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Abstract

Polarized reflectance measurements of the quasi 1-D charge-transfer salt (TMTSF)2C104

were carried out using a Martin-Puplett-type polarizing interferometer and a ^He refrig-

erator cryostat, at several temperatures between 0.45 K and 26 K, in the far infrared, in

the 10 to 70 cm~^ frequency range.

Bis-tetramethyl-tetraselena-fulvalene perchlorate crystals, grown electrochemically and

supplied by K. Behnia, of dimensions 2 to 4 by 0.4 by 0.2 mm, were assembled on a flat

surface to form a mosaic of 1.5 by 3 mm. The needle shaped crystals were positioned

parallel to each other along their long axis, which is the stacking direction of the planar

TMTSF cations, exposing the ab plane face (parallel to which the sheets of CIO4 an-

ions are positioned). Reflectance measurements were performed with radiation polarized

along the stacking direction in the sample.

Measurements were carried out following either a fast (15-20 K per minute) or slow

(0.1 K per minute) cooling of the sample. Slow cooling permits the anions to order near

24 K, and the sample is expected to be superconducting below 1.2 K, while fast cooling

yields an insulating state at low temperatures.

Upon the slow cooling the reflectance shows dependence with temperature and ex-

hibits the 28 cm"^ feature reported previously [1].

Thermoreflectance for both the 'slow' and 'fast' cooling of the sample calculated rela-

tive to the 26 K reflectance data indicates that the reflectance is temperature dependent,

for the slow cooling case only.

A low frequency edge in the absolute reflectance is assigned an electronic origin given

HI





its strong temperature dependence in the relaxed state. We attribute the peak in the

absolute reflectance near 30 cm~^ to a phonon coupled to the electronic background.

Both the low frequency edge and the 30 cm~^ feature are noted to shift towards higher

frequency, upon entering the superconducting state, by an amount of the order of the

expected superconducting energy gap.

Kramers-Kronig analysis was carried out to determine the optical conductivity for the

slowly cooled sample from the measured reflectance. In order to do so the low frequency

data was extrapolated to zero frequency using a Hagen-Rubens behaviour, and the high

frequency data was extended with the data of Cao et al. [2], and Kikuchi et ai [3].

The real part of the optical conductivity exhibits an asymmetric peak at 35 cm~^ and

its background at lower frequencies seems to be losing spectral weight with lowering of

the temperature, leading us to presume that a narrow peak is forming at even lower

frequencies.
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Chapter 1

Organic Superconductors

1.1 Introduction

The search for a high -Tc superconductor has been one of the main goals in the investiga-

tion of organic conductors. Following the Bardeen, Cooper and Schrieffer (BCS) theory

of superconductivity, based on the coherent motion of paired electrons with a phonon

mediated attractive interaction, W. A. Little [10] came up with the idea of extending the

BCS mechanism to describe the electrons moving along an organic polymer with highly

polarizable side chains.

Little's idea spurred much activity in the field of superconductor synthesis and, al-

though such superconducting polymers have never been successfully synthesized, it had

great impact on the development of the field of organic conductors. Highly conducting

organic materials that have been synthesized with quasi 1-D and 2-D behaviour have

brought about a new area of research at the interface of chemistry and physics.

The first organic material that proved to be superconducting under applied pressure

was (TMTSF)2PF6, first synthesized by Bechgaard et al in 1979 [11]. By replacing

PFe with AsFe, SbFe, CIO4, and Re04, other organic superconductors were discovered.

(TMTSF)2C104, bis-tetramethyl-tetraselena-fulvalene perchlorate, is the only compound

in this family found to date to exhibit superconductivity at ambient pressure [12].

In 1982 Parkin et al. [13] observed superconductivity in the sulphur-organic com-

pound (BEDT-TTF)4(Re04)2 (BEDT-TTF is the organic molecule bis-ethylene-di-thia
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tetra-thia-fulvalene, also referred to as 'ET'). In contrast to the TMTSF molecule, the

ET molecule forms 'different types of compounds of varying composition ratio and crystal

structure, and even different types of crystal structure for the same composition ratio.

Among them a certain crystal called l3-{ET)2h exhibits superconductivity at ambient

pressure. It was found that by applying moderate pressure (of the order of 1 kbar) in

this salt, that Tc was raised to as high as 8 K [4]. Typical ET salts have quasi 2-D elec-

tronic states. Electrons have circular motions if a magnetic field is applied perpendicular

to the two dimensional conducting plane. Through the dynamics of electrons under the

influence of a magnetic field, the Fermi surface and relevant physical parameters can be

elucidated for the ET salts.

Since 1981 hundreds of organic conductors have been synthesized, over 50 of which are

superconducting. Their superconducting temperatures have values ranging from 1.2 K

to 12.6 K [14].

The discovery of the high -Tc superconductors by Bednorz and Miiller in 1986 brought

out the question of finding a relationship between these materials and the previously

known unconventional ones, i.e. the organic and heavy-fermion superconductors. Other

novel types have been discovered in the mean time as well, such £3 the alkali fullerenes

[15] and the borocarbides [16].

The organic superconductors have been labeled 'exotic', along with the high-Tc su-

perconductors and the heavy-fermion superconductors. Their pairing mechanisms, which

may be different from the BSC one [17], remain undeciphered.

As discussed above, organic superconductors can be placed in two main families: the

quasi 1-D charge transfer salts, based on the TMTSF molecule (also called Bechgaard

salts), with a Tc of just over 1 K, and the quasi 2-D compounds, based on the BEDT-TTF

organic molecule (also called ET salts), with a Tc of about 10 K.

From the viewpoint of materials science, of particular interest is the dependence of





Chapter 1. Organic Superconductors 3

observed phenomena on the molecular and crystalline structures. This can be investigated

by noting the consequences of modifying the structures either chemically, by substitution

of the constituent atoms or groups, or physically, by applying pressure to modify the

intermolecular spacings.

This thesis concerns the experimental study of (TMTSF)2C104, a compound from

the Bechgaard salts family, (TMTSF)2X, in the far infrared region, by means of optical

spectroscopy.

Optical spectroscopy is a well-suited technique for the study of the millimeter size,

brittle (TMTSF)2C104 crystals. This technique is not surface sensitive, since electro-

magnetic radiation penetrates hundreds of nanometers into the crystal. Relatively small

lateral sample dimensions (0.5 mm) are enough to yield high quality spectra in the 200-

1000 cm~^ frequency region, a region relevant to the excitations in most organics.

More powerful techniques, such as angle resolved photoemission or vacuum tunneling,

demand ultrahigh-vacuum cleaved virgin surfaces and as a result have been applied to

only a few systems. Magnetic neutron scattering, due to the weak interaction of the

neutron with matter, demands large centimeter size crystals, which are not available

for most new materials [18]. Optical spectroscopy has thus become the main spectro-

scopic technique for the investigation of the low lying excitations of a large range of new

materials.

1.2 (TMTSF)2X Salts, Quasi One-Dimensional Systems

1.2.1 Crystal Structure

A typical (TMTSF)2X compound has a triclinic crystal structure. The electron donor

TMTSF (tetramethyl-tetraselena-fulvalene) planar organic molecules (see Figure 1.1) are

stacked in columns, the layers of columns alternating with sheets of inorganic anions, X.
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H^.Se Se CH,

II >=< I
jC / \ X

HsC^^^Se Se "^CHs

Figure 1.1: TMTSF molecule: chemical diagram and spatial structure. Prom Reference

[41.

Figure 1.2 shows the organic cations TMTSF and inorganic anions X (PFe in the

figure) in a plane perpendicular to the stacking direction in the crystal, i.e. the a-axis.

The projections of the b and c axes onto this plane are denoted by b' and cf. Selenium

atoms are shown as grey circles and the distances between them are given in Angstroms.

The 2:1 salt is formed by the transfer of one electron from two TMTSF molecules

to one X. The crystal structures are isomorphous for various electron acceptors X (PFe,

AsFe, SbFe, with octahedral symmetry, or CIO4, Re04, with tetrahedral symmetry), and

even remain the same through substituting molecule TMTTF (tetramethyl-tetrathia-

fulvalene) for TMTSF (selenium atoms replaced by sulphur ones in the same configura-

tion).

There is an electronic delocalization along the stacking direction, in the TMTSF salts,

which turns these materials into a close realization of a one-dimensional metal.

In low dimensional systems the Coulomb interaction between electrons is found to

have special consequences. The 'quasi-particle' concept, used in the Fermi-liquid de-

scription of ordinary metals as a collection of effectively noninteracting electrons, is not
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Figure 1.2: Crystal structure of (TMTSF)2PF6, view looking down along the a-axis.

From Reference [5].

applicable in one spatial dimension, where the spin and charge degrees of freedom merge

separately into collective low-energy excitations. These collective modes replace the

quasi-particles, creating a different electronic state, called a 'Luttinger liquid' [19].

1.2.2 Electronic Structure

Along the stacking direction the spacings between the molecules are almost equal to the

sum of the van-der-Waals radii of the Se atoms, approximately 3.96 A. Although the

Se-Se spacings between the side-by-side and face-by-face molecules are comparable, the

overlap of the 7r-orbitals is strongest within the stacks, i.e. along the a-direction. There

are two Se atoms on each molecule in side by side contact (in the plane of Figure 1.2)

and four on each molecule in a face by face contact (along the a-axis, perpendiculsu*

to the plane of Figure 1.2). With this structure the intermolecular Se-Se distance, of

the order of 3.8 A, is shorter than the intrastack separation. The conductivity is highly

anisotropic, the good overlap in the a-direction leading to a much larger transfer integral
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along the a-axis of the crystal than along the 6-axis. The c-direction, along which the

anions and the methyl groups separate the TMTSF molecules, has the weakest coupling.

The electrons move most easily along the columns but there is appreciable mobility in

the 6-direction as well.

In the first approximation, the counter anions X~ play no essential role in the elec-

tronic behaviour. They maintain the overall charge neutrality and separate the columns,

this resulting in a low-dimensional structure. An ideal one-dimensional system cannot

have long-range order and undergo a phcise transition, according to the laws of thermo-

dynamics. The TMTSF salt does have phase transitions to the superconducting and

spin-density-wave (SDW) states. This can be explained by the existence of a transverse

interaction (along 6-axis) between adjacent TMTSF columns. It is the spacing between

the sheets of columns, which depends on the size of the anions X~, that affects the nature

of the phase transition.

In the tight binding approximation, the electron band energy is expressed as:

^(k) = 2ta cos(aska) + 2tb cos(bski,) -\- 2tc cos(cskc), (1.1)

where £'(k) is the electron energy, as, bg, and Cs are the intermolecular distances along

the a-, b-, and c-directions, ti is the electron transfer energy and ki the electron wave

vector along the z-direction. For simplicity the three angles have been set to 90°; both bs

and Cs correspond to the lattice parameters b and c, while as = a/2, since a corresponds

to the thickness of the TMTSF dimer.

The electron transfer energies ta, tb, and tc along the a-, b-, and c-directions are

estimated to be 0.25, 0.025, and 0.0015 eV, respectively, from plasma-frequency mea-

surements and the extended Hiickel calculation [20, 21]. Because the transfer energies

differ greatly for the three axes, as expected from the crystal structure, the electron

energy band is considered to be quasi one-dimensional in the first approximation : the





Chapter 1. Organic Superconductors 7

electron energy E(k) is mostly dominated by ka and the effects of kb and kc are minor.

However, for phase Iransitions the role of k^ becomes essential. The (TMTSF)2X system

is thus sometimes regarded as showing a quasi two-dimensional nature.

The electron bands represented by Equation 1.1 would be filled if each TMTSF

molecule were neutral. In the 2:1 charge transfer compounds (TMTSF)2X, since only

one electron is donated from two TMTSF molecules, the band is three-fourth-filled, if

the reduced Brillouin zone of the size {27r)^/asbsCs is used. As a result the compound

is metallic. It is found that the holes in the band contribute to the conductivity, as

confirmed by the observation of positive thermoelectric power [4]

.

In (TMTSF)2X two TMTSF molecules are slid slightly towards each other, forming

a sort of dimerized structure. Thus, for the electron band calculated with a = 2as a

dimerization gap opens up at ka = 7r/2as = n/a. In this case the Fermi level is situated

at the half filled level of the upper part of the split band.

The band structure and the Fermi surface in the first Brillouin zone of (TMTSF)2AsF6

are shown in Figure 1.3. They are representative for all (TMTSF)2X, since the shape of

meV
euu
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means of both ESR (electron spin resonance) and high-resolution NMR (nuclear magnetic

resonance) measurements [22, 23].





• Chapter 2

(TMTSF)2C104: characterization of the compound

There is still much to be uncovered about the organic conductors' electronic properties,

due mainly to the small size and fragility of the available crystals. While there is a

considerable amount of infrared spectroscopy data, the strong mid-infrared absorption

seen in the organics by all investigators is in clear contradiction with the extensive low

temperature magnetic transport data [18]. The contradictions in the interpretation of the

experiments have lead to two completely opposing views of the normal state transport

of the Bechgaard salts.

In general, interpretation of the magnetic transport measurements has been done in

terms of Fermi liquid models with extraordinarily long scattering times. In this framework

it was found that Kohler's rule (KR) holds [24], except for the conductivity component

along the a-axis. (KR states that the increase in resistivity in a magnetic field H, relative

to the zero-field value /9o, is a universal function of H/po, at all temperatures T and fields

H). The various oscillatory phenomena seen in high magnetic fields have been interpreted

in terms of electrons moving in quasi 2-D orbits. This interpretation of the data has been

summarized by Greene and Chaikin [25]. The transition to the superconducting state

from a normal metallic state is also suggested by specific heat data [26].

A diametrically opposing view of the transport properties comes from the infrared

research community. The low temperature measurements of the frequency dependent con-

ductivity show that the dc-conductivity retains its large value (around 20,000 fi"^cm~^)

well into the microwave region [27, 28], but then drops dramatically in the 300 GHz region
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to a value of 1000 ^"^cm"^ [29]. The reflectance of such a system is expected to show a

prominent plasma edge in the above mentioned region, a difficult experimental range to

work in with needle-like samples. There is some experimental evidence for the existence

of this edge in early (1974) far infrared work by Tanner's group [29], and in more recent

(1996) backward wave oscillator data from Griiner's group [28]. A clear observation of

this edge would confirm the picture of two-component conductivity: a narrow Drude

peak, presumably caused by a spin density wave, followed by a very broad incoherent

band due to a strongly correlated Luttinger liquid [18].

2.1 Anion Ordering and Superconducting Properties

In contrast to the compounds with anions of octahedral symmetry, (TMTSF)2C104 has

intermediate and quenched states, determined by the uniformity of the orientation of

the CIO4 anions. These anions of non-centrosymmetric tetrahedral symmetry can take

two orientations with respect to the crystalline system. At room temperature they are

situated in a cage created by the surrounding TMTSF molecules and on cooling undergo

an ordering transition. Diffuse X-ray scattering studies reveal that the anion-ordering

occurs, at a temperature Tao of about 24 K, to form a superlattice with the wave number

Q = (0,^,0) [30]. However, when the crystal is rapidly cooled from a higher temperature

to about 15 K, the anion orientations are frozen in random directions. In the slowly

cooled (at a rate of 0.1 K per minute) case, at 24 K the conductivity increases with

the onset of anion ordering. This is due to the reduction of scattering by the randomly

distributed anion potential. With further cooling of the crystal, superconductivity ap-

pears at Tc = 1.2 K. By rapid cooling (30-50 K per minute), the distorted state existing

above T^o is quenched near 24 K and the temperature dependence of the resistivity

becomes more gradual than in the case of slow cooling. An insulating phase appears
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below 6 K. A mixture of these behaviours is observed when cooling conditions are inter-

mediate and the transitions between phases become less sharp [6]. Figure 2.1 shows nine

different resistance vs. temperature curves, taken upon slow warming of (TMTSF)2C104

in states with various degrees of anion disorder. These intermediate states with only a

Rs (n)

:

0.1 r

0.01

T(K)

Figure 2.1: Temperature dependence of resistance for nine states of (TMTSF)2C104 given

by Tq = OK (relaxed state), 22 K, 23 K, 24 K, 24.5 K, 25 K, 26 K, 28.5 K, and 35 K.

Adapted from Reference [6].

partial degree of anion ordering were obtained by quenching (rapid cooling) the sample

from various temperatures Tq, above 24 K. The intermediate states, as characterized

by resistance and magnetoresistance measurements, consist of inhomogeneous mixtures
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of superconducting and spin-density-wave (SDW) regions, whereas the quenched state

is purely insulating with a phase transition temperature, Tsdw, of 6.05 K, and a zero-

temperature gap 2A(0) = 22 K = 3.52 Tsdw^ close to the mean field value [6].

Figure 2.2 shows the phase diagram for slowly cooled (TMTSF)2C104, from Refer-

ence [7]. It is an extremely rich magnetic phase diagram containing metallic, supercon-

20-

H(T)

10-
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below 5.6 K. The critical temperature at 18 T is around 5.6 K. When the field is increased

from zero, even without applying pressure, at 1 K the superconducting phase appears for

H below 0.03 T. Then a normal metallic state occurs up to around 3.5 T. Between 3.5 T

and 7.5 T several different SDW semimetal phases are induced by the magnetic field, as

the Fermi level jumps between Landau level gaps [31]. The transitions between these

field-induced spin-density-waves (FISDW) are observed, for instance, in the jumps and

peaks of the specific heat which indicate first and second order transitions [32] . Between

7.5 T and 26 T a new SDW state, in which the Fermi energy changes to keep a constant

Landau-level filling, appears. Above 26 T reentrance takes place into the nonmagnetic

normal metal state.

2.2 Infrared Reflectance Data

The normal state far infrared optical properties of (TMTSF)2C104 have been the object

of considerable discussion over the years [33, 34, 1, 2, 35, 36].

Recent optical conductivity data with light polarized along the conducting columns

(or stacks of TMTSF molecules) [2], is shown in Figure 2.3. At room temperature the

graph shows a broad incoherent band (similar to that of the c-direction of the cuprates,

where the carriers are confined to the planes) , the low frequency limit of which tends to

a value somewhat less than the dc-conductivity. As the temperature is lowered the dis-

crepancy becomes more pronounced: the dc-conductivity is growing much faster than the

real optical conductivity at measurable frequencies (the 10 K dc-conductivity is approxi-

mately 2x10^ Q~^cm~^), which also develops a clear gap-like depression below 170 cm~^

(The same behaviour has been seen in the charge density wave system TTF-TCNQ [37]).

Because there is a loss of spectral weight associated with the depression, it is assumed

to have shifted into a low frequency mode.
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Figure 2.3: (TMTSF)2C104 real optical conductivity along a-axis. From Cao et ai [2].
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These data have been interpreted in terms of transport by charge-density-wave (CDW)

fluctuations, according to Tanner et al. [29]. The observed growth in the intensity of

phonon lines with lowering temperature is usually associated with sliding density waves

interacting with the lattice [38, 39]. Also, estimates of the spectral weight associated with

the narrow low frequency mode (the low value of which would correspond to a very large

effective mass, of approximately 500 mg) suggest that phonons are involved as well. The

high dc-conductivity is interpreted [18] to result from this far infrared narrow collective

mode, associated with direct transitions across the charge density wave gap [40, 41].

The picture of transport along the stacking axis by charge density fluctuations is

mainly based on the assumption that strong infrared absorption is due to intrinsic bulk

effects. There are some differences in the infrared data from various laboratories, however,

suggesting that sample quality may be a problem [2] , which leads to the idea that surface

defects, such as cracks, may be responsible for the absorption as well.

To investigate this problem, to see if the strong mid-infrared absorption is intrinsic,

samples with better controlled surfaces should be used. Then, if absorption is proved to be

intrinsic, reflectance measurements in high magnetic fields should be made to determine

if sufficiently strong fields would break up the density wave and turn the material into a

quasi 1-D metal. According to Timusk [18], this might be the case.

As can be seen in Figure 2.4, in the 6-direction of (TMTSF)2C104 (normal to the

conducting stacks, between which there is still considerable overlap) the conductivity is

flat, similar to the case of the c-axis cuprates [18]. There is some evidence of a collective

mode, since the dc-conductivity is considerably higher (close to 1000 fi"^cm~^) than the

infrared conductivity, however, with a much smaller discrepancy than in the a-direction

at low temperature. The scattering rate assigned to this flat conductivity would be of the

order of 350 cm~\ or 40 meV. This has to be compared with the transfer matrix element

normal to the chains, ^j., estimated at 40 meV [18]. In terms of a Fermi liquid picture,
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1000

10000

Frequency (cm"

)

Figure 2.4: (TMTSF)2C104 real optical conductivity at 2 K aloni? fr-axis. From Cao et

al. [2].
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it should be expected that below a crossover temperature of 460 K, corresponding to

40 meV, coherence would develop and the material would become a 2-D Fermi liquid. It

is clear that the transport between the chains, down to 2 K, is completely incoherent.

The organic superconductors thus display anomalous properties in the infrared. There

is no evidence of simple metallic transport in any direction: along the chains the currents

are carried by collective modes, possibly sliding charge density waves, and normal to the

chains there is complete incoherence, similar to what is seen in the interplane transport

in the cuprates [18].





Chapter 3

Far Infrared Study of (TMTSF)2C104

3.1 Introduction

The organic conductors' optical properties in the superconducting state have been little

investigated, mainly because of the low transition temperature, Tc, and the low frequency

range of the expected superconducting gap. It is hoped, if larger crystals and equipment

to reach lower temperatures and frequencies become available, that the superconduct-

ing gap will be investigated, as well as the transition region between the high dc- and

microwave conductivity and the strongly absorbing pseudogap range.

Kramers-Kronig analysis processes reflectance data to yield the real and imaginary

parts of the optical conductivity. In systems with s-wave dirty limit superconductivity,

optical methods were first used to study the energy gap, and later the spectrum of

excitations. That is, infrared techniques can be used to measure the optical conductivity

of quasiparticles below Tg, i.e. in the superconducting state, where the dc-conductivity

becomes infinite and shorts out all parallel channels of superconductivity [42]. Optical

spectroscopy can also be used to determine the superconducting penetration depth tensor.

The present work is aimed at studying the behaviour of (TMTSF)2C104 in the far

infrared, at temperatures below the superconducting transition, which has not been in-

vestigated before, as well as below the anion ordering temperature of 24 K. The use of

a ^He cryostat allows one to access temperatures as low as 0.38 K, with filtering and

detection appropriate for far infrared polarized radiation.

18
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3.2 Experimental Set-Up

A Martin-Puplett-type polarizing interferometer is used to produce an interferogram,

which is Fourier transformed to produce a spectrum of intensity as a function of frequency.

A broad band source of linearly polarized light composed of all frequencies is incident

upon the sample so that information is gathered from all frequencies simultaneously.

As shown in Figure 3.1, inside the interferometer the light from the mercury-xenon

lamp (L) falls onto mirrors Mi, M2, and M3, then through a polarizing grid (P), and

' r r f~-r-^

Figure 3.1: Martin-Puplett-type polarizing interferometer, schematic overview. Adapted

from Reference [8].

then is separated into two beams by a polarizing beamsplitter (BS). Each beam reflects

onto a 90-degree-roof-shaped mirror which rotates the polarization direction by 90° (M4 -
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moving mirror, M5 - fixed mirror). Recombination of the two beams takes place back at

the beamsplitter, where interference occurs. The resulting light pattern is then directed

through a polarizing chopper (C2) towards either the sample or the reference mirror,

through a set of lightpipes connecting the interferometer to the ^He cryostat.

Inside the cryostat (Figure 3.2) the light beam is reflected, alternately, from the

sample and the mirror, and then successively received by a bolometric detector. Bl2u:k

poly on crystalline quartz filters were used along the light path for selecting the range

He-4 cold plate

Helium-3 tanks

Figure 3.2: The ^He cryostat, capable of reaching temperatures as low as 0.38 K; open

overview of the sample and bolometer stages. Adapted from Reference [9].

of the spectrum of interest. The cryostat has separate stages for the sample and the
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detector, which are thermally isolated from one another, thus allowing the bolometer to

be maintained at the temperature for ideal detection, while the sj^mple temperature is

varied. The ^He cryostat can reach temperatures as low as 0.38 K and allows one to obtain

reliable data to as high as 90 K, at which point the two stages are no longer thermally

isolated from each other. For the experiments presented here a silicon bolometer was

used, optimized for performance at 0.32 K [9], and the system windows were crystalline

quartz.

For reflectance measurements an accuracy of the order of less than a percent is re-

quired, since the reflectance is greater than 0.8, i.e. within 20% of the maximum value, 1.

Due to the irregularity and discontinuity of the reflecting surface of the mosaic sample,

obtaining accurate data requires the adoption of a complex normalization procedure for

the reflectance data. The measured reflectance spectrum is derived as the ratio between

the power reflected from the sample surface and that reflected from the sample itself

coated with a thin layer of gold. To correct for instrumental fluctuations, the resulting

spectrum is also multiplied by the inverse ratio of two reflectance spectra measured from

a flat mirror, aligned in the same plane with the sample, before and after gold deposition.

For the gold-coating of the sample an in-situ evaporation technique is used [43], in

order to keep all positional parameters and ambient conditions the same. The ratioing of

the spectra before and after coating is aimed at eliminating the contribution of surface

irregularities.

3.3 Sample Preparation

The sample studied was a mosaic of eight single crystals of (TMTSF)2C104, selected

from about twelve single crystals supplied by K. Behnia. The crystals were synthesized

by electrocrystallization (usually on a platinum anode [44]) and had a needle-like shape,
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with dimensions varying from 0.2 mm to 4 mm.

For reflectance measurements only the longest crystals were chosen, to ensure that

they could be aligned parallel with each other (i.e. along the a-axis), and a mosaic surfau^e

as flat and continuous as possible was obtained.

A plane surface was prepared on a copper post which had been heat treated and

cleaned by immersion in sulfuric acid solution. With the aid of a microscope, the crystals

were picked up by static adherence to the tip of a thin plastic needle. Because the crystals

were very brittle and would break at the touch of a hard metal object tweezers had to

be abandoned.

5-minute-epoxy was applied to the 1.5 by 3 mm copper surface, onto which the crystals

were positioned parallel and close together, so that almost no glue would show through.

Some crystals longer than 3 mm had to be shortened to dimension, to eliminate the risk

of them breaking during the experiment. The crystals forming the mosaic were seen to

be solidly glued to the surface. The copper post had already been installed on the sample

holder to minimize wear due to handling of the sample, after mounting. As shown in

Figure 3.2, the sample holder is a solid copper piece having two mirror like surfaces with

a 98° angle between them, designed to direct light which misses the sample or reference

mirror to the walls of the housing chamber, which are coated with absorbing foam. The

sample and reference mirror are mounted, one on each side, on protruding copper posts

screwed into the flats at such an angle as to direct incident light to the detector.

With an in-situ evaporation technique the sample was coated with gold for the second

part of the experiment. Measurements were done with light polarized along the a-axis.
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3.4 Far Infrared Reflectance of (TMTSF)2C104

Reflectance was measured for (TMTSF)2C104 along the a-axis in three sets of exper-

iments. First the sample was cooled at a rate of approximately 15-20 K per minute

through the anion-ordering temperature of 24 K, from about 40 K to 10 K, by keeping

it in close contact with the '*He cold plate while transferring the liquid helium. Cooling

at this rate is referred to in the literature as 'rapid' or 'fast' cooling. Using the routine

procedure [9] the temperature of the sample was further lowered to 0.38 K. Data sets

were collected at temperatures of 0.45 K, 6 K, 16 K, and 26 K, upon warming.

For the next set of experiments the sample was cooled again from 90 K, this time

slowly enough (approximately 0.1 K per minute) so that the anion ordering would take

place, at about 24 K, and thus the superconducting phase would appear, under 1.2 K.

The rate of cooling was controlled by very slowly adjusting the thermal contcict of the

sample stage with the ^He cold plate. Data sets were collected upon warming for 0.45 K,

1.5 K, 12 K, and 26 K.

Lastly, to determine the absolute value of the reflectance, as mentioned before, gold

was evaporated in-situ on the reflecting surface of the sample and more data sets taken

of the gold surface reflectance (which was found to be independent of the cooling rate,

as expected).

About eight consistent data sets, obtained by dividing reflectance of the sample by

reflectance of the reference mirror, were averaged for each temperature and then the

result divided by the gold-coated-sample average spectrum.

Far infrared reflectance measured for light polarized parallel to the a-axis of the sample

is shown in Figure 3.3, for the sample cooled through the anion ordering temperature

of 24 K at a rate of 0.1 K per minute. This rate of cooling is referred to as 'slow'

cooling. Temperatures include one above but close to, (1.5 K), and below, (0.45 K), the
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Figure 3.3: (TMTSF)2C104 reflectance along the a-axis, for the slowly cooled sample.
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superconducting critical temperature, Tc, which for this compound is 1.2 K. The raw

data were interpolated and the graphs smoothed for clarity.





Chapter 4

Data Analysis: Thermoreflectance and Optical Conductivity

4.1 Thermoreflectance Below Anion-Ordering Temperature

Because the fast cooling data show no clear change with temperature below 26 K, we

decided to calculate the thermoreflectance of the other three data sets relative to the

26 K one, and indeed, the graphs obtained are flat curves, very close to the value 1.

Thermoreflectance is defined as the ratio of two reflectance data sets taken for the sample

under the same conditions at diflFerent temperatures. The results are shown in Figure 4.1.

For the slowly cooled sample, however, thermoreflectance has considerable srtucture,

indicating that the reflectance below 26 K is temperature dependent, more so at low

frequencies, as one can see from the three pairs of curves presented, for comparison, on

the same graph.

The temperature independence of the fast cooling case is in agreement with the results

of Vescoli et al. [35], who found that there was no signature of the spin density wave gap

parallel to the stacks in quenched samples.

4.2 Optical Conductivity

To see how the temperature dependence of the slow cooled sample data translates into

optical conductivity, the Kramers-Kronig technique was applied to the reflectance data.

In order to use the Kramers-Kronig relations (see Appendix A) to obtain the complex

optical conductivity cr(a;), one has to extrapolate the experimental data to cover the entire

26
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Figure 4.1: Thermoreflectance (relative to 26 K) for the slow and fast cooling of the

sample, with light polarized along the a-axis.
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range of frequencies. Fortunately we could use reflectance results reported earlier for the

same compound: for the 60 to 1000 cm~^ range by Cao and Timusk [2], and for the 1000

to 8000 cm~^ range by Kikuchi et al. [3]. Our data were extrapolated to zero frequency

either by using a line extension to 1, or by using the Hagen-Rubens value [45], or by

using the low frequency phonon reported by N. Cao and T. Timusk [2] (see, for example,

the 26 K curves in Figure 4.2). The Hagen-Rubens reflectance value:

R[u>) = l-J^ (4.1)

was determined for each temperature using the resistivity values reported by K. Bech-

gaard et al. [12]. We observe that these approximations do not seem to have significant

influence on the Kramers-Kronig derived real conductivity cri(a;), in the range of our

measurements (15 to 60 cm~^), as can be seen in Figure 4.3.

Using the phonon from the data of Cao and Timusk causes the conductivity above

approximately 20 cm~^ to shift down slightly, but does not change the shape of the broad

band. The relative temperature dependence maintains the same trend for the different

low frequency extrapolations.

Curves for the real part of the optical conductivity obtained from the reflectance

data of Figure 3.3 by the Kramers-Kronig procedure (see Appendix A) are presented

in Figure 4.4, for the slow cooling of the sample. We indicated the diflFerence between

the Hagen-Rubens (used here) and phonon low frequency extrapolations by vertical line

segments originating on each curve.

The peak seen at approximately 35 cm~^ is asymmetric and grows with lowering

the temperature, while the background low frequency conductivity seems to be losing

spectral weight with decreasing temperature. Since we have no data below 10 cm~\ we

can presume that the spectral weight perhaps goes into a narrow peak at even lower

frequencies.
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Figure 4.2: Reflectance at 26 K for the slow cooling of the sample, with light polarized

along the a-axis, using three different low frequency extrapolations.
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Figure 4.4: (TMTSF)2C104 real part of the optical conductivity along a-axis, for the

slow cooling of the sample. Line segments indicate the magnitude of the difference due

to low frequency extrapolations, at 15, 20 and 25 cm~^
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It should be noted that two peaks have been reported, at 7 cm~^ and 25 cm"^ in the

real part of the optical conductivity, along the a-axis, at temperatures down to 2 K [46).





Chapter 5

Discussion of Results and Conclusions

5.1 Results Discussion

Various measurements on (TMTSF)2C104 at temperatures above the superconducting

transition temperature have been interpreted [47] (in 1982) from the view point of the

theory of fluctuational superconductivity to suggest the existence of a pseudogap of ap-

proximately 3.8 meV at low temperatures, and that superconducting fluctuations would

exist at temperatures as high as 40 K.

Extensive far infrared measurements followed, in search for evidence of a supercon-

ducting pseudogap [1, 46]. These results supported the conclusion of Challener et al. [34]

that there is no evidence for fluctuational superconductivity.

Further study of the feature in the reflectance near 30 cm~\ as a function of tem-

perature and applied magnetic field [1], indicated that this feature is caused by a sharp

peak in the real part of the optical conductivity, as is expected for a coupled electron-

phonon mode, rather than a gradual rise, as might be expected for a pseudogap. The

feature's strong temperature dependence at the anion ordering transition indicates that

it is associated with the ordering of the anions.

The absence of a magnetic field dependence at temperatures above the spin density

wave transition (6 K), but well within the temperature range at which superconduct-

ing fluctuations were hypothesized to exist, 2u:gued against interpretation in terms of a

pseudogap [1].

33
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It is also known for (TMTSF)2C104 that the Kramers-Kronig dc rived optical conduc-

tivity in the far infrared contrasts clearly with the high dc-conductivity, more so at low

temperatures, in the a-axis direction [2, 12].

From Figure 3.3 one can see that the reflectance edge near 10 cm~^ exhibits a strong

temperature dependence, and should be electronic in origin. This edge becomes sharper

and deeper as the temperature decreases.

As can be estimated from the detail shown in Figure 5.1, on entering superconducting

state this edge appears to shift up in frequency by approximately 2 cm~^

The peak near 30 cm~^ (reported as the '28 cm~^ feature' in Reference [1]) also shows

a strong temperature dependence, as its intensity grows with decreasing temperature. If

the mode represents an electron-phonon coupled mode then it should be sensitive to

changes in electronic background. Therefore, if the electronic background has a shift,

for example, due to the superconducting gap, the mode may also have a frequency shift.

Upon entering the superconducting state the peak is also observed to shift to higher

frequency, by approximately 2 cm~\ as can be seen in Figure 5.2.

Indeed, the size of the shift in spectra from normal to superconducting state is con-

sistent with calculations made using the BSC value of 3.53 for ^^'^

2Ao = 3.53A;bTc = 3.53x0.086^^1 K = 2.45 cm"^ (5.1)
K

Further evidence that this mode is sensitive to the change in the electronic background

(i.e. to going into the superconducting state) comes from comparing with its temperature

dependence upon fast-cooling. As can be seen in Figure 5.2, the reflectance peak near

30 cm~^ in the fast cooling case is smaller than the corresponding peak seen in the slow

cooling case, and does not show strong temperature dependence.
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0.95

Frequency (cm )

Figure 5.1: (TMTSF)2C104 reflectance, along the a-axis, for the slowly cooled sample.

Notice the shift to higher frequency in the low frequency edge, on going from 1.5 K to

0.45 K.
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Figure 5.2: The 30 cm ^ peak in reflectance along the a-axis, for the fast and the slowly

cooled sample, below and above the superconducting temperature of 1.2 K.
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5.2 Conclusions

The experiments presented in this thesis explore, for the first time, the superconducting

state of (TMTSF)2C104 (and the transition from the normal to the superconducting

state), in the far infrared region, from the perspective of optical spectroscopy.

The superconducting state of (TMTSF)2C104 has been subject to very few studies,

likely because of the low Tc and the fragility of the needle-like sample crystals. Neither

the mechanism driving the superconducting instability, nor the symmetry of the super-

conducting order parameter have been established. The magnitude of the specific heat

jump [26] and the energy gap deduced from tunneling spectroscopy [48] are consistent

with conventional BCS theory. Using the technique of nuclear spin relaxation Takigawa

et al. [49] inferred an anisotropic order parameter vanishing along lines on the Fermi

surface. Belin and Behnia however carried out thermal conductivity measurements [50]

and found that their results provide support for a nodeless superconducting gap function.

They argued that the T^ temperature dependence Takigawa et al. measured for the pro-

ton spin relaxation rate was limited to temperatures greater than Tc/2, and should not

be taken as evidence for nodes in the gap function, because even for conventional BCS

superconductors such exponential behaviour is expected only at very low temperatures.

Belin and Behnia rule out nodes in the gap function, but leave open the possibility of an

antisymmetric order parameter.

Our study reports the far infrared a-axis optical properties of (TMTSF)2C104. We

cannot determine the magnitude of the superconducting energy gap because, according

to the tunneling and specific heat measurements, it is found to have a typical BCS value

and would therefore appear at frequencies lower than those accessible, nor contribute to

the knowledge of the gap structure, since the optical technique probes an average over

the A;-space.
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We do however find evidence of strong electron-phonon coupling, which might indicate

a conventional pairing mechanism, a fact that is in agreement with the conclusions of

previous studies [1, 25].

Early measurements (1982) of the specific heat, magnetic critical field, and Meissner

effect in the Bechgaard salts were all consistent with a conventional BSC theory in an

anisotropic 3-D superconductor with a Tc of approximately 1 K [25]. The size of the

experimentally observed shift of the low frequency reflectance edge and the 30 cm~^

peak in going from the normal to the superconducting state, presented here, supports

that interpretation.

The peak near 30 cm~^ has been identified in earlier work as a coupled electron-

phonon mode [46, 1]. There is some uncertainty regarding the nature of the rising low

frequency reflectance. We deduce from the strong sharpening of this feature in this

narrow temperature range that it is highly sensitive to the electronic structure. Ng et ai

[46] and Challener et al. [34] have identified it as a sharp phonon mode at 7 cm~\

while the measurements of Eldridge and Bates [51]do not resolve a phonon-like peak, the

absence of which,they suggest could be the result of thermal cycling. We assumed that the

reflectance continues smoothly to unity below 10 cm~^ (Hagen-Rubens extrapolation),

in order to carry out a Kramers-Kronig analysis to obtain the optical conductivity.

The temperature and frequency dependence of the real part of the optical conduc-

tivity is not that expected for a simple metal, but rather reflects the removal at low

temperatures of some electronic states at the Fermi level. As the temperature is lowered

the low frequency background optical conductivity decreases in magnitude, while the

30 cm~^ mode becomes more asymmetric and gains oscillator strength. The sensitiv-

ity of the above mentioned mode to these changes in electronic structure supports its

assignment as a strongly coupled electron-phonon mode.





Appendix A

Kramers-Kronig Analysis

Reflectivity and Phase Shift Dispersion Relations

Dispersion relations are prevalent throughout physics and derive from the causal

nature of the response of materials, bodies or particles to electromagnetic, elastic or

other fields. Kramers-Kronig relations [52, 53] are dispersion relations, i.e. integral

formulae relating dispersive processes to absorption ones [54]. The classic example is

the Kramers-Kronig relation that couples the real and imaginary parts of the complex

dielectric function of a material:

ei{u;)-l = -p -^^dw' = -p ^'^
\
dw\ A.l

TT J-oo U}' — U TT Jo UJ^ — UJ^

where p denotes the principal value of the integral, and the last identity follows from the

fact that

62 (-a;') = -€2(0;'). (A.2)

Similarly, we can write:

n J-oo UJ' — U TT Jo (J'^ — LJ^

with the condition that

e,(-a;') = -61 (a.'). (A.4)
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The reflectivity (or reflectance) for a plane wave normally incident from vacuum on

a medium with dielectric constant e is defined as the fraction R of power reflected:

{Ey jl-nf + k^

^ ~ (E'y "
(1 + n)2 + fc2

^^^>

where n and k are the real and imaginary parts of the complex refractive index,

n-\-ik = N. (A.6)

Defining the complex dielectric function and conductivity to be respectively:

e = ei + 262 = iV' (A.7)

and

cr = <7i + icr2, (A.8)

one obtains:

and

ei=n'-\- k' (A.9)

€2 = 2nk. (A.IO)

But

€2 = , (A.ll)

where ai denotes the real part of the optical conductivity [55].

The optical properties of interest ane N, e and a. Knowing either N ot e yields the

other and cri, but it is obvious that one cannot obtain both n and k from the measured

reflectivity R.
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It is necessary to make use of the dispersion relations, in order to determine the optical

properties or constants, if one measures a material's reflectivity at normal incidence.

The measured quantity R{u) is related to the complex reflectivity amplitude r (the

complex ratio of outgoing to incoming electromagnetic fields) by:

R{lj) = r{ujy{u). (A.12)

Writing the complex reflectivity amplitude as:

r(u) = p(ij)e'^^''\ (A.13)

where p(u) and 9{uj) are the reflectivity coefficient and the phase shift due to reflection,

respectively, equations A. 5, A.12, and A.13 can be solved and n and k obtained in terms

oiR(uj) a.nd 9 (lj).

If we write equation A.13 as:

lnr(a;) =\np{u) -\- ie{u), (A.14)

and argue that the reflectance must obey causality [54], we have the dispersion relations:

\np{u) = -p r ^^dbj' (A.15)

and

eiu) = — p / ,

^
duj'. (A.16)

TT J-oo UJ — UJ

Then, from the condition that the input and output be real:

r(-a;) = t'(ui), (A.17)

one can write equation A.16 as an integral over positive frequencies:
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• ^, , 2a; /-oo \np(u')
, , /* ,ox

9{u) = p -J^do;'. (A.18)

Further, if the principal value is eliminated (by subtracting an integral that is iden-

tically equal to zero), equation A.18 becomes:

TT Jq uj'^ — UJ^

The integration of equation A. 19 must be done numerically. Since R(uS) is determined

experimentally only for a finite range of positive frequencies, it is also necessary to have

some means of extrapolating the data, for the limits of the integration. After ^(o;) is

determined, the optical constants n and k (from equations A. 5, A. 12, and A. 13), and

hence ei, €2, and oi can be calculated.
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