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Abstract ii

Abstract

/c-(BETS)2FeBr4 is the first antiferromagnetic organic superconductor with successive an-

tiferromagnetic and superconducting transitions at Ta^=2.5K and Tc=l.lK respectively at

ambient pressure. Polarized reflectance measurements were performed on three single crystal-

samples of this material using a Briiker IFS66V/S Interferometer, and a Bolometer detector

or an MCT detector, at seven temperatures between 4K and 300K, in both the far-infrared

and mid-infrared frequency range.

After the reflectance results were obtained, the Kramers-Kronig dispersion relation was

apphed to determine the optical conductivity of /c-(BETS)2FeBr4 at these seven tempera-

tures. Additionally, the optical conductivity spectra were fitted with a Drude/Lorentz Os-

cillator model in order to study the evolution of the optical conductivity with temperature

along the a-axis and c-axis. The resistivities calculated from the Drude model parameters

along the a-axis and c-axis agreed reasonably with previous transport measurements.
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Chapter 1. Organic Superconductors

Chapter 1

Organic Superconductors

1.1 Introduction

Orgaxdc materi«ds normsJly act as electrical insulators and do not exhibit the properties

of metals due to the absence of any imfilled sites in the conduction and valence bands of

organic molecules. In 1973, however, the first true organic metal, tetrathiafulvalene-7,7,8,8-

tetraeyano-p- quinodimethane(TTF-TCNQ), was formed from the electron donor tetrathia-

fulvalene and the electron acceptor tetraeyanoquinodimethane. [1] In 1979, the world's first

organic superconductor, (TMTSF)2PF6, was synthesized by Danish researcher Klaus Bech-

gaard of the university of Copenhagen and three French colleagues. [2] In this substsince,

tetramethyltetraselenafulvalene (TMTSF) served as the electron donor and PFe as the elec-

tron accepting anion.

In 1982, superconductivity was observed by Parkin et al [3] in the sulphurorganic com-

pound (BEDT-TTF)4(Re04)2. (BEDT-TTF) is the organic molecule bis-ethylene-di-

thiatetra-thiarfulvalene. Hundreds of organic conductors have been synthesized since then,

more than fifty of which are 8up>erconductors with superconducting transition temperatures

ranging from 1.2K to 12.6K [4]. Most of these superconductors were developed based either

on the TMTSF molecule (also called Bechgaard salts) or on the BEDT-TTF organic molecule

(also called ET salts) (5). One significant difference between these two families of organic

superconductors is that the TMTSF-based compounds are classified as quasi 1-D charge

transfer salts, while the BEDT-TTF-based compounds, on the other hand are classified as
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quasi 2-D charge transfer salts. Figure 1.1 shows the structures of the BEDT-TTF molecule

and the TMTSF molecule (Me=Methyl).

TMTSF BEDT-TTF

Figure 1.1: Structures of TMTSF and BEDT-TTF molecules. [6]

1.2 «-(BETS)2FeBr4

One recently synthesized organic superconductor K-(BETS)2FeBr4 is an example of a

quasi-2D organic superconductor that is based on the BETS organic molecule [BETS=

bis(ethylenedithio)tetraselenafulvalene]. [7] The BETS organic molecule is obtained by sub-

stituting four sulfur atoms of the TTF core of BEDT-TTF by four selenium atoms. The

BETTS has a strong tendency to form a stable metallic state down to liquid helium temper-

ature. [7] Figure 1.2 illustrates the structure of the BETS molecule.

BETS

Figure 1.2: BETS molecule structure. [7]
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/c-(BEyrS)2FeBr4 is recognized as the first antiferromagnetic organic superconductor with

successive antiferromagnetic and superconducting transitions at T;v=2.5K and Tc=l.lK,

respectively, at ambient pressure. The absolute reflectance and the subsequently derived

optical functions of this material have never been reported. Therefore, it is interesting

and worthwhile to conduct this investigation. The results can be compared with the opti-

cal properties of both 1-D and 2-D organic superconductors, which may demonstrate some

differences and/or similarities. In addition, this hybrid salt system consists of both metam-

agnetism of the magnetic layer and superconductivity of the conduction layer, which makes

it a so called "dual-functional system" . This "du£il-function" originates from the interplay

of the TT-conduction electron firom the BETS molecule and the d-locaUzed magnetic moment

from the Fe^ ions. This interaction is named the 7r-d interaction. The existence of the

TT-d interaction in /c-(BETS)2FeBr4 has been verified by Pujiwara et.al who observed a small

resistivity drop at the Neel temperature. [7]

1.2.1 Crystal Structure

Figure 1.3 [7] on the next page shows the crystal structure of K-(BETS)2FeBr4. The k-

(BETS)2FeBr4 salt is orthorhombic with crystal parameters:

a = 11.787(6), 6 = 36.607(9), c = 8.504(5)A, V = 3669(2)A3, Z = 8 at room temperature [7].

As Figure 1.3 indicates, the BETS dimers form a two-dimensional conduction layer in the

ac-plane. The FeBr4" anions are sandwiched by the conduction layers sdong the b-direction.

The /c-(BE]TS)2FeBr4 crystal can be prepared electrochemically imder a constant current of

0.7 fiA at 40°C in a chlorobenzene-ethanol solution (9:1 Volume/Volume) containing BETS

and tetraethylammonium iron (III) tetrabromide for 2-4 weeks. [8]

As illustrated in Figxu-e 1.3, the two dimensional conduction layer is in the ac plane. The

a-axis is named as the easy axis for its energetically favorable direction of the spontaneous
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x-conduction d-maonetic

layer layer

i^axis

u-aAi»

c-axis

Figure 1.3: Crystal structure of «-(BETS)2FeBr4. [7]
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magnetization in an antiferromagnetic material. The K-(BETS)2FeBr4 samples used for this

thesis were in the shai)e of rhombii, with their a-axis along the long diagonal of the rhombus

smd their c-axis perp)endicular to this axis.

1.2.2 Electronic Structure

A tight-binding band structure and Fermi surface has been calculated at room tempera-

ture based on the extended Hiickel approximation. The results shown in Table 1.1 [8] are

overlap integrals (10~^A), mid-gap energies, and the bandwidth of the upper band of the

*c-(BETS)2FeBr4 salt.

/c-(BETS)2FeBr4

a c E mid-gap(eV) bandwidth(eV)

-22.41 77.33 8.11 35.14 0.68 1.44

Table 1.1: Overlap Integrals, Mid-Gap Energies, and Bandwidths of the Upper Band. [8]

Both the band structure and the Fermi surface of «;-(BETS)2FeBr4 are shown in Figure

1.4. [81

2.0

X r z V

Figure 1.4: Band structure and Fermi surface of /c-(BETS)2FeBr4. [8]

As illustrated in Figure 1.4, the band dispersion of K-(BETS)2FeBr4 consists of four

energy branches. This is related to the fact that there are four donor molecules in one unit
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of the donor layer. A mid-gap between the upper two branches and the lower two branches

is observed. The energy of this mid-gap is 0.68eV. The cause of this mid-gap is the strong

dimerization of the donor molecules, which also results in the effectively half-filled upper

band. [8]

The Fermi surface of /£-(BETS)2FeBr4, as illustrated in Figure 1.4, is a two-dimensional

circle closed in the XV boundary. This is the result of space group symmetry. Other similar

samples are the isostructural /c-(BETS)2FeCl4 and /c-(BETS)2GaCLi salts, of which the same

Fermi surface structures have been investigated £ind confirmed by Shubnikov-de Haas and

de Haas-Van Alphen oscillations. [8]

1.2.3 Electrical Properties of K-(BETS)2FeBr4

The temperature dependence of the electrical resistivity of K-(BETS)2FeBr4 has been studied,

and the result is shown in Figiure 1.5 [8].

100 200

Temperature / K
300

Figiire 1.5: Temperature dependence of the electrical resistivity of

/c-(BETS)2FeBr4 from 0.6-300K. [8]
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This figure presents the exp)erimental results measured for the temperature range from

0.6K—300K within the ac plane at zero magnetic field. From Figure 1.5, it can be seen

that upon lowering the temperature from 300K that a slow decrease occurs in the resistivity

down to about 200K, followed by a quite sharp increase up to a characteristic peak around

60K; eventually the resistivity decretises very rapidly below 60K. Studies have shown the

presence of such a characteristic peak in some other K-type BEDT-TTF superconductors,

and that it is a characteristic behavior for strong electron correlation systems that have a

strong intradimer interaction. Furthermore, the resistivity peaJc observed in «-(BETS)2FeBr4

is related not only to the strong electron correlation but also to some structural transforma-

tions. Ebcperiments have demonstrated that there are some structural anomalies within the

temperature range of 60K—140K, as shown in Figure 1.6 [8]. In Figiure 1.6, filled squares

represent the lattice constants measured dm^ing the cooling process, while open circles denote

the constants measm^ed uf)on warming.

Prom Figure 1.6, abrupt changes can be seen in the arptirameter around 60K fmd 140K.

This anomaly will cause some changes in the electronic band structure. In swidition, such a

change in the lattice parameter might produce changes in phonon structure, which, as will

be shown in Chapter 4, can be observed in optical conductivity spectra within the same

temperature range.





Chapter 1. Organic Superconductors 8

11.9

11.8

11.7h

11.6

IIJ

-< 11.4

ic

2

- a-axis .
o,o-o"



0-



Chapter 2. Optical Properties of Materials

Chapter 2

Optical Properties of Materials

In this Chapter, the optical prop>erties of materials, specifically the dielectric function e, will

be introduced. Following this, Kramers-Kronig relations and oscillator fitting for e that were

used to obtain and to further analyze the dielectric fimction will be discussed.

2.1 Introduction

The dielectric function, one of the most important optical properties of a material, is widely

studied for its sensitive dependence on the electronic band structiu-e. The dielectric fimction

of a material is also able to provide information on the optical conductivity of the material.

However, because the dielectric function is not typically directly accessible from experiments,

optical reflectance sp>ectro6copy is recognized as a useful and effective means to obtain the

dielectric function. The relationship between measurable optical properties and the dielectric

function is outUned in what follows.

The experimentally measurable quantity is the reflectance R, defined as the ratio of the

reflected intensity to the incident intensity of Ught:

R^pi^^Ll^^r-.r. (2.1)
E*(inc) X E{mc) ^ '

In equation (2.1), r is called the reflectivity coeflScient, and is a complex function of the

angular frequency u. The definition of r(u;) is the ratio of the reflected electric field E(refl)

to the incident electric field E(inc) both at the crystal surface, i.e.
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r(u;)=||^=p(a;)exp[i^M]. (2.2)

In the above equation, p{uj) is the £impUtude component of the reflectivity coefficient

r(a;); and. 0{u}) is the phase component of the reflectivity coefficient r(a;). Hence, one can

write

R = r*{uj) X r(u;) = p^iu) . (2.3)

It is easy to see that the fimpUtude component p{u) of the reflectivity coefficient r(a;)

can be calculated using equation (2.4)

p{uj) = ylW^). (2.4)

On the other hand, the phase component 9{ijj) of the reflectivity coefficient r(a;) can be

obtained via the use of Kramers-Kronig relations. This will be introduced in detail later.

In addition,

n,M+in,(u,)-l
^ ' ni(a;) + 1712(0;) + 1 ^

'

where ni(u/), n2(tj) are respectively the real and imaginary parts of the complex refractive

index N(u;), i.e.

N{u}) = ni{u) + iUiiu)

.

(2.6)

The function ni{u) is also known as the normal refractive index; and n2(u;) is called the

extinction coefficient.

FVom equations (2.2), (2.4) and (2.5), one can derive expressions for ni(u') and n2(u^) in

terms of R(u;) and 0{u), which are:

l-R
"iM =

l + R-2y/Rcosd'
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2v/flsing
n2(u;) = 7= . (2.7)

Therefore, once both R(u;), obtained from experiments, and 9{uj), obtained from Kramers-

Kronig amalysis, are known, it is possible to calculate ni(a;) eind n2(a;) via equations (2.7).

C!onsequently, the complex refractive index N(u;) will be known.

The complex dielectric ftmction and conductivity are defined as

e = €i+ tea (2.8)

and

<T = <7i + i<72
, (2.9)

and a standard result derived from Maxwell's equations shows [9]

N^ = €. (2.10)

Hence, from equations (2.6), (2.8) and (2.10), one can obtain

2 2

and C2 = 2nin2 . (211)

Additionally,

c= =^ , (2.12)
u

where ai and (r^ denote the real and imaginary p>art8 of the optical conductivity respec-

tively. (10)

Therefore, one can calculate Ci, «2 via equations (2.7) and (2.11) after knowing R(u;) and

6{u)). Then, the optical conductivity a can be obtained using equations (2.12).



/ h
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2.2 Kramers-Kronig Analysis

According to equations (2.11) and (2.12), both the real psirt ni and the imaginary part

02 of the complex refractive index are needed to determine the dielectric fimction (i.e. ci

and e^) and the optical conductivities Oi smd a2. Both ni and n2 can be calculated via

equations (2.7) if both the reflectance, R(u;), obtained directly from the experimental results

and the phase shift, 9{uj), are known. Kramers-Kronig Analysis is a mathematical process

to calculate the phase 9{u}) using the experimental result R(u;).

Kramers-Kronig Analysis is a cltissic example of dispersion relations following rigorously

from the requirement of causaUty. Causality is understood to imply that there can be no

effect before the cause. The usual forms of the Kramers-Kronig dispersion relations for the

dielectric function are [11]:

+00 . /. +O0 / , /.

. . 1 f C2(W ) , / 2 f U €2(4^ ) , '

n J u —u n J (u y — u^

, ,- 1 7°[ci(a;')-l]j ' 2a; 7°[ei(a;') - 1] . / ,. ,o^and C2 u;) =— p / ^-V -duj = p Y^ 2 ^ '
2-13

+00, , /, ,1 - +CX3,

where p denotes the principal value of the integral;

with the conditions

€i{-u') = €i{u')

and €2{-u>') = -€2iuj')

.

(2.14)
I

However, the more common dispersion relation used to determine cj and €2 is the phase-

shift, 6(u;), dispersion relation. A brief derivation of this dispersion relation follows:

The reflectivity coefficient r(a;) is given as equation(2.2)

i.e.

r{u) = p{u)exp[id{u)]. (2.15)



.t'^ - rr:
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This equation can also be expressed as

]iir{uj) = ]np{u) + ie{u). (2.16)

Considering the fact that the reflectance must obey causaUty, one can write the following

disp>ersion relation [11]

]np{u}) = - p — du;
IT J u — u

—00

and eiu;) = -^ pT^^duj'

.

(2.17)
TT J UJ — U)

—oo

Since the input and output functions must be real, 9{uj) can be rewritten as

(a;')

The singularity at u'=w is removed by subtracting

^, . 2uj f lnp(u;) , / /^ „x
^(u; = -— P / .,,.2 ,2

^ . 2.18

2uj f \n p{u)

{CJ')

Hence,

Because of equation (2.4), i.e. p{u)=jR{uj)\

equation (2.20) can be rewritten in terms of R(a;) as

»M=^T'°^''^''-y"'
d.'. (2.21)

^ '

Therefore, the phase-shift d{ijj) can be obtained numerically via equation (2.21). The

R(u;) is the reflectance obtained from experiment.
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However, since the reflectance can be metisured only for a finite frequency range, its

extrapolation in regions where data is not available is necessary.

2.3 Oscillator fitting for e

The dielectric function and optical conductivity are often further analyzed using a

Drude/Lorentz oscillator model. A typical example of the Lorentz Oscillator Model is an

electron of charge -e and mass m bound to a nucleus in an atom. The motion of this electron

can be described by:

—eE — jmi;Qr(u;) — mrr(a;) = mf{u)
, (2.22)

where E is a time dei>endent electrical field expressed in the form of E=Eoexp {—iujt), the

term muQT is a Hooke's law restoring force, and the term mrr represents viscous damping

arising firom various scattering mechanisms in a soUd. r is the scattering rate.

The solution to equation (2.22) is,

rM=^=f^5/=L. (2.23)
Wq - W^ - ITU

As defined in most introductory texts on electromagnetic theory and solid state physics,

[13] the displacement vector is:

D = E + 47rP = fE
, (2.24)

where P is the dipole moment per unit volume, and c is the dielectric function of a

medium.

Additionally, the dipole moment is:



:' I
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P = -er. (2.25)

Hence, combining equations (2.23), (2.24) £ind (2.25), plus considering N atoms per unit

voliune as well, one can derive:

, 47r;Ve2 1 .^.
e = l + 2 2—^—- 2-26

m Uq — u)^ — ITU

Usually, the plasma frequency is defined as,

ul = —— . (2.27)

If there are more than one bound electron per atom, equation (2.26) can be extended,

^ = 1 + Y.—2 Tm "Y ^j — ^ — iTjU)

andY,Nj = N

,

(2.28)

i

where Nj is the density of electrons bound with resonance frequency u)j and scattering

rate Tj.

Similarly, a corresponding quantum mech«mical equation can be derived,

,= l + J![!!^
^

N!>
, . (2.29)m

J
Uj —uj^ — iTjU

However, in equation (2.29) Uj is the transition frequency of an electron between two

atomic states separated in energy by huj . The parameter fj is called the oscillator strength,

which is a measure of the relative probabiUty of a quantum mechanical transition. Therefore,

it satisfies the so-called f-sum rule. i.e.

5:/i = l- (2-30)

J
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The Lorentz oscillators are used to model phonons and bound electronic transitions. In

a metal, because the free conduction electrons do not experience restoring forces (i.e. a;o=0)

the term mujQT in equation (2.22) does not appear. And, thus derived in the same manner

described above, the dielectric function is written as:

, 4nNe^ 1
e = l ^—. . 2.31

Since this model is normally referred as to the Drude model, Tp denotes the scattering

rate of the free electrons. One also defines the plasma frequency as:

2 47riVe2

^Po = —zr- • 2-32m
Sometimes, phonons are coupled to electronic excitations. If a phonon of resonance

frequency u , mass m effective charge q and scattering rate r' in coordinate frame 1 is

coupled to an electron Ui in coordinate frame r, equation (2.22) can be modified to

gl-eE- mwfr - rriTit = mf

.

(2.33)

Similarly, in the 1 coordinates, the equation of motion for this phonon is

it

gr - qE - Tn'{u')H - m'r'i = ml

.

(2.34)

Here, g is known as the coupling constant.

The solutions to equations (2.33) and (2.34) are:

r = 3^ 3"*.—
, (2.35)

Ar + -a^E

' = T^ 2^ • ' ' (2-36)
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By substituting equation (2.36) into (2.35) and rearranging the form of the result, one

can obtain,

r[a;f -u^-iurr,-^
( ',2 \ ^'l = E[-^ , ,,, \ . , - -] . (2.37)mm {uy-u^-iuj '^mm (u;j^ - u^ - ujt m

Defining

D =
ijj} —u"^ — iuJTi

and D' = r-rr- —^^ . (2.38)
(a; y -u^ — UJT ^ '

Equation (2.37) can then be rewritten as:

r(i - ^ti\ = E[^D' - ^1

.

(2.39)D mm mm m
Now, via a similar derivation to that which leads to equation (2.26), one can obtain,

ul qg
•^ = ^ + ^—^ 15-^7(1 - ^D')

.

(2.40)
• mm

If there are k phonons coupled to the same electron at Ui, equation (2.40) can then be

extended to:

where.

^i = r,..'^2-.V .,..J • (2-42)*
{u'l^Y - U/^ - iuiTf,
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To simmiarize, if a system has j bound oscillators of frequency Uj, free electrons and k

phonons of frequency Uk coupled to an oscillator at Ut, based on equations (2.28), (2.29) and

(2.31), one can derive the expression for e for this system, which is

mmk

(2.43)

where Upjj and D'^ are given by equations (2.32) and (2.42) respectively. [12]
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Chapter 3

FIR and MIR Spectroscopy Studies of

/^-(BETS)2FeBr4

In this chapter, the experimental method used to obtain the far-infrared and the mid-infrared

reflectance spectra of the sample K-(BETS)2FeBr4 will be introduced. This is followed by a

presentation of the experimental results obtained for this thesis work.

3.1 Introduction

The objective of the present experiments is to collect polarized far-infrared(FIR) and mid-

infrared(MIR) reflectance spectra of the organic superconductor sample /c-(BETS)2FeBr4

within the temperature range from 4K to 300K(room temperature). The absolute reflectance

is obtained from the experimental data and is used to determine the dielectric function of

the sample via Kramers-Kronig analysis; the optical conductivity of K-(BETS)2FeBr4 is then

further investigated.

The absolute reflectance R introduced above is defined as the following:

R = ^"/— ^'^\, X RgM{u)

.

(3.1)

'r«/«r<no«(<^)

In equation (3.1), ltamfitei<*j) >» the intensity of the reflected light from a sample as a

function of its frequency; Ire/ereruxi^) denotes the intensity of the source light from an in-

dependent reference path; Igout-coated lampiei^) is the intensity of the reflected light from the
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gold-coated sample; Rgoidii^) is the absolute reflectance ratio of gold, which is known to be

0.985. The purpose of the gold evaporation is to eUminate the effects caused by the surface

structure of the sample. Sometimes, the ratio of the intensity of Ught reflected from a sample

over that from the reference path is referred to as the intermediate ratio, i.e.

Intermediate ratio = »ampie
^2 2)

IreferenceK'^)

The actual exp>eriments performed for this thesis work measured the intensities of both

reflected Ught from the sample ( i.e. laampie{(*^) ) and Ught from an independent reference path

(i.e. Ireferencei'^) ) at each choseu temperature. After the measurements were repeated several

times at all chosen temperatures, gold was evaporated in situ on to the sample. Similarly,

the intensities of Ught reflected from the gold coated sample ( i.e. Igoia-coated sampie{<^) )

and from the independent reference path were taken at corresponding temperatures. Then,

the intermediate ratios and the absolute reflectance were calculated using the experimental

software OPUS. Only the absolute reflectance R is applied to the Kramers-Kronig relation.

3.2 Experimental Set-Up

The original rhombus shaped /c-(BETS)2FeBr4 crystal with approximate size of 2mm x

3mm was broken in transport to Brock into three pieces, which made it difficult to achieve a

reasonable signal size. Figure 3.1 is a photograph of the three pieces of the sample. In order

to maximize the signal size, several strategies were followed. The polarization axis preference

of the light source was located and the crystal axis of interest aligned with it. Because the

commercial far-infrared and mid-infrared polarizer (Infraspecs model P03) was accidentally

broken, a far-infrared polarizer made from Sciencetech polarizer material was characterized

in the lab and a new mid-infrared polarizer (Specac KRS-5) was purchased. Eventually,

the far-infrared and mid-infrared reflectance spectra were collected and are presented in the
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following sections. The sketch in Figure 3.2 shows the main experimented set-up.

Figure 3.1: Photo of ssmiples on left. [13]

Figure 3.2: Sketch of the experimental set-up.
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3.2.1 Polarization Preference Axis of the Light Source cind

Interferometer

A globar is used as the light source for the interferometer for the present experiments. This

exp>erimental configuration still has some polarization preference. In other words, along a

certain direction perpendicular to the propagation direction of the light, the intensity of light

is greater than that along other directions. Therefore, if this preferred polarization direction

is located and set p)arallel to the axis of interest of the sample, the detected signal would be

maximized.

To find out the polarization preference axis, a commerciad far-infrared polarizer (In-

fraSf>ecs model P03) was placed in front of both the sample Ught path and the reference

light path. It is known that the transmission axis of the polarizer is along the horizontal

direction when the index number on the polarizer mount is 0°, 180° or 360°. By rotating the

polarizer by 10° each time through a full rotation of 360°, the intensities of light reflected

from a gold-coated sample that does not have polarization dependence itself and directly

from the independent reference path were detected. The result is plotted in Figure 3.3,

which shows the intensity of Ught as a function of polarizer angle with the horizontal. The

result clearly illustrates that the maximum intensity appears at 0°, 180° and 360°. So, the

intensity of the Interferometer optics is the greatest along the horizontal direction. This is

thus the preferred direction along which to mount the axis of interest of the samples.
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Figure 3.3: Polarization preference axis test results.

3.2.2 Characterization of The New Far-Infrared Polarizer

A Far-Infrared polarizer made from Sciencetech Polarizer material was characterized in the

lab due to the accidental formation of a rip in the original one. The new polarizer consists of

an aluminium grid of 4/im spacing photohthographically deposited on a 6/im thick substrate.

It was placed on the mount of the torn polarizer in order to rotate the transmission axis of

the polarizer. The two steps of the characterization were firstly to identify the tramsmission

axis of the new polarizer, and secondly to perform a leakage test. To locate the trtinsmission

axis, the torn far-infrared pnilarizer with the broken section covered and with the transmission

axis along the horizontal direction was placed in series with the new one. Upon rotating

the new polarizer, the detected intensity of Ught will be a fimction of angle. The maximum

intensity occurs when the transmission axis of the new polarizer is [>arallel to that of the

original one. The minimum intensity, which theoretically should be zero, happens when the

transmission axis of the new polarizer is perpendicular to that of the torn one. However,

due to imperfections of the polarizer grid, leakage of the polarizer might result in a non-zero

minimum intensity value.

Once the transmission axis of the new polarizer is found. The leakage test is necessary
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to verify the reliable frequency range of the new polarizer. An ideal far-infrared polarizer

should respond to the frequency range from to 700 cm~^. The premise of this leaJcage test

is that when two transmission axes of two identical polarizers placed in series are parallel

to each other, the intensity of the outcoming light is maximum; on the other hand, when

two axes sure p>erpendicular to each other, the intensity is minimum within the responding

frequency range, and this minimum value ought to be zero ideally. The ratio of the minimum

intensity value over the maximum one is often used to evaluate the leakage of a polarizer,

i.e.

Leakage =
Minimum Intensity from two perpendicular axes

(3.3)Maximum Intensity from two parallel axes

Based on this principle, two identical new polarizers were used to perform the leakage

test. The results showed that there is 5% leakage within the frequency range from 200cm~^

to 500cm"' beyond which it increases significantly. Figure 3.4 shows the experimental result.

ii>-i

300

Wavanumb0r(1/cm)

Figure 3.4: Far-Infrared polarizer leakage test results.
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3.2.3 Far-Infrared Reflectance Spectroscopy Measurement and

Results

The experiments were performed via the utilization of a Briiker IFS66V/S Interferometer

(20-40000 cm~^), detectors, polarizers eind a Janis Industries ST-400 continuous-flow cryo-

stat. A Uquid heUum cooled Bolometer detector was used for the far-infr£ired reflectance

experiments because of its working frequency range of 50-700cm~^; while a Uquid nitrogen

cooled MCT (Mercury Cadmium Telluride) detector is used for the mid-infrared. Figiu-e

3.5 is a photograph of the mid-infrared experimental set-up. A commercieil mid-infrared

polarizer was used for the mid infrared experiments while in the far infrared the polarizer

described in the previous section was used.

Figiire 3.5: Photograph of the Mid-Infrared experiment set-up.

The far-infrared reflectance experiments were carried out first on the medium size sam-

ple A shown in Figure 3.1. The sample was mounted with the easy axis along the vertical

direction which is perpendicular to the polarization preference axis of the light source. The

far-infrared polarizer was placed with its transmission axis horizontal. The reflectance spec-

tra were investigated at 7 different temperatures: 4K, 30K, 60K, 80K, lOOK, 200K and 295K.
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The sample was first cooled down to 4.2K, and then was successively heated up to each tar-

get temjjerature. The initial coohng process is accomplished by continuously flowing liquid

heUum into the cold finger cryostat; while the heating process is achieved via an additional

heater controller. After the spectra at each temperature have been collected, the gold evai>

oration process is performed. Four loojjs of gold are fixed on the tungsten filament moimted

about 12cm firom the sample inside the cryostat during the experimental preparation process.

E^ach loop is made from a 5mm long gold wire with 0.2mm diameter. After 1 A current is

p>assed through the filament for about 10 seconds, the current is increased to and held at 2

A for about 30 seconds. After this, gold will coat the surface of the sample. The success of

the evaporation process can be monitored via changes of the pressure inside of the sample

chamber. The pressure initially increases, and then drop>s back down. After the process of

gold evaporation, similar reflectance experiments are repeated at each temperature. After

all of the gold-coated reflectance spectra are collected, the absolute reflectance ratio can be

calculated. Figure 3.6 presents the absolute ratios of the c-axis of the sample A.
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Figure 3.6: Far-Infrared absolute reflectance along the c-axis of sample A.

The huge noise spikes near 300cm~' are caused by some mechaniceil vibration. This

noise was shifted out of the frequency range of interest via slowing of the scan velocity of

the interferometer for the remainder of the experiments carried out. One challenge of this

investigation was that a particular sample can not be used more than a few times. The reason

for this is that the samples are very thin and fragile and thus their surface is damaged, and

small pieces removed, every time gold is peeled off.

Next, the same experiment was conducted on the largest sample (sample B). At this time,

both the easy axis (a-axis) and c-axis of the sample were investigated. The experimental

results are shown in Figures 3.7(a) and 3.8(a). For this experiment, the reflectance spectra

along the araxis on the bare sample were collected first, then the interferometer was opened to

adjust the polarizer in order to perfonn the complete experiment on the c-axis, and then, the

polarizer was adjusted again to measure the araxis on the gold-coated sample. Consequently,
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the vacuum condition inside the interferometer and the polarization direction might not be

exactly the same for the two measurements on the a-axis before and sifter gold evaporation.

This is likely the cause of the strong interference fringes which did not cancel entirely in the

a-axis results. For this reason the a-axis experiment w£is repeated with sample B without the

polarizer and interferometer vacuum being altered throughout the experiment. The results

are shown in Figmre 3.8(b). UF>on comparing Figure 3.6 and 3.7(a) for the c-axis we note

in Figure 3.7(a) some additional modes near 400 cm~^ which are absent in Figure 3.6. To

investigate this discrepancy further, the c-axis experiment was repeated a third time, and

the results are presented in Figure 3.7(b). In Figvu-e 3.7(a) and (b) and 3.6 the features near

250 cm~^ which occvu: in all c-axis spectra correspond to some phonon modes which will be

discussed further when the optical conductivity spectra are introduced.
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Figure 3.8: EBU--Infrared absolute reflectance along the a-axis of sample B. (a): The

first set of FIR experimental results obtained along the araxls at 7 temperatures,

(b): The repeated FIR experimental results for the absolute reflectance along

the a-axis.
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As described in the discussion of Fig 1.5, the resistivity reaches its maximum at 60K,

and then dramatically dropw down as the temperature decreases further. Since generally

for metaUic samples higher resistivity corresponds to a lower far-infrared reflectance, the

temf>erature dependence of the reflectance spectra might also be expected to have a minimum

reflectance level at 60K which would then increase as the temf>erature decreases further. This

behavior can be seen in most of the experimental results. In Figures (3.6), (3.7) and (3.8),

the reflectance at 4K is the highest, and gradually shifts down to its lowest level at the

tem|)erature 60K, and then goes up again at 150K and at 295K. The 295K spectra were

taken after the sample has been at the room temperatiure (295K) for a long time (usually

at least one night). Hence, for most cases, both the structure and the absolute level of the

sp>ectra at 295K are considered highly reUable and reproducible, with the exception of the

results of Figure 3.7(a) due to its imreUable experimental method as described above.

Another characteristic of the spectra is the appearemce of several peaks occurring near

250 wavenimiber at certain temperatures. In Figure 3.6, the three peaks are at 60K, 80K and

lOOK. In Figures 3.7 and 3.8, the three peaks occur at 45K, 60K and 150K. The appearance

of these i>eaks might be explained as the vibration of the lattice resulting in excited phonon

modes. In fact, previous studies have demonstrated some structural anomalies in the same

temperature range of 60K-140K. Specifically, the temperatm-e-dependent chemges in the a

and b lattice i>arameters are clearly seen in Figure 1.6. Note as well, the dif>s in both the

4K and the 25K c-axis spectra between 200 and 250 wavenumbers.

In Figure 3.7(a), the two peaks near 400cm~' appear only the first time sample B is

measured at 150K and 295K. The appearance of these two modes may have been due to a

smface impurity since they did not appear in Figure 3.7(b) nor did they appear in another

experiment conducted on sample C at 295K, whose result is shown in Figure 3.9. This

latter experiment was carried out to rule out the modes disappearance as a result of surface

degradation due to repeated measurements on the same sample.
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Figure 3.9: Far-Infrared absolute reflectance along the c-axis of sample C at 295K.

3.2.4 The Polarized Mid-Infrared Reflectance Spectroscopy

Measurement and Results

Polarized Mid-Infrared reflectance spectra were measured on both the a-axis and c-axis of k-

(BETS)2FeBr4 using essentially the same approach as taken for the Far-Infrared reflectance

spectra introduced in the previous sections. However, there were of course a few modifications

to the experimental equipment. These modifications include using a Mercury Cadmium

Telluhde (MCT) detector to replace the Bolometer, and using a conunercial mid-infrared

polarizer (Specac KRS-5) to replace the far-infrsu-ed polarizer. As well, the 6/im Ge-coated

Mylar Beamsplitter and the Polypropylene window used for the far-infrau-ed experiments

were replaced with a KBr Beamsplitter and a KBr window.

The first experimental attempt was successfully performed on the largest sample (sample

B). At this time, the a-axis of sample B was measined, and the results are shown in Figure

3.10.
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Figure 3.10: Mid-Infrared absolute reflectance along the a-axis of sample B.

The next exi)eriment was carried out on the c-axis of the last piece of sample (sam-

ple C) due to the fact that the surface of sample B had become damaged after several

repeated experiments. Unfortimately, the measurements could not be accomplished at all

seven temF>erature8 because of the formation of a vacuum leak in the MCT detector during

the experiment. The surface of sample C was not good enough for another repeated exper-

iment after peeling oflF the gold. The results shown in Figure 3.11 thus include the spectra

at the four temperatures measured.

Although all means of optimization of the signal size were attempted, because of the

small size of the samples, the mid-infrared reflectance spectra cut off at a lower frequency

than it would be expected.
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Figiire 3.11: Mid-Infrared absolute reflectance along the c-axis of sample C.
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Chapter 4

Experimental Data Analysis and

Results

In this chapter, the Kramers-Kronig analysis process is applied to the absolute reflectance to

obtain both the dielectric function and the optical conductivity of /c-(BETS)2FeBr4, and the

results are presented. In addition, the results of oscillator fitting to the optical conductivity

and of an investigation of the resistivity derived firom the optical analysis will be discussed.

4.1 Kramers-Kronig Analysis and Optical

Conductivity

As introduced in the previous sections, the optical conductivity of K-(BETS)2FeBr4 can be

calculated via Kramers-Kronig Analysis (KK antilysis) once the infrared reflectance spectra

are known. This calculation can be done using SPECAL a well established computer program

in the lab. KK analysis requires the reflectance to be known over a frequency range from

cm"* to infinity, however, for this thesis work, the reUable experimental results are from

50 cm"* to 2500 cm"' or so. Therefore, in order to apply KK analysis, some experimental

data (specifically the absent data below 10000 cm"') were taken from measurements made

by Dr. Makariy Tanatar using an infrared microscope, and some extrapolations to both low

frequency (below 50 cm"') and high frequency (beyond 10000 cm"') were necessary. For
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the extraF>olation below 50 cm~\ the Hagen-Rubens relation was applied, and the resistivity

parameters used are presented in Appendix A. Beyond 10000 cm~\ the reflectance spectra

were extrapolated as a constant up to 300000 cm~\ above which an u;~'*-relation was em-

ployed. This approach is consistent with that taken for /c-(BEDT-TTF)2Cu(NCS)2 which

has a similar Fermi Siurface. [14]

Figures 4.1 and 4.2 show the combined far-infrared and mid-infrared experimental re-

flectance spectra along the a-axis and the c-axis respectively used for KK analysis. Specif-

ically, the far-infrared reflectance results shown in Figure 3.8(b) and the mid-infrared ones

shown in Figure 3.10 contributed to Figure 4.1; the far-infrared reflectance results at 4K,

25K, 35K and 295K from Figure 3.7(b) and the mid-infrared ones from Figiire 3.11 were

used to plot Figure 4.2(a); the far-infrared reflectance results at 45K, 60K and 150K from

Figure 3.7(b) and the mid-infrared experimental results from Dr. Tanatar were used to plot

Figure 4.2(b) in which the data from Dr. Tanatar is used above 597 cm~^

laoo

Fr«qu«ncy( 1/ofn|

2t00

Figure 4.1: In&ared absolute reflectance along the a-axis ofK-(BETS)2FeBr4.
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Figiire 4.2: Infrared absolute reflectance along the c-axis of

K-(BETS)2FeBr4. (a): Combination of experimental results at 4

temperatures shown in Figures 3.7(b) and 3.11. (b): Combination

of experimental results at 3 temperatures shown in Figure 3.7(b)

and data from Dr. Tanatar.
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Prom these combined resxilts, the data collected by Dr. Tanatar, and the extrapolation

mentioned previously, optical conductivities of K-(BETS)2FeBr4 along the a-axis and the

c-axis at 7 different temperatures were calculated and are shown in Figiues 4.3 and 4.4

resp>ectively. Figxure 4.3 shows the calculated optical conductivity over the entire experimen-

tally measured range at a few selected temperatures. The focus will be, however, on the

results over the frequency range below 4000 cm~\ which £ire presented in Figure 4.4. Figiure

4.4(a) and 4.4(b) show the Kramers-Kronig derived optical conductivity of K-(BETS)2FeBr4

along the a-euds aind c-axis respectively. Note along both axes that at the lowest temperature

one observes clear evidence of a Drude-like absorption at the lowest frequencies.
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Figure 4.3: Optical conductivities of K-(BETS)3FeBr4. Optical conductivity calcula-

tion results along the a-axis (a) and the c-axis (b) respectively within frequency

range of 0-10000 cm"' at 3 temperatures.
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4.2 Oscillator Mode Fittings

In order to better investigate find interpret the optical conductivities along the a-«ixis and c-

axis of K-(BETS)2FeBr4, the Lorentz-Drude Oscillator model was used to fit the background

and phonon modes of the conductivities presented in Figiure 4.4. The parameters are tabu-

lated in Appendix C. After this, the fitted phonon modes in the optical conductivity spectra

were subtracted from the Kramers-Kronig derived optical conductivity spectra for each axis.

Consequently, the temp>erature evolution of the backgroimd optical conductivities along the

a-axis and the c-axis of /c-(BETS)2FeBr4 were obtained, which are presented in Figiu:es 4.5(a)

and 4.6(a) respectively. The various modes used to describe the ba<:kground and phonons

are demonstrated in Appendix B. The temperature dependence of the two strong phonon

modes near 1277 cm"' and 1343 cm"' in the opticed conductivity spectra of the a-axis and

the c-axis respectively of /c-(BETS)2FeBr4 were fiurther studied. Figiures 4.7 and 4.8 show the

temperature dependence of the fitting parameters for these two modes. It can be seen that

these modes show strong assymetry indicating coupling to the electronic background. Modes

exhibiting a similar temperature dependence were observed in k;-(BEDT-TTF)2Cu(NCS)2

near 1220 cm"' and 1330 cm"'. [14] The other experimental phonon mode parameters can

be found in Apf>endix C. One can see that most parameters appear to be affected near 60K.

Figures 4.5(a) «md 4.6(a) show respectively the a-axis and c-eocis Drude contribution (red

curves) superimpoeed on the optical conductivity background with phonon features removed

88 determined from the oscillator fitting procedm-e. Along the a-axis as the temperature is

lowered from 300K towards the maximum in the resistivity at 60K, the dc-conductivity (value

of <7i at (j= 0) decreases. In this regime the scattering rate is very large. As the temperature

is lowered further below 60K, the Drude absorption narrows considerably consistent with

metallic behaviour. Note that along the araxis the temperature variation of the background

conductivity can not be explained entirely by the Drude contribution. Figures 4.5(b) and
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4.6(b) show respectively the a-eocis and c-axis the remaining contribution to the baxdcground

conductivity after subtraction of the Drude component. Note that for the a-axis while at

room temperature there remains a broad incoherent band, that as the temperature is lowered

there is a redistribution of some of the spectral weight into a peak at lower frequencies. The

position of this excitation shifts to lower frequency as the temperature decreases. Although

it was not discussed, a similar feature is observed at 40K in the optical conductivity of

the structurally isomorphic compound k-(BEDT-TTF)2Cu(NCS)2. [14] This behaviour is

similar to that of the (TMTSF)2X family of Unear-chain organic conductors (X = PFe, AsFe

or QO4) with the exception that in the (TMTSF)2X materials the Drude component has

very Uttle sjjectral weight, and is very narrow, at all temperatures exhibiting essentially no

overlap with the finite energy excitation. [15]

This similarity in the backgroimd conductivities of the two families of compounds is some-

what smrprising. In the quasi one-dimensional (TMTSF)2X materials the finite frequency

peak was attributed to absorption above the Mott gap in a one-D Luttinger liquid. The zero

frequency mode is assimied to exhibit Fermi Liquid behaviour and correspond to an energy

scale below the 1E)-2D crossover where hopping between chains is relevant.

Thus while the greater oscillator strength of the Drude component in the 2-D materials

/c-(BETS)2FeBr4 and k-(BEDT-TTF)2Cu(NCS)2 is consistent with this interpretation one

would not expect to observe the finite frequency excitation. These combined works thus

illustrate that there is still much to be learned concerning the optical properties of organic

superconductors. Figiire 4.6(a) and (b) show that the situation is somewhat different along

the c-axis. The Drude peak is not as broad at high temperatures as it is filong the a-axis,

and upon its subtraction one observes an essentially temperature independent background

conductivity.
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Figure 4.5: Background optical conductivities along the a-axis. (a): The spectra in

blade color are background spectra with phonon modes removed; the spectra in

red show the Drude contribution, (b): The background spectra with both Drude

and phonon modes removed.
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Figure 4.7: Temperature evolution of some phonon parameters along the a-axis of

the sample, (a): Phonon 1 near 1277 cm"', (b): Phonon 2 near 1343 cm"'.
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Figure 4.8: Temperature evolution of some phonon parameters along the c-axis of

the sample, (a): Phonon 1 near 1277 cm"', (b): Phonon 2 near 1343 cm"'.
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4.3 Resistivity of K-(BETS)2FeBr4

Based on the fitting paxameters for the Drude mode, one can calculate the conductivity of

a sample via equation (4.1):

where tjpp is the plasma frequency of the Drude mode, and r is the scattering rate both

measinred in cm~^ aind a is given in f2~'cm~^

The resistivity is then calculated according to:

,= i. (4,2)

Therefore, using equations (4.1) and (4.2), the resistivities along the a-axis and the c-axis

of K-(BETS)2FeBr4 have been calculated at each temperature, and the results axe presented

in Figure 4.9. Note that the temperature variation is very similar to that of Figiire 1.5.
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Figure 4.9: Resistivities of /c-(BETS)2FeBr4 derived from Drude-model fitting to

the optical conductivity.
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Chapter 5

Conclusions

This thesis rep>orts for the first time the optical functions of K-(BETS)2FeBr4 in the infrared.

The work has demonstrated that the optical properties of K-(BETS)2FeBr4 have some similar

features to those of both the 2-D organic superconductor k-(BEDT-TTF)2Cu(NCS)2 and

the quasi 1-D (TMTSF)2X materials, which may be important for understanding the optical

prof>ertie8 of organic superconductors.

FVom Figure 4.5(b), one can see that the background optical conductivity spectrum of the

a-axis of the sample gradually forms a peak at low frequency as temperature decreases from

295K to 4K. At higher temperatm-es the feature is relatively flat, but gradually becomes

sharper «uid shifts to lower frequency with decreasing temperattu-e. This pile up of the

optical conductivity at low frequency and temperature might imply the presence of a gap in

the electronic continuum. In contrast, from Figure 4.6(b), along the c-axis the background

optical conductivity is essentially temperature independent, and thus along this axis the

temperature dependence comes entirely from the Drude contribution.

The two most prominent phonon modes tilso show strong temperatmre dependence, with

many parameters upon decreasing temperature showing abrupt changes with the onset of

coherence at 60K. Their Fano shape indicates that they couple to the electronic background.

FVom the investigations of the resistivities along the a-axis and the c-axis shown in Figure

4.9, it can be concluded that these results agree with the general trend of the temperature

dependence found in the relative ac-plane resistivity measurements from transport shown in

Figure 1.5. That is, there is a maximum in the resistivity occurring around a temperature
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of 60K, below which it begins to fall rapidly. Note that while the derived resistivity results

of this work have pKXir temperature resolution they are to our knowledge the first reports of

the absolute value of the resistivity along the a and c axes.

In future work, it would be very useful to repeat these experiments on much larger

samples. In doing so, the optical conductivity of «-(BETS)2FeBr4 could be investigated at

higher frequencies ( higher than 2500 cm~^). In addition, it would probably increase the

accuracy of the results since there will be more signal in regions where the power spectrum

is low if one were able to conduct each experiment on a new crystal whose surface has not

been damaged by the gold evap>oration process.
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Appendix A

Resistivity Parameters for

Hagen-Rubens Extrapolation
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Appendix B

Demonstration of Background

Oscillator and Phonon Mode Fitting

As introduced in Chapter 4, several background oscillators and phonon modes were fitted to

the experimental optical conductivity spectra such that the evolution of both the electronic

background and the phonon modes with temperature could be studied. The following Figiures

B.l and B.2 demonstrate the positions of these background oscillators and phonon modes and

their experimental optical conductivity spectra. The fitted optical conductivity spectra of

the a-axis and the c-axis at 35k were used to illustrate these modes for each axis respectively.

The denotations used in these two Figiires are also identical to those in the fitting parameter

tables in Appendix C. Note that for the c-axis, the phonon 7 drawn as a dotted fine appears

only in the spectra at 4K and 25K.
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Figure B.l: Fitting background oscillators and phonons of a-axis.
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Figure B.2: Fitting background oscillators and phonons of c-axis.
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Appendix C

Background Oscillator and Phonon

Parameters

The following tables enumerate the parameters used to fit the experimented optical conduc-

tivities along the a-axis and c-axis respectively.

r
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Table





Appendix C. Background Oscillator and Pbonon Parameters 61





Appendix C. Background Oscillator and Pbonon Parameters 62

f





Appendix C. Background Oscillator and Pbonon Parameters 63





Appendix C. Backgroimd Oscillator and Pbonon Parameters 64

Tfi





Appendix C. Background Oscillator and Phonon Parameters 65





Appendix C. Background Oscillator and Phonon Parameters 66





Bibliography 67

Bibliography

[1] http://www.magnet.fsu.edu/education/tutorials/gallery/scorganic.html.

[2] L. BaUcas, J. S. Brooks, K. Storr, D. Graf, S. Uji, H. Shinagawa, E. Ojima, H. Pu-

jiwara, H. Kobayashi, A. Kobayashi, and M. Tokumoto, Shubnikov-de Haas effect

and Yamaji oscillations in the antiferromagnetically ordered organic superconductor

AC-(BETS)2FeBr4: A Fermiology study, Cond-mat/0008287 W\ 18 Aug 2000.

[3] S. S. P. Parkin, E. M. Engler, R. R. Schumaker, R. Lagier, V. Y. Lee, J. C. Scott, and

L. Greene, Superconductivity in a new family of organic conductors. Physical Review

Letters, 50: 270-273, 1982.

[4] C. Agofita. Introduction to organic metals, Clark University web page, 1996.

[5] R. EUison, M.Sc. Thesis, Brock University, 2001.

[6] Martin R. Bryce, Antony Chesney, Shimon Yoshida, Adrian J. Moore, Andrei S. Bat-

sanov and Judith A. K. Howard, Synthesis and X-ray crystal structure of a vinylogue

of tetramethyltetraselenafulvalene, J. Mater. Ghem., 1997, 7(3), 381-385.

(7) H. Pujiwara, H. Kobayashi, Development of an Antiferromagnetic Organic Supercon-

ductor K-(BETS)2FeBr4, Chem. Soc. Jpn., 78, 1181-1196, (2005).

[8] H. Pujiwara, E. Piyiwara, Y. Nakazawa, B. Narymbetov, K. Kato, H. Kobayashi, A.

Kobayashi, M. Tokumoto, and P. Gassoux, A Novel Antiferromagnetic Organic Super-



::;;



Bibliography 68

conductor K-(BETS)2FeBr4 [where BETS=bis(ethyienedithio)tetraselenafulvalene], J.

Am. Chem. Soc. 123, 306-314, 2001.

[9] M. Fox, Optical Properties of Solids, Oxford University Express,New York, 2001.

[10] N. W. Ashcroft and N.D. Mermin, Solid State Physics, Saunders College, Philadelphia,

1976.

[11] F. Wooten, Optical Properties of Solids, Academic Press, London, 1972.

[12] M. Reedyk, PH.D. Thesis, Mcmaster University, 1992.

[13] N. Hoesein Khah, M.Sc. Thesis, Brock University, 2007.

[14] N. L. Wang, B. P. Claymtm, H. Mori and S. Tanaka, Far-infrared study of the insulator-

metal transition in /c-(BEDT-TTF)2Cu(NCS)2: evidence for polaron absorption, J. Phys

: Condens. Matter 12 (2000) 2867-2875.

[15] A. Schwartz, M. Dressel, G. Griiner, V. Vescoli, L. Degiorgi, T. Giamarchi, On-chain

electrod)Tmmics of metalUc (TMTSF)2X salts: Observation of Tomonaga-Luttinger

liguid response, Phys. Rev. B 58, 1261-1271 1998.





«;> ^c£








