for the reflectance measurement with a different type of probe. Figure 2.8
displays the schematic representation of the transmittance probe used in the resistive

magnet and the reflectance probe designed for the superconducting magnet.

2.5 Materials of Interest and Measurement De-

tails

2.5.1 Vanadium Oxide Nanoscrolls

The vanadium oxide nanoscrolls were provided by M. Stanley Whittingham’s group
from Binghamton University, State University of New York. These nanoscrolls were
prepared by an initial sol-gel reaction followed by hydrothermal treatment [63,64].
V505 and an appropriate amine template (C,Ha,41NHy with n = 4 - 18) were mixed
in a 1:1 molar ratio in ethanol and stirred for 3 hours in air. The mixture was then
hydrolyzed under vigorous stirring followed by aging, which led to the formation of a
yellow suspension. Subsequent hydrothermal treatment for 7 days resulted in a black
powder. The product was washed with ethanol, diethyl ether, and water to remove
excess amine and any decomposed products. The material was then dried under
vacuum at 80 °C for twelve hours. The nanoscrolls were prepared with a variety
of different amine templates, allowing control over the sheet distance. Ion exchange
was preformed by stirring a mixture of vanadate nanoscrolls and MCly (M=Mn, Zn,
and Na, molar ratio 1:4) for 2 hours in ethanol/water mixture (4:1 by volume). The
resulting mixture was centrifuged and washed with water, ethanol and diethyl ether.
The product was then dried in the vacuum at 80 °C for twelve hours. The tubular
morphology of the product was confirmed by transmission electron microscopy, and

the sheet distance was determined by x-ray diffraction. For the pristine compounds,
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Figure 2.9: Typeical TEM images of vanadate nanoscrolls (left) showing open ends
and Mn?* substituted nanoscrolls (right). The layered structure inside the vanadate
scrolls appears as alternating narrow dark and broad bright lines. (after Ref. [64])

the sheet distance varied between ~15 and 35 A. Figure 2.9 displays TEM images of

pristine and ion substituted nanoscrolls.

Transmittance measurements

The vanadate nanoscrolls were mixed with pure KCl powder and pressed at 20,000
psi under vacuum to form isotropic pellets for transmission measurements. The com-
pounds were evenly suspended in the KCI matrix. Different loading levels (~0.05,
0.03, and 0.02% by weight) were employed as needed to obtain optimum sensitivity
over the full energy range of our investigation. The middle and near infrared trans-
mittance spectra were measured with a Bruker Equinox 55 FTIR coupled a Bruker IR
Scope II. The near-infrared, visible, and near-ultraviolet spectra were measured with
a modified Perkin-Elmer A\-900 spectrometer. Low temperature experiments were

1'in the infrared

carried out with an open-flow cryostat. Spectral resolution is 2 cm™
range and 2 nm in the near-infrared, visible, and near-ultraviolet. The absorption

spectrum was calculated from the transmittance as a(w) = —5nT(w), where h is
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the loading of vanadate nanoscrolls in the KCI matrix, and d is the pellet thickness.

Reflectance measurements

The vanadate nanoscrolls were also pressed into pellets for near normal reflectance
measurements. Here, no matrix material was used. The spectroscopic experiments
were carried out over a wide energy range (4 meV - 6.2 eV; 30 - 50000 cm™!) using
a series of spectrometers including a Bruker 113V Fourier transform infrared spec-
trometer, a Bruker Equinox 55 Fourier transform infrared spectrometer equipped
with an infrared microscope, and a Perkin Elmer Lambda 900 grating spectrome-

1'in the far and middle-infrared and 2 nm

ter. The spectral resolution was 2 cm™
in the near-infrared, visible, and near-ultraviolet. Aluminum mirrors were used as
references for all measurements. Variable temperature spectroscopies were carried
out between 4.2 and 300 K using an open-flow helium cryostat and temperature con-
troller. The optical constants were calculated by a Kramers-Kronig analysis of the

measured reflectance: é(w) = €1(w) + i€z (w) = € (w) + oy (w). [29]

2.5.2 VOHPO,;H,0

VOHPO4-%HQO samples are provided by Charlie C. Torardi from DuPont Com-
pany. Single crystals of VOHPO4-%HQO were grown by hydrothermal reaction of
VO3 (99.9%, Aldrich), Vo035 (Alfa), and 3M H3PO, solution in a sealed gold tube
at 500 °C and 3 kbar pressure for 12 hours. The resulting samples were thin and

3. Combined x-ray and

plate-like, with typical dimensions of up to ~3x3x0.1 mm
infrared techniques were used to orient the crystals. They were easily cleaved along

C.
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Susceptibility Measurement

The magnetic susceptibility y was measured in a SQUID-based magnetometer (Quan-
tum Design model MPMS-7) in collaboration with James R. Thompson from Oak
Ridge National Laboratory. An oriented single crystal was mounted for measurement
with the magnetic field H applied along the a or b crystallographic direction. The
crystal was mounted between a pair of long, thin-walled plastic tubes whose move-
ment produced no magnetic signal in the pickup coils. Hence, the sample holder
was “invisible” and no background correction was needed. The flat planar crystal
was held in the center of a plastic mounting tube in an essentially background-free
configuration, which was important as the magnetic signal was quite small at low
temperatures. For both crystal orientations, measurements of the magnetization M
as a function of H revealed an accurately linear response that extrapolated through
the origin within statistical uncertainty; this shows that the sample was free of any
ferromagnetic contamination. The differential susceptibility was obtained from the
ratio M/H by measurement in a fixed magnetic field H = 5 kOe. The magnetic
moment of the crystal was measured with both increasing and decreasing tempera-
tures over the range 2 - 300 K. No evidence of thermal (or magnetic) hysteresis was

observed.

Electron Spin Resonance Measurement

The electron spin resonance (ESR) experiments were performed in collaboration
with Sergei Zvyagin from National High Magnetic Field Laboratory, using a Bruker
Elexsys E680X spectrometer at the X-band frequency (9.4 GHz) and at temperatures

between 5 and 200 K. The magnetic field was applied along the ¢ axis.
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Infrared and Optical Transmittance Measurement

Variable temperature transmittance measurements were carried out on single crys-
tals of VOHPO4'%HQO over a wide energy range (4 meV - 6.2 eV; 30 - 50000 cm™1)
using a series of spectrometers including a Bruker IFS 113V Fourier transform in-
frared spectrometer equipped with a bolometer detector, a Bruker Equinox 55 Fourier
transform infrared spectrometer equipped with a microscope attachment, and a mod-
ified Perkin-Elmer Lambda-900 grating spectrometer. Our resolution was 0.5 cm™*
in the infrared and 2 nm in the optical regime. Selected infrared measurements were

also carried out with 0.1 cm™!

resolution. For cleaved single crystals, appropriate
polarizers were used to separate the response along the a and b directions. Even with
the thinnest crystals, a number of vibrational bands in the polarized spectra were
saturated. To get the whole spectrum, several crystals were ground with pure KCI
powder and pressed at 20000 psi to form isotropic pellet for unpolarized infrared mea-
surements. The advantage of this technique is that we can adjust the sample loading
to highlight a feature of interest; however, in such measurements, polarization infor-
mation is lost. The low-temperature spectroscopic measurements were carried out
with a continuous-flow helium cryostat and temperature controller. For peak fitting
purposes, absorbance was calculated from transmittance as —é In T'(w), where T is
the transmittance and d is the thickness of the sample, which is ~10-100 microns.

Peak positions and integrated oscillator strengths were determined by standard peak

fit procedures.

2.5.3 (La0.4Pr0,6)1,gSr1_8Mn207

(Lag.4Prg.6)1.205r1 sMnyO; samples are provided by Ramanathaan Suryanarayanan’s
group from Université Paris-Sud. Single crystals of (Lag4Prgg)1.25r1.8MnyO; were

grown from sintered rods of same nominal composition by the floating-zone technique,
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using a mirror furnace. [55] Typical crystal dimensions were ~4x5x2 mm?. They

were cleaved to yield a shiny surface corresponding to the ab plane.

Reflectance Measurement

Near normal ab plane reflectance of (Lag4Prog)1.25r1 sMny,O; was measured over
a wide energy range (3.7 meV - 6.5 eV) using different spectrometers including a
Bruker 113V Fourier transform infrared spectrometer, a Bruker Equinox 55 Fourier
transform infrared spectrometer equipped with an infrared microscope, and a Perkin
Elmer Lambda 900 grating spectrometer. The spectral resolution was 2 cm™! in the
far and middle-infrared and 2 nm in the near-infrared, visible, and near-ultraviolet.
Aluminum mirrors were used as references for all measurements. Low temperature
spectroscopies were carried out with a continuous-flow helium cryostat and temper-
ature controller. Optical conductivity was calculated by a