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ABSTRACT : ®

Detailed far-infrared reflectivity measurements were
éone for three organic compounds, bis~tetramethyltetraselena-
fulvalene (TMTSF) perchlorate (0104), hexafluoroantimonate
(SbFG) and hexafluoroarsenate (Ast). One-of these compounds
(TMTSF)2C104, was also studied by measuring the transﬁission
through a.grid of crystals. The grid technique was used to
enhance the absorption of a material brought on by the appli-
cation of & magnetic field. The (TMTSF)2C104 compound shows-
an increased absorption below = 3.8 meV with a field of 0.2
Tesla. ‘

The reflectance data were Kramers-Kronig tranéformed

to gét the real part of the frequency dependent conductivity

ol(m), and the real part of the dielectric constant El(m).

In the metallic state, ol(w) can be described by two relaxa-

tion times. The first is an extremely long lifetime T, (>

lo-ll

s) needed to account for the h;gh dc conductivity (104-
105 (Q.cm)_l). We shall call this the 'zero fregquency mode' .
The high frequency 'tail' of the zero frequency mode can be
seen in (TMTSF)ZSbF6 and Ast. An effective mass M* of
250-650 m* was obtai;éd for the zero frequency'mode.‘ The

second is the freguency dependent scattering time Tp due to

phonons (Holstein process). In the Holstein process, the

conductivity profile shows an initial increase in ol(m) as a

171




function of frequency before levelling coff at the limiting

value of 1

3

None of the three compounds in the semiconducting
{spin density waves (SDW)) staée showtlhe well Aevelopéd
SDW gap that is predicted theoretically. - For (TMTSF)ZCloq.
a gap of 20 em ! was observed in the 'quenched state' while
for (TMTSF) ,SbF it is = 180 én”L. In the latter compound,
'chase phonons' accompanied the SDW transition. This is éhe
first observaticn of phase phonons in the SDW state. The
éhird éompound studied,(fMTSF)ZAst, did not show any iden-

tifiable SDW gap.
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CHAPTER 1

INTRODUCTION

The bié—EetfagethylEetragelenagulvalene—x compounds,
where X is any one of a number of inorganic anion

e.g. PFG’ AsF SbF

6'

a novel family of charge transfer organic solids. These

6" NbFG, BF4, C104, Re04, NOB’ etc., form

charge transfer salts have been of intense interest since
they weré first synthesized by K. Bechgaard (l] in 1979.
Experimental measurements show that they.exhibit diverse
low temperature effects e.g. superconductivity [2-4], spin
density waves (SDW) [5-7]1, anion ordering [B], quantized
Hall effect [9,10], étc. Typically, under ambient pressure,
the dc conductivity shows a metal-insulator (MI) transition
in the range 12-40 K [1]. The insulating state has been
identified as SDW [5,6] rather than the charge density wave
(CDW) which occurs for other organic conducting salts e.g.
TTF-TCNQ [11}. The SDW transition can be suppressed by the
application of hydrostatic pressure above a critical value.
In fact, this is how superconductivity was first observed
in (TMTSF)zPFG‘by Jérome et ?l. [2]. 1In this compound, the
SDW transition occurs at 12 K. When pressure > 6.5 kbar is
applied, the material remains metallic and undergoes a
superconducting transition at v 1 K. |

The planar TMTSF,molecules stack together in a zig-

zag fashion to form a linear chain (Fig. 1.1} [l12]. The chain

1



Figure 1.1

{a) A TMTSF molecule. [after N. Thorup, G.‘Rindorf, E.
Soling, K. Bechgaard, Acta Cryst. B37,1236 (1981)] (b) View
along the chain of (TM’IJ'?SF)ZCIO4 crystal. [after J. Friedel
.and D. Jerome, Comtemp. Phys. 23,583 (1983)] (¢) Side-view -
of a chain of (TMTSF)2C104 molecules.: Mote the slight
dimerization as indicated by the Se-Se intermolecular dis-
tance (in R). The anion is drawn for two ordering positions.
The unit cell is triclinic with a = 7.266 &, b = 7.678 R},

c = 13.275 % and o = 84.58 , B =86.73 , y = 70.43 . [after

ref. 127 -
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direction is the a-axis, and the interchain direction (see
figure) is the b—&%is. Across the anion is the c¢-axis. There.

is a transfer of one electron from two TMTSF molecules to one

\
1

anion giving a half-filled band if we take +a' to be two mole-
cular distances. The difference in anions does not affect the
bénd structure parameters significantly [13]. Various methods
[14-19] have been used to determine the bandwidth of the salts.
They all give consistentlresults with ta = 260 meV, tb = 13 meV,
énd t. = 1 meV where t is the transfer band integral. These
values are important in determining the dimensionality of “the
materials. The.criteria used to define the dimensionality have
been discussed by Chaikin et al. [20]. One thing is clear,

the materials are highly anigot?opic nc matter what the dimen-
sionality is. The crossover temperature which .determines

a change in dimens?onal{?y is given by ﬁ/Ta =-tl (21} where T4

is the scattering lifetime along the chain.

-

1.1 Mechanisms for High dc Condyetivity

A striking property.of tRese compounds is their high dc

conductivity along the chain. At} low temperatures, values grea-

3 (Q—cm)_l have been gbtained [4]. The dc conducti-

vity is highly anisotropic (a:b:q = 105:400:1) as indicated by

ter than 10

the bandwidths. There are va;io s mechanisms that can give
rise to high dc conductivity. will discuss three modes;
namely, single particle transport, fluctuation superconductivity
{(FSC), and; sliding CDW. Interpretation of experimental results

in terms of these mechanisms will also be discussed.
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u

In the single particle transport picture, the.electrons
act independently of each other. The conductivity is given
by o =\neu where n is the electronic density (1 electron per
unit cell of volume = 700 33), e the electron charge apd ¢ the
mobility. Using the above formula, u for (TMTSF) ,PF, is > 107
cmz/v.sec at 4.2 K and under 11 kbar [3]. A similar value was ,
obtained usiﬁg Hall measurements [22]. A mobility of this or-
der of magnitude would imply a huge mean free path ~+ 3000 R or
~ 350 lattice constants, if we assume free electron mass.--As
we will show, our far-infrared data‘imply an even larger mean
free path. *

Fluctuation superconductivity is normally discussed in

Ay

the temperature regime ‘T3 <T <Tl where below T, 3-D behaviour

3
predominates, and below Tl 1-D propeftieé are strongly'manifes—
ted [21]. The bulk supercondutting—transition temperature,Tc,
is « T3. A simple physical picture of FSC can be visualized

in terms of small filaments in the crystal that are supercon-
ducting. The crux of this model, within.the Ginzburg-Landau

theory [23], is that interchain coupling must be weak, tl <<ta

and ti < ﬁ/Ta. This gives an enhancement of the conductivity

that is proportional to ti . As the temperatufe is decreased,
more 'filaments' appear resulting in increased conduqtivity.
The conductivity,.hOWever, is not infinite as in normal bulk
superconductors. ‘ . L

There is-also pairing of electrons in FSC within Ginzburg-

Landau theory. Normal electrons form virtual Cooper pairs above



‘ ‘ \\
| 5
S | |
,the Fermi surface in a time Ty- Théyﬂdecay back to
the normal state in time TS. Because of the formation of

virtual Cooper pairs, there is a decrease in the density of
. § -

!
states at the Fermi level glven‘by [N(EF)--NO]/N0 = TN/TS.

Thiss reddcfion, but not complete removal, of the density of
states is cailed a.pseudo—gap. Since %SC is thought to occcur
below Tl, this would imply a large pseudo-gap.

In Peierls instability there arise CDW [24]. The lat-
tice dis?ort}on that signifies Peierl's distortion need not be
staﬁic with a fixed phase but may be dynamic as pointed out
by Bardeen [25], with the result that the CDW moveg or slides
ralong thé.lattibe. In other wo;ds, the. electrons 'surf-ride'
on the CDW. Since scattering is inhibited by strong electron-
phonon coupling, this movément of charge can carry a supercon-
ductive current as first shown by Frohlich [26] for a 1-D sys-
tem. In reality,Ano persistent curren£ was ever obsgrved in
the Frohlich mode as there cannot be long range order in a
1-D system. However, short—rangé order does givé?enhanced.con-‘
ductivity as observed for TTF-TCNQ [27,28] at temé;ratures =
68 K. As the temperature is . lowered below 58 K for TTF-TCNQ,
»'ﬁ! . there is a decrease in conductivity. This is attributed to
the CDW becoming pinned to charged impurities, latti;e defects{
and gignificant interchain coupling [29]. There is clear far-
infrared evidence that this\is the case for TTF-TCNQ [30], and ,

KCP {31]. Sliding CDW cannot be responsible for the high dc

conductivity in (TMTSF)zx compounds since X-ray scattering
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experiments [32] failed to detect any softening of the ZkF
phonons just above the MI transition temperature. This softe-
ning must be present if the materials undergo CDW transition.
1.2 Interpretations of Other Experimental Results in Terms

of*Single Parxticle Transport and/or Fluctuation Super-
conductivity

An attractive explanation for the observation of large
transverse magnétbresistance (TMR)‘[i,20] is the breaking up
of Cooper pairs in FSC. The huge TMR was observed for both“
(I.‘MTSF)ZPF6 and Cloq, and also in another system, TMTSF-DMTCNQ
[33]. It increases rapidly as the temperature is lowered be-
low ~ 30 K. Above this temperature,there'is ne significant
difference. To explain the high TMR using a single carrier
transport picture, one assumes that the scattering‘rate is
wavevector dependent {20]. Thus,with the application of amagne-
tic field, the electrons are éwept to those parts of the Fermi
surface that have high scattering rates with a resulting in-
Crease in resistance. The temperature dependence of the TMR
is accounted for by another scattering mechaﬁism e-g. by phonons
which becomes 1éss dominant at low tempefatures.

" The huge mobility or mean free path obtained when single

particle transport is used is objectionable. It requlires high\

" crystal quality which is unlikely to be met in the organic

solids [34]}.
Perhaps, the strongest evidence for FSC was the observa-
‘ ) _

tion of minima in g% characteristics as obtained by tunneling

experiments [35~37]. The first reported measurements show two

P
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clear minima 3.6 mV apart [35]. The sample was (TMTSF) ,PF

which was under 11 kbar and at 50 mK. This value (3.6 mV)

_is far too large for bulk superconductivity Tc = 1 K. A

Schottky junction_N/Ga~Sb—(TMTSF)éPF was used with a thin film

6
of tin evaporated on N/Ga-Sb for electrical contact. Tin is
superconducting with 24 =1,1 mV. However, it is well known
that thin films of superconducting materials have much bigger
energy gaps than bulk materials. Later experiments [36,37]

using different junctions and electrical contacts also show

minima in == characteristics but they are less conclusive.

Tunneling experiments are difficult to interpret. It has been

I

argued that the minima arise from band structure effects or
possibly that the amorphous géllium or antimony become super-
cdnducting [38].

Pressure dependence studies of the bulk superconducting

transition temperature T, in (TMTSF)zPF indicate a decrease

6
in TC as the pressure is ircreased [3]. If FSC were present

before the material becomes superconducting, then incregsing
the pressure would increase TC since one expects the coupling
between filaments to increase. Theoretical calculations [39]
for weakly coupled filaments shbw this to be the case.

The aqisotropy in the superconducting critical fields,

H (i = a,b*,c*) yields valuable information on the origin

L

c2i
of pairbreaking [38,20]. The pairbreaking by the magnetic

-
field can be either orbital or spin (or both). If the former

. o
3 = 1 * . * 3 3
is the case, then H 2i/H 25 = (ci/oj) . The ratic b* :c* is in

h
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excellent agreement but not the ratio of a to either of the
perpendicular directions. The critical field ratio is much smal-
ler than‘the conductivity ratio. The implication is that the
pairbreaking is not due to orbital effects in the a direction.

For the spin effect, in the Pauli limit, the criticéi field at

T =0 1s given by ch(O) = 18.4 Tc [38]: : calculated value ‘
of H2ca is very close to_;he'méﬁgﬁgggzzgli:e;f the BCS T, (1K) for
both (TMTSF)ZPF6 and ClO4 salts. Now, since the Pauli critical
field is a measure of the mean field transition temperature,

Tmf’ and not T3, there cannot be any fluctuations above f;f.

would be much

In other words, if there were any FSC, then cha

larger.

For a normal BCS superconductor, the thermal conducti-
vity, kK, decreases from TC [40]. However, if FSC is present,
then k first increases before decreasing. This is due to the
fact that in FSC, the pairing is above the Fermi surface and
ﬁas‘higher energy and forms quasiparticles with longer mean
free paths than in the normal state. When the p;iring is
destroyed by)Fhe magnétic field, then « wo&id be smaller than
When FSC was -present. fhis was found to be the case for fluc-
tuation in filaments of Pb-5-at.% In [41]. The measured K
for (TMTSF)2C104 below 100 K shows ‘contradictory results.
Djurek et al, [42] on one hand, show a monctonic decreasg in K
below + 50 K with an increase in « below 40 K when a field of
50 K Gauss was applied while Kwak et al. [43] and Choi et al.

[44] on the other hand show'an increase in « below 50 K with



no field dependence. This latter result is expecteg\fo; a nor-

4

mal metal. .
There are other experimental results e.g. thermopower
[37,45] specific heat [18], Schubnikov-de Haas oscillations [17],
linearity in resistance with increasing current above 2 K [20]
etc. that do not necessitate the presence of, or would be dif-

ficult to explain if FSC were present over a wide temperature

range. o

di)} Other Optical Experiments

The first optical measurements on the (TMTSF)zxi com-
pounds were by Jaccbsen et al. [14]. The'refléctance,along
the chain and b directions show clear plasma edges in the near

IR and mid-IR respectively for a number of salts; PFG’ AsFG,
ReO4 and 0104. Aloﬁg the ¢ direction, the reflectance.is

constant for the one compound studied; (TMTSF)ZAsFG.
,,,aFrUﬁ'EHE‘reflectance, one can get the frequency depen-

dent conductivity, o(w) (see Section 3.2). All of the results
.
were for temperatures > 25 K, and in the metallic state, except

for (TMTSF)ZReO which has T = 180 K [1]. The principal

4 MI

results along the chain axis at 25 K for (TMTSF)zPF6 were a (
large conductivity peak (> 10° (Q.cm)—}) centred at » 300 em~ T
with threshold at‘% 200 em %, an& extremely low conductivity
(~ 300 (Q.cm)-l) at lower frequencies. There is no evidence
of any rise in conductivity below 10 cm“l to account for the

known dc conductivity. The huge peak in o(w} is not well

~a
understood, and a similar peak was also observed in another
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compound, TTF-TCNQ by the same experimental group [30]. How-
ever, Eldridge et al. [46] did not see any anomalous peak in %

4

the latter compound. . /- o

/o ' L
The low frequency-data sug&es;\that there is a narrow

peak centred at w =0, the zero frequency mBde. Microwave

data at 35 GHz and 300 K show a sHarp decrease in conductiz}ty

from o(0) [1l]. In the SDW state, t?e microwave measurements i

S

at 1 GHz show an increase in ¢ from dc [47]. This may be
\ N
due to the zero frequency mode becomlng plnned at a finite €

-~

frequency in the SDW state (as in , CDW) thougﬁ no threshold”
depinning -field was found in the éL conémg;ivity [
in the SDW state, this mode does become pinned, n it should

become visible .at low frequencies and low temperatures.

The various instabilities (SDW,CDW etc.) have energy
gaps that lie in the far-infrared. If the mechanism resfon-
sible for the high dc conductivity in the metallic state is x
due to FSC, then the frequency dependent conductivity would
show low conductivity inside the pseudo-gap after which it .
would rise sharply to a normal metal response. On the other .'\\_“’//r
hand, ene can also estimate the lifetime of the single particle
transport optically. The zero frequency model and the pinned
mode would show signs of increasing: conductivity -as w +0.
Our intention was to study the behaviour of thé-zero frequency N
mode as a function of temperature. We also wanted to measure

the energy of the SDW gap, and to study the ébsorption pro-

cess in the 30 - 400 cm % range. Chapter 2 outlines the ex=

) ) e



perimental techﬁiques. The results for three compounds

l _ .
(TMTSF) ,C10,, SbF., and AsF. are presented in Chapter 3. A

summary of the results will be given in Chapter 4.

o -

11



CHAPTER 2
EXPERIMENTAL TECHNIQUES \

2.1 Introduction

Two types of experiments were done in the far-infrared.
The first used grids as infrared absorbers, and the second was
a reflectivity experiment on mosaics of crystals. The grid me-
thod was used since the original crystals were < 0.1 mm wide and
difficult to étudy using normal optical.methods, i.e. absorp-
tion and réflection. In these experiments, the transmission
through the grids was measured with the magnetic field off/on.
The natural logarithm of the ratio gives the magneto-absorption.
Transmission experiments on thin films were ruled out since the
prop%fties of the compounds are destroyed by sublimation. Later
crystals were much bigger making the reflectivity éxperiments
possible. The reflectivity measurements form the bulk of this

report.

2.2 Sample Preparation

| The compounds studied in our experiments were grown by
Klaus Bechgaard [1]. The crystals are fairly soft and fragile.
A constituent of these compounds, TMTSF, is stable when stored
under argon and in the dark.,but decomposes when exposed to air.
By electrochemical oxidation under a constant current of 5-10

uA, 2 TMTSF molecules combine with a radical anion in a solutioen

of .‘LO-3 molar TMTSF in CHZCL2 containing n-butylammonium - X
12



13~
(0.1 mole) to give:

2.n(TMTSF) + n X~ ==

> UTMTSF)zxjn

The end preoduct, the (TMTSF)ZX compounds, appear as single

shiny black crystals of typical dimension 50 mm x0.3 mm x 0.1 mm.

2.3 a. Sample Mounting-Grids as Infrared Absorbers

For these experiments, the (TMTSF)2C104 crystals were
glued perpendicular to thin gold strips (1000/inch) on Mylar
using strain-free glue. This arrangement results in an E—fielé
pelarized along the highly conducting a-axis. The width, 2a,
and spacing, g, of the crystals were 80240 um and 180:50 um
respectively. The grids covéred an area of = 4 mm square.

Four such grids were studied, with one batch of crystals from
Ithe group of Fabre,Montpelliar (France), and the rest from
Klaus Bechgaard, Copenhagen.

The grid$ as absorbers wére also studied f£or two prdinar&
superconductors, lead and niobium with Tc==7.2 K and 9.25 K
respectively. The grids for these materials were made in the
following way. A brass plate measuring 1/4" wide by 1/16" deep
was centred on a lathe. Using a sharp pointed bit, grooves. were
cut 200 pm apart on both sides ofdthe plate.. Then a 2 mil
brass ghim with a circular hole > 3 mm was placed on top of
the plate. Lead or niobium wires were wound arcund the plate
with the grooves as guides. The wires were then glued to the
brass shim with Gé—?ZOl. When it had dried, the wires were cut

at the side of the plate, and the grid was formed by the regular-
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ly spaced wires across the hole on the brass shim. The lead
and niocbium wires had diameters, 2a of 80 and 51 um respec-
tively. Neormally two grids were placed perpendicular to each
other to form a mesh in our experiments. This increased the

signal in our studies.

b. Sample Mounting -Reflectivity

The samples required to do the far-infrared reflectance
experiments need'toixalarge enough tocover ~ 3 mm circular area.
Since the largest crystals had widths of 0.5 -1 mm, .it became
necessary to form a mosaic of crystals. Initial experiments on
(TMTSF) ,C10, were done with about 8 single crystals glued to a
brass plate. Because the crystals were of different sizes,
this gave an uneveﬁ optical surface. This uneveness gave rise
to diffraction peaks in the reflectivity when the wavelength was
of the order of the scale of the uneveness. Significant im-
provements were made when the crystals were glued to a mica
ring of inner diameter 3 mm. This gives an exposed flat surface
required for optical studies. Thé geometry of this arrangement
is illustrated in the inset of Fig. 2.2. This arrangement was
used on both the SbF, and AsF_. compouads, and also on one mo-

6 6
géic of ClO4 compounds.

2.4 a. Apparatus —Michelson Interferometers

The far-infrared measurements were made using two Michel-
son interferometers; a Martin-Puplett type polarizing Michel-

son interferometer [49], and a rapid scan Michelson interfero-
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meter. The former utilizes an input polarizer, a wiré grid
with grid constant 9.5 um as a beam splittér, a chopping polar-
izer, and roof-top mirrors. The advantage of this type of
iﬁterferometer over the conventioconal interferometer is its
almost ideal performance at low freguencies, the intensity
being limited only by the lamp. An additional advantage is

the supression of the background level which can give rise to
spurious modulation.

Briefly, the s{stem works as follows. The movable mir-
ror is driven by a Slo—Syn HS25V stepping motor which is-conw
trolled by commands from the computer (Nova II, Data General
Co.). At each discrete position, the signal from the bold-
meter wés sent to anIthaco Dynatrac 3 lock-in amplifier with
the reference béing provided by the chopping polarizer. Each
point was normally integrated for 2 seconds. The amplified
signal was then sent to a V/F converter which was set at a con-
venient level so that the computer could read it as an integer
into a 16 bit memory. The whole inteﬁsity versus scanning path
is called an interférogram.

An RIIC FS720 Michelson intérferometer was modified for
rapid scan operation. Instead of a stepping motor, the moving
mirror was driven by a linear magnetic motor. To ensure smooth
scanning, the mirror is sup?orted by hydrostatic pump oil
chopper was used. The scan was fast enough for the interfero-
gram to be detected as an AC signal. This suppresses the back-

. o
ground level. A He-Ne laser emitting a line at 6348 A was used
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in the same optical path. The-interference of this laser line
produced fringes, and the number of fringgs was used to calcu-
late the scanning path. A white light interferometer was also
used to locate the zéro path of the far-infrared interferogram.
A more comﬁlete description can be found in Timusk and Lin [50].
Interferograms so produced should ideally be symmetric
functions. Fourteen points were taken to the left of.the Zero
path position. These points were used to check the simmetry of
the interferograms, and to make any éhase correétions, if nec-
cessary, to produce a mathematically symmetric function. The
number of points to the right was determined by the resolution
and cutoff frequency. Before the computer calculated the Four-
ier transform, it multiplied the interferogram by an apodizing
function. The intensity versus frequency spectrum was then
stored on floppy disk, and could be displayed on an oscillo-
scopé. Normally, about three scans were taken and averaged.
The Martin-Puplett type interferometer gave good ;ntensity from
v 10 - 120 cm-l while the fast scanning Michelson inﬁerfero-
meter was good from 50 - 500 c:m-1 when a 1/4 mil mylar beam-

splitter was used.

b. Apparatus -Probes

The probes used to measure the magneto-absorption of grids
and the feflectivity of mosaics were all designed to fit into a
commoh insert, Fig. 2.1. This insert housed a heavily doped com-
posite germanium bolometer [51]_that_operated abh v 0.34 .K.

. -3
This temperature was attained by a hermetically sealed He

.

S
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[ Figure 2.1 (3

Schematic view ‘of the common insert and probe used in
magneto-absorption experiments. The detector chambé}

has a few torr of'hydrogen for cooliﬁg by conduction to

= 20 X. However, below 20 K hydrogen condenses and the
chamber was then under vacuum. The mylar window leading to

the bolometer is 1/2 mil thick. For most experiments, the

far-infrared window was a = 50 mil white polyethylene sheet. *
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refrigeration system and was measured by a calibrated Speer

470 2 carbon resistor. Far-infrared radiation was admitted
to the detector via a 1/4" diameter mylar window of 1/2 mil
thickness. The whole insert was screwed down inside a He4
dewar. The insert can be filled with liguid He4 by opening
the He4 valve which can be operated from the outside. %or

more details, Ehe reader may consult Navarro-Contreras [52].

The probe used in the magneto-absorption experiments is

also shown in Fig. 2.1. It consisted of a half-inch inner dia-

meter thin walled brass light pipe which narrows down to a one-

eighth inch diameter pipe through the use of a cone. The grid

sample was placed across the light pipe, and was surrounded
centrally by a superconducting magnet. A Cu-Au (7% Fe) ther-
mocouple was used to meésure the sample temperature. A sooﬁ-
coated KI filter at the end of the probe cuts off any radiation
above v 100 c:m_'l from reaching the detector.

Fig. 2.2 shows the probe and secondary insert used for
the reflectivity experiments. The secondary insert was de-
signed as an anti-cryostat so that temperatures up to 60 K coﬁld
be maintained without putt;lg an undue load on the bolometer,
and it could be fitted inside the (primary) insert shown in
Fig. 2.1. The mosaic arrangement of crystals was placed on the
sample holder which also had a gold on brass referencé plate.
This holder could be rotated from the outside to bring the

sample/reference into the light path. Far-infrared radiation



Figure 2.2

A longitudinal cross-section of the secondary insert-and
probe used in the reflectivity experiments. The system was
designed as an anti-cryostat, and can be fitted into the
(primary) insert shown in Fig. 2.1. .When high temperatures
were required, the bag of activated charcoal was lowered to
adsorb He4 gas. The heater was then turned on to bring

the sample to the desired temperaturé. The sample/reference
can be rotated from the outside to bring the sample/reference

into the far-infrared beam. The direction of polarization

o]

was aligned by eye and has an estimated uncertainty of * 5

Inset shows the mosaic arrangement of the crystals.
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from the interferometer was passed along the lightﬁgfpe. It
was polarized by a 3.8 um grid constant copper striﬁ on 8G
mylar before reflecting off the sample/reference. This polar-

izer was effective up to 700 cm ™

[53], d was placed 1 cm
away from the sample. After a single rJZZection, tﬁe beam was
diverted to the detector through a 1/4 mil mylar window. In
most experiments, a 2 mil black polyethylene filter was used
to cut off radiation above v 700 cm‘l.

The temperature in this setup was monitored using a

thermocouple identical to that used in the magneto-absorption

experiments. For low temperatures, below < 4 K, the bag of

L

activated charcoal was lifted up. When higher temperatures
were desired, this bag was lowered to just above the sample
holder. The purpose of this wa§ to adsorb any He4 gas in the
(secondary) insert. After 3 -4 minutes, the heater was turned
on, and the éample brought up to the réquired temperature.

Usually about 300 mW was needed to bring the temperature to 20 K.

2.5 Magneto-Absorption: Results and Discussion

The magneto-absorption of a grid was measured in the
following way. Spectra of transmission through the grid with -
magnetic field off were taken. These were called numerators.
Then a static magnetic field was apélied at a right angle to the
a-axis of the crystals, and the spectra taken were called de-
nomin@tors. For the fwo orﬁinary supercoﬁductors studied, the

field applied exceeded the critical field. Taking the natural
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logarithm of the ratio of numerator over denominator gives the
magneto—absorptioh.\ |

There are sevgral advantages in using grids to measure
any changg&ij)absorption brought on by the applicatio§ of a
magnetic field. (1) The shape of the sample required was ideal-
%y met by the smail, neédleflike (TMTSF)2C104 crystals. (2) The
E-field was polarized along the highly conducting a-axis; the
axis we were interested in. (3) The grids, normally called
inductive gridé, are well known to be ﬁére 1ossy_than calcu-
lated frbm surface impedancei (4Y Any absorption can easily be
magnified by placing two grids, one after the other, and tilted
fo avoid Fabry-Perat interferences. Two disadvantages of this

method are; “(1) the specfral_range studied-is limited to XA <gqg.

{2) There is a lack of absolute calibrétion i.e.we do ‘not kndw

—
-

by how much the conductivity actually changes. R

The reflectance (R), transmittance (T) ‘and abgorbance
() of a g%id of regularly spaced wires havebeen treated theore-
tically by Ulrich [54], and Lewis and Casey [55]). The former
author used an analogue of the transmission line theory. A
detailed description of this theory can also be found in Chap-
ter 3 of Moeller and Rotschild [56]. Both Uirich, and Lewis
and Casey solved the problem for light polarized parallel to
the wire (the grid is transparent to light polarized perpendicu-
lar to the wire) and in the limitﬁéf the wavelength X >2g. An

A o
additional restriction is that the skin depth be much less

than the wire diameter, 2a. Undgf‘these limits, the following
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expressions were obtained by Lewiq and Casey:

A
2
_ Sl A . g
T=1-R-A = 21m) (2.1)
172 .
- 9 (<
A = Ta (OA)

where c is the speed of light and ¢ is the conductivity of the
wire. The absorbance of a conducting material is normally
less than one percent in the far—infrared. Thus thé guantity
R in the expression for A can be replaced by 1-T. ‘

Fig. 2.3 shows increased absorption at 1.2 K for lead,
and niobium below the energy gap 24 brought on by the appl;ca—
tion of the magnetic field. BAbove the gap, the normal and °
suiéréonducting stateé have the same surface impedance, and the
magneto-absorption is zero. Tﬂe energy range where there is an
increase in absorpﬁion is in excellent agreement with tunneling
results. The uncertainty in the position of the baseline is
0.01, and that of the amp}itude of the signal is 0.005.

A theoretical estimate of thelincrease in absorption can
be obtained using the above equations for A Epd R. For Pb,
using a dc resistivity of 1.0 uQ.cm, and aséuming Drude normal
state absorption, A = 0:0013. Our measured value ;s v 0.012.
Similarly, for Nb with'a measured dc résistivity ;;lue of 1.3
nl.cm using four probe teéhnique, A = 0.0025 whereas the ob-

served was ~ 0.02. This enhanced effect caégbgyattribgted to

.J' -
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two physical causes. First, geometrical surface ir;egulari—
ties on the Pb and Nb wires increase the absorption. Second, a
high surfaee impedance in the normal state can be related to
impurities on the surface such as nitrogen, and oxygen in the
case of Nb. Runs on etched wires give a much weaker signal, in
accord with these ideas.

Tﬁe method outlined above was applied to (TMTSF)2C104.
Fig. 2.4 shows the results obtained for one of‘the grids. Simi-
lar results were obtained for the other grids. The energy where
thg;e was an increase in magneto-absorption agreed with
those obtained by tunneling results [36,37]. The increase in
the absorption is ~ 0.03+0.005.

The spectra shown in Figs. 2.3 and 2.4 have several simi-

lar features.  They all have the same sign in magneto-absorption,
they are all of the same ord;r-of magnitude (0.01 —0.03), and

the energy where the absorption starts is in the same range

{3 to 4 mevV). .Also the magnetic fields applied were all about

0.2 Tesla. However, there are two important differences. First,
the ratio of the energy of the absorﬁtion onset to kBTc‘in Pb & Nbis
close to the BCS ratio i.e. 3.5 whereas in (TMTSF)2C104 this

ratio gould be ~ 30 since T_ = 1.3 K [4]. This ratio would not

be in agreement with specific heat measurements [18] below ?c

where a ratio of 4 was obtained, a value more in line with strong
coupling superconductors. Second, the temperature at which the ano-

maly was observed is so close to 'I‘C that a conventional super-

conductor would give a vefy small amplitude. Therefore, the



Figure 2.4
Magneto-absorption of a grid of (TMTSF)2 c104. The electro-

magnetic radiation is polarized along the a-axis of the
crystals, and the static magnetic field is normal to this

axis. There is a pronounced onset of magneto-absorption

below 3.8 mevV.
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observed anomaly in (TMTSF)ZClOJ/Eannot be ascribed to a con~
ventional BCS superconductor.
= The'OZf:;iffﬂ feature in (TMTSF)2C104 cannot be'due direct-
ly to phonon 4r librational modes. However, if phonons are
coupled to a collective mode,.e.g.CDW or SDW, then it can have
field dependence via the collective mode. For example, it has
een suggested that the magnetoJabsorption is due to phasg
phonons. ‘Phase phonons [57,58] are the excitation of symmetric
phonon modes via the condensed electrons in the CDW gtaté. (A
more complete description will be given in thé next chapter.} How-
everr, group theory calculations by Challener ES?ijshow that
there are no symmetric modes in this frequency range. This
does ﬁot rule out the possibility of some other méchanism which
coupleé phonons with a collective mode.
™ When £hese experiments were done, the role the anions
play'was not understood. It was shown later [60] phat the
tétrahedral.ClO4 aniop can be ordered if cooled slowly (v 0.1-
0.2 K/min) from ~ 30 K, and disordered otherwise i.e.whén cooled
rapidly > 70 K/min. These order/disorder states were called
relaxed or R—stateé and quenched or Q-state respectively. .In
the R-state, superconductivity was observed;whereas,in the Q-
state the instability was a SDW state with transition témpera—
ture To, = 3.5 -6.5 K. The transition temperature varies with
the cooling rate. It is not clear under what conditions the
magneto—absorption was observed. However, we will assume first

that it was in the Q-state with Tepw ° O K. Following the argu-

(\\:\ '
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ment of Ng et al. [61], the increase in magneto-absorption
should be around 0.3 meV, an order of magnitude less than our
observation. Moreover, car@ful reflectivity studies later in
the Q-state (Chapter 3) revealed a gap in the conductivity in,
the 2.5 meV region, and did not show any observable field de- ?
pendence up to 0.7 T. Thus,we can conclude that the magneto-
absorption was not due to the presence of a SDW gap.

In the R-state, the dc conductivity did not show any
decrease as the' temperature was lowered below 10 K [62], but

5

continued to increase to > 10 (Q—cm)_l before it underwent

a supézzanducting transition ;% 1.3 K. This is not like nor-
mal metals,whé}e the conductivity would be limited by. impuri-
ties in this témperature range. It was proposed {2,63] that
this may be due to fluctuation superconductivity. In this
model, within the Ginzburg-Landau theory‘[23], it was thought
that the normal electrons form virtually-bound Cooper pairs,

- creating a pseudo-gap (see Section 1.1). Virtual Ceooper pairs
ﬁorm\fradually below ﬁ/Ta " tb. Initial analyéis of the opti-
cal geasurements by Jacobsen et al. [15] gave tb v 3.5 meV.
This could péssibly explain our observation of the magneto-
absorption as being due to the destruction of the virtual Cooper
pairs by the magnetic field. However, a re-analysis of Jacob-

1

sen's resulft
]

Yy Kwak [64] gave t, an order of magnitude big-
~

ger. Thus our redylt is not consistent with the fluctuation

superconductivity pseWdo-gap.

It should be poim%ed out that a parallel study by

A
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Challener [59] failed to observe any ﬁégnetic field dependence
in this energy range. It should, however, be emphasized that
there are several é&fferences in the experlmental conditions.
First, instead of our grld arrangement, Challener used closely

packed (TMTSF) ,C10, crystals. Second, the temperature below

which our magneto-absorption was observed was lower (1.2 K) than

Challener's (2.3 K). Third, the samples were from different
sources. Howéver, this (i.e., sample origin} is not expected to
cause any significant difference since other measurements show

similar results.

2.6 Reflectivity - Raw Data

In a typical reflectivity study of a compound, a spectrum
of the sample was first taken using the Martin-Puplett type
1nterferometer with a resolutlon of 2 em l; This spectrum was
not coEIggted for 1nstrumental response By taking the ratio
with respect to a spectrum obtained from a gold coated brass
plate one gets the reflectance for the sample. The fefigztance
is not the absolute reflectance since.the mosaic arrangement
scatters light. Fig. 2.5 (solid line) shows an example of sé@h
a spectrum. Normally four such spectra Qere taken for a single
temperature, a given fréquencg}range, and,for a given E-polari-
zation. After taking Fpectra over a range of temperatures, the
" dewar was moved over to.the fast-scanning Michelson interfero-
aeter for studies in a higher frequency range (50 -500 cm_ls.

In this part, the resolution.ﬁas 4 cm_l. ‘The changeover to the

Michelson interferometer was' done without warming up th% sample

to.room temperature, or if done on the following day, re-trans-

P

-~

-
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Figure 2.5

&

An example of the uncorrected reflectance from a mosaic of

crystals and after evaporating with gold. The blank frequency

region‘in the 350 - 450 cm ! is due to strong mylar absorp-

tion lines.

-
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ferred with liquid He4. The sample temperatﬁre would usually
be about 60 K the next day. The experiment was then re-
peated for the different freqﬁency gange usiﬁg'ﬁhe same set of
temperatures. r

In magnetic field experimenis, the sample was usually kept
a£ 2 K. Then ratios of spectra Qere taken for the sample with
field on and field off.. This was preferable to the fiela on
for sample and referenge{since any slight geometrié diffraction
effect cancelled out. Aiso,it is ﬁﬁch easier to observe ény
small magnetic changes. Norméll?J thE”compounﬁ—was:qpecked for
any magnetic field dépendence in the same cryogenic run-i.e. |
without brinding the sample to room temperéture.

The present system (Fig. 2.2) does not aliow~us to change
the E-field pola:ization without first warming up the sample to
room temperaturé;f The polgrization'was changed'ﬁy rotating the
polarizef by 90°. The system was then recooled, and Eﬁg whglg_,;
procedure repeated.for the perpendicular direction.

After taking the spectra for the two polarizations, the
"sample was again warmed up to room temperature: Then gold was
evaporated on the sample in a vacuum of 10 ° -10"° torr. ‘The
metallized sample was then placed back on the sample holder,
and the system recooled.' Spectra of metallized sample over gold
on brass were taken, usually at 2 K. There was no observable
‘difference in spectra taken at much higher temperatures. This
ratio forms the unjt reflectance for the reflectance obtained ~
in the first part. fLe unit reflectance was taken for boF?/feﬂ—

’
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. « .
polarizations. Fig. 2.5 (dashed line) shows an example of

the unit reflectance. To summarize, the absolute reflectance
was obtained by first taking R(sample)/R(gold). Then ratios
of R{gold on samgle)/R(gOld) were taken. Tﬁé absolute reflec-
tance was then the first ratio over the second.

The spectra were stored on floppy disk and later trans-
ferrsi‘to a LSI—ll/23 (Digital Equipﬁent Corp.) computer for
analysis and plotting on hardcopy.

The spectra taken using the two interferometers overiap.
in the = 50-120 em ! rénge. There is good agreement in the
ievel of reflectance in this region, usually within one per-
cent. In the analysis, an averaée of the overlap was taken
ratﬁe; than choosing the spégtra frdm either of the interfero-
meters. This procedure was'followed.for both the sample and
the metallized sample. However,.the level:qf the unit refilec-
tance from the metallized sample was taken to be a smooth curve
drawn across+the {(one percent) statistical noise. A smoothing
procedure is commonly used when doing Kramers-Kronig transfor-

mations.
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CHAPTER 3
REFLECTIVITY MEASUREMENTS AND ANALYSIS

N

3.1 Introduction

Detaileé far-infrared reflecﬁivity measurements were
performed on three compounds: bib-tetramethyltetraselena—
fulvalene perchiorate (ClO4), hexafluoroantimohaté (SbFs),
and gexafluoroarsenatg (AsFG)._ For simplicity in discussion,
these compdﬁﬁds.shéll be ‘referred to by tie symbols of their
anions. The results presente® in this chapter are for E

polarized along. the a-axis and pefpendicular to the a-axis.
- :

;//’ The morphology of the crystals is such that it is not cer-

%

tain that alY of the crystals had their b-axes aligned with-

e

out making detailed x-ray analysis. Deg;nding,on‘the ex-
~R§ximentai conditions, the compounds can either be ig the
metatric or semiconducting (SDW[ state. For the Cl0, salt,
the two states are achieved independently via the cooling
rate (Section 2.5). The two centrosymmetric -anion compounds,
on the other hand, have & MI transition at = 12K at ambient
_pressure. The results for the compounds in their different

’

states will be shown in Section 3. 3.

There are various complex response functions that can
describe the interaction of electromagnetic waves with matter.

These functions, namely, complex refractive index N, complex .

dielectric constant e&g{i and conductivit%/piwl are all re-

32
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lated. We chose to present our results as the real part of
the conductivity since this is the quantity measured at w =0,
and also most of the theoretical calculations have been done

for o(w). The conductivity was obtained from the absolute

reflectance via Kramers-Kronig transformations.

3.2 Kramers-Kronig Transformation

The causality condition imposes a general relation
between the real and imaginary pa;ts of any linear response
function. The path followed in calculating o(w) will be -

r
tlined briefly. It is commonly used in optical experi-

ents and can be found in most textbooks on optics e.qg.

‘.

-
Wooteq\;ESI and Moss [6@]. - g:
he -absolute reflectance can expressed as a com-

plex function - '6\‘

R =.r(w) ri(w) \\ -
or ‘ (3.1)
(,// r{w) = ¥R ele , X
L . / - .
where r is the complex reflectivity amplitude and R is the
actual measured reflectance. -The Kramers-Kronig relation
governing the real and im giﬁary part of equation (3.1)

(appendix G ref. 65) is/ ’\¢/f~

Wg En[R/R ]
e(wo) = - dw; (3.2)

o

N\




There is no singularity at w = w, in equation (3.2) as can
— f

be eaéll cgsfiifg:iigg L'Hospital's rule. HNote that to
calculate the pha shift-at wys One needs the reflectance

fypm w = 0 » . Such complete data do not exist. Various
‘N

-

extrapolations are employed at high frequencies e.qg. w_s,'

mh4 {65,67]. The extrapolation&brocedure used has an ad-

~justable parameter, s, so that the calculated optical con-

stants aQEEed with Efijégéﬁred value at a single frequency

e.g. the dielectric constant e£.,. Extreme care must be taken

0

’ipftjz extrapolatﬁégﬁz}\?ne wants reliable optical comstants
at f encies close to-the highest measured frequency. How-

© Eresuan

ever, if the hifgpest frequency at which the optical constants

are needed is an order of magnitude or more less than the

meaggfed cutoff, (as is in our ktase), ‘then the diécrepancy

arising from different extrapolations is not serious. We
| ' -
use. the following extrapolations. Above the cutoff fre-

.quency (25000 cm_l), the reflectance was taken as a constant

) sure; reflectance\(
P e

ol

\

equal/:o R(25000). For Em, the near infrared and visible

reflectance data were taken from Jacobsenlét al: [15,68] and
Kikuchi et al. [69]. .In this fréquency_range, the reflec-
tance éﬁn‘be fitted using Drude's model. We find that by
extending the refleéEEﬁEg/;;;ﬁ to the midégLfrarea using the
Drude parameters, thgre is a good match to our highest mea-
ﬁ§F= 500 cm Y). The agreement varies for

-

different compounds. For example, in ClO the discrepancy

- \ b

-



is about 3§; whereas, in AsF. it is only about 1%. In
the low frequency end, < 10 cm_l, the reflectance is ex- -
trapolated smoothly to unity. (A more systematic extrapo-
dation in the low frequency end is to use the Hagen-Rube
relation i.e. R = 1 - v2w/70 applicable when wt << 1. The
¢ is the measured dc conductivity. This methc:d was not
used here since it produces a serious mismatch with measured
reflectance at the lowest frequency.) Similar extrapola-
tions were used for E|a. However, in this direction mea-
surements of the mid-infrared reflectance do exist. While
these extrapolations may appear arbitrary to some éxtent,
the effect of an incorrect choice in the Kramers-Kronig
integral is, primarily, to alter the magnitude of the opti-
cal constants derived. Any difference_in reflectance in
the extrapolated regions does not afféct the structure
significantly.

Once the phase shifts 8 (w) are obtaingd, the complex
refractive index N = n-ik can be calculated. The expres-

sions for n and k in terms of R and & are [66]

. 1-R
T 1+R-2rcosb
(3.3)
K = 2rsin®
~ 14+R-2rcosb
. : ~ .
By definition,.e(w)_= N2. *Our desired conductivity can then

_be calculated from



e(w) = 1 + %” 10 (w) (3.4)

There are other Kramers-Kfonig relations thatﬂzelate
the real and imaginary parts of.e(w), o(w) and N. They can
all be derived from the basic causality condition. Ref.

[65] chapter 6 gives a good detailedydccount. .

Often in the analysis of optical measurements one
uses a sum rule for the conductivity or oscillator st¥ength
of solids. This sum rule is related to the f-rule in atomic

physics i.e. L fi = 1, and is given by

® 2
N ,
[ g, (w)dw = £ (3.5)

»
where wp is the free electron plasma frequency and the sub-
script 1 refers to the real part of o(w). Physically, the
integral is a measure of the egergy absorption at all fre-
quencies. We shall, however, make use of equatibn_(B.S) to
estimate the fraction of oécillator streng%h of thg Zero

7 - A
frequency mode. .

3.3 BAbsolute Far-Infrared Reflectance of (TMTSF)2C104
SbF5 and AsF
In this section, the reflectivity measurements are

-1

;LreSented in two spectral fanges, from 10 to ~ 400 cm

<10 to~ 70 cm_l. We will point out the similarities in

and

the metallic state and in the high frequéency fange > 50 em™1

v
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The differences in the SDW state at low fregquencies will

.

be emphasized.
Figures 3.1, 3.2 and 3.3 show the absolute reflectance

for E||a and EJa for Cl0

4 éﬁfs and ASF6 salts, respectively.

The error bars shown are the estimated uncertainty for w > 350

cm ~. This 'is due to low signals above 350 cm—l since the

mylar beamsplitter used has strong absorption lines in this

frequency region. All three compounds in the metallic state, ¢

afid for E|[a, show kinship similarity in the high frequency
range. The reflectance is. in the ?0% level and stays fairly
constaﬁt. There is a slighE.risé/in reflectance gf about
2-3% at 173 am T and = 250 cm L. Line D in Fig. 3.2 is
identifiéd as an SbPé inégrnal phonon line and is present

in both polarizations. Anion lines for the other two com-
‘pdund§ were not observed since the expected ClO4 line was

at a Euch higher frequency than our measurements, and the
AsF6 has a line at around 380 cm-l, a region where ye Hﬁve

e —

low signals. It should be pointed out that the Clo, line
\

has been seen at = 630 cm—l by another experimental group
[15]. |

In the Eja direction at high frequencies the three
compounds display some differences. The reflectance of the
Cl0, and SbFGS;;aﬁs decreaseg by about 20% over th?.s?ectral
range presénted. The overall reflectance for .the Asggtsalt,

on the other hand, remains fairly constant with structures at

©

.



Fiqure 3.1
Absolute reflectance of (TMTSF)2C1!04 at

E | a. The polarizer used to study this
its efficiency -above 180 cm 1. Thus, the

frequency are based on unpolarized data.

shows the reflectance obtained using the

from ref. 69.

4

2 K for E||a and

compound loses

results above this

The dotted line

Drude parameters

-
&

NG
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Figure 3.2
- . B 4 o
Pola¥ized reflectance data of (TMTSF) ,SbF. for the E||a and
E l'a directions. The polarizer used in this case, and

henceforth, is effective up to 700 cm_l; In going from 19 K

. . . =
to 2 K, threerlﬁg?s A, B and C appeared for E||a. Line D

is idfﬁ%ified askan_intgfﬁil,sﬁFs phonon. In the E | a .

"direction, there is little observable change with témperature

up to 30 K. Inset shows detailed refrectance below 45 cm_l.

—
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Figure 3.3 7 .,;b: #

Reflectance measurements for (TMTSF) ,AsF. in the E||a and ~ ‘

-

E J_ a directions. Note the change in reflectance for boéh
T -~ —_ '

polarizations below = 65 cm 1 as a function o‘f temperature.
The, error ‘-bars indicate the Yevel of uncertai‘nty above

-1 .
350 cm . . . ~p oL o
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- p— . /— —
120 cm ! and 210 cm ;. There are three relatively strong

lines F, G and H in.the SbF. salt. Thes& lines are very =
weak in the E||a direction and d4id not show any change with
temperature up to 30K.

The reflectances presented so far do not follow that
of a simple metal. We havé?éhown for c0mpari§on in Fig. 3.1
(dotted line) the reflectance using the Drude parameters
from ref. 69. It would appear that at high frequencieé
the compound% behave like a simple metal, whereas at loézy
frequencies there is marked différence. >

For the SbF6 compound, there was a pronounced change
in reflectance as the temperature was lowered to 2K__i.g.
in the SDW state (Fig. 3.2). Three lines A, B and C appeared.
These lines have been studied in detail as a functiocn Af
temperature. We will present these resu;ts as Ul(w) in the
next section. It should be noted that t?e lines were only
observed in the E||a direction. We were not able ho s e any

appearance of lines in the AsF, salt (Fig. 3.3). Howeveft,

6
in this material the reflectance increased by about 2 -3% at
higher frequencies when the temperature was décieased from-
30K’to 2K. This is probably due to the optical relaxation .
time bgcoming longer.

At iow frequencies, the three salts display diverse
results. We will present these results for each compound

separately.
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Fig%. 3.4 and 3.5 show the temperature dependence in

the R-state of the Cl0, salt for E|la and E|a respectively.
, 4 SRR
In the parallel direction there are two peaks at 8 cm — and

29 em Y. The lower frequency peak decreases gradually with:

increasing temperature. However, the 29 L e displays
a two-step change. Going froﬁ 2K to 20K, the reflectance
drops by about 2%. At 24K, theEF is an abrupt shift to

lower frequency by 2 cm-l. This shift can alsd be monitored

by scanning the reflectance of the sample as a function/offJ

temperature with the interferometer set at the zero path po-
sition*. Thedginset in Fig. 3.4 shows a sudden change in
reflectance as the temperature was increased above 24K. The
24K chénge has been associated with an a;ion order/disorder
temperaturé [8]. There is a similar change for E|a (Fig.
3.5); Due tdithe geometry of the sample arrangemen%, we
were not able to go below 10 cmfl. Thus, it .is not clear
whether there is a lepwer frequency peak in this direction. R
The overall flectance decreases with increasing temperature.
In J;;einset of Fig. 3.2 we have plotted the reflec-
tance of the SbF, salt béloﬁ 45 cm * for E||a at three tem-

peratures. As the temperature was decreased there was a

*
A 150 um soot-coated glass slide filter was used to cut

off radiation above = 40 cm-l.




Figure 3.4

A detailed reflectance measurement for E||a in the R-state
forl(TMTSF)ZClO4 at low frequencies as a function of temper-

ature. Inset illustrates Ehe change in reflectance s the

sample was heated above 24 K.

17
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A corresponding measurement for (TMTSF)2C104 in the

perpendicular to a-axis polarization. -The decrease in

overall reflectance as the temperature increases is more

‘evident than for E||a.
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40 cm-l. This

[l

gradual‘decrease in reflectance belew
change in reflectance occurs above the transition tem-— -
’\perature (= 12 -=14K). We were not ableHi:\Ebserve any cor-
responding change in the E|a direction.
ke ha#e already shown in Fig&\3.3 the reflectance for
two temperatures in the low frequency énd for the AsF6 salt
for both polariéations. The details as a function of tem-.

— perature for Ef]a are illustrated in Fig. 3.6. The change

1

in régieétance with respect to temgerature is similar to the
- A

SbF6 salt except that the varieyion is more abrupt and starts
" . /
from higher frequencies. HoweGer} in the AsF, salt, there

6
are alsc changes in the Ela; whereas, nonewere observed
in the SbF6 salt. ﬁzfthe lowest temperature measured,fQK,

the reflectance at = 7 cm © is about 93%. Two choices of '
extrapolation to w =0 were employed, one to unity (continuous

solid line), the other to about 94% (dotted line).

3.4 Discussion

The results presented in the last section show clear-
ly that there are similarities and diverse behaviours in
the three compounds. The similarities were in the metallic
state and at high frequencies while the differences were in
the SDW state and et-loﬁ fréazencies. Kramers-Kronig trans-
formations were done for all the reflecti#ity date. This

section will be divided into three sub-sections. First, we

- will discuss the common features observed and suggest pos-

-



™~
s 7 .
. \ \)
, Figure 3.6
qulectance measurements for the (TMTSF) Ast compound for:
Ny | .
E[Iages a function of temperature. There is a decrease in

reflebtance~below = 62 cm_l as the sample changes to a

SDW state. The dotted line and the continous liné to

unity at w=0 represent two choices in the extrapolation.
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sible exp}anations. Ngxt,'we will presest the unique fea-
tures seen in the individual compounds. The effect of a

magnetic field will also be discussed. The changes due to
thermal\égcling will be shown in the last sub-section. The

interpretations will be based on Ul(w).

a. Commol Features

The frequncy dependent conductivity of Cl0O SbF

47 6
d AsF_ salts are shown in Figs. 3.7, 3.8 and 3.9 respec-
. /‘ﬂn 6 LY .

¥iVely for the frequency range indicated. There are two

obvious featuressin the E|[% direction. First, the high
“de conductivi;xzzi the a dirdction is/not

metallic spate. From our meas

eproduced in the

less than 10 cm-l,

s
we did not observe a.rise in conductivity as w + 0 (Fig.'
3.7 to account for the dc' value. (The SbF. and AsF, salts
do show.somenincrease inol(w) as w + 0.) This suggests that
/;//;J/there i1s a zerxo frequency mode w1t¥ a ver;)qgffgw linewidth.

. We will discuss this mode more fully later. The second
common feature is the increasing conductivity as a function
of frequency before it levels off at about 200 cm . There
ate broad peaks inol(w)\Pf which tﬁe most pronounced is found

'%'.n the AsF, salt (Fig. 3.9). . l_
| The increase and ievelling off ino, (w) tan be ‘most

simpﬂi:;nterpreted as being due to the Holstein process [70,
o

71]. There are two types of -Holstein mechanisms; one’is a
NP =

surface absorption, and the second is a volume absorption.

-



T

Figure 3.7
The frequency dependént conductiyity Ol(m).Of the FTMT:SF)2
ClO4 compound. This result corgégﬁvnds to the Kramers-Kronig
transforms of Fiq, 3.l.<Jyote the increase in Qii?) as w in-
creases for E|fa. The rise in o, {w) at about 167 cm—} is
identified as being due to the a1y TMTSF mode. The dotted,éi
curve 1is the.Holstein conductivity using equation 3.6 and

Fig. 3.10. The dashed line is the Drude cbnductivity with

half-width of 3.5 cm_l (see text).
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N Figure 3.8
Conductivity for (TMTSF) ,SbF . crystal in the E||a direction
at 2 ¥vand 19 K. The sharp lines at 2 K are identified as
phase phononf. (Dashed line is the Holstein fit similar to
Fhe previoﬁs figungi) The inset illustrates't#e presence of

a zero frequency mode at 25 K that appears to become pinned

by a spectrum of low lying pinning states at low temperatures.
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Figure 3.9
Overall conductivity for (TMTSF),AsF_ in the E[|a direction
at 2 K and 30 K. The dotted line is a fitted Holstein
conductivity #sing equation 3.6 and the azF shown in Fig. 3.10
for 2 K. The aZF was adjusted to fit this compound (see

text). The arrows show the positions of the a vll(256 cm_l)

and a_v (173 Cm—l) TMTSF modes.
g 12
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For the former to be dominant the'electrdnic mean free path
must be greater than the peneEraﬁion deptﬂ\ Hexre, the col-
lision is with the surface which takes up the change in mo-=
mentum. For E||a, Holstein surface absorption is not expec-
ted to be impbr;:a‘ht in our éa@ The confductivity _J_a is
small and the Fermi velocity normal to the surface is also
small. 'Thuﬁi there cannot bé ah anomalous skin effect in
these maLeriéls: Howeveff'Holstéin volume absorption can take
place since a mean frée path %ess than the skin.de?th im-
plies that the momentum balance can be taken up by collisions.
By this (volume) process, a photon is absorbed with the si-
ﬂmultaneous creation of an electrén-hole pair and a phonon.
The th¥eshold energy is the phonon energy. It‘&s clear then-
that ‘as more phonons become available, the conductivity will
increase. Another G of putting”i} is that Epe electron-
hole pairs created cannot interact with all the phonons
unless the incident photon energy is grea}er thanwor equal
to the highés£ phonon enerqgy. We ﬁﬂ? expect the collision
time T to be frequency dependent. We will attempt to £it
o

our observed conductivity following the edure described
by P.B. Allen [72]. ; %

In Allen’s formalism in the local apﬁroximation, the ~
electronlphonqn-ke;p) interaction was accounted for by{;sing
éhe sgsoyg}grder golden rule. The summation in £he second
order golden rule is over all of the allowed intetmédiate

. o~

1
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states. The final states of an electron-hole pair have a
non-zero momentum, the balance in momentum being taken up
by phonon creation or elastic collisions with impurities.
In our fit, we shall igdBre\gsﬁttering sydiépurities. The

conductivity due to e-p interactions is given by

A i B (3-8
where..
“p
?L = %1 J dw(wo-m)air(w)F(w) (3.7)
P 0 : '
0

The function air(w)F(m) is the phonon density of states
welghted by éhe square of the e-p coup;ing for.transport.
For brevity, air(m)F(w) shall simply be referred to as azF
henceforth. In our calculations, we shall model azF by
gaussian peaké. Three broad peaks centfed at 70, 130 and .
350 .cm™* with full width at half-maximum (FWEM) of 40, 40
and 100 cmfl respectively were taken (Fig. 3.10). These
peaks were qhoseh to represent the librational, bending and
stretching mode§ that must be present in these materials
'[73]. lThe sharp peaks at 173 and 256 cm ' were used to
simulate £he ihternal'TMTSFrpbonoq modes [54,75]. These

1

peaks were assigned a FWHM of 10 cm ~. The ass%?ed o’F ?ég\

' .
first used to fit ol(w) of the §f§5 salts at 2K since the

-cl(w) data is over the widest Trequen range. The heights

of the peaks were adjuSted to give the‘é"rrect sum rule

A )

> 1 . ) . . 1
:t : ) et *



Figure 3.10

Assumed form of air(m)F(w) used to fit ol(w) of (TMTSF),
AsFG. The three broad peaks were chosen to represent
librational, bending and stretching modes that must be
present in these materials. The sharp lines were to
simulate the internal TMTSF phonon modes. Apart from a
constant scale factor, the assumed azF can alsoc be used

to fit the other two compounds.

T
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tors reguired to give the correct magnitude in azF for ClO

54
. }
(equation (3.5)). Fig. 3.9 (doEEEd line) shows that tgL
overall fi£ to the AsF, salt ig Qery satisfactory. (This =
good fit supports our interpretation that the observed |

conductivity profile is due to the Holstein volume mechanism.

We were able to fit the ol(w) for the other th salts using

the same azF except for the absolute magnitude. The fac-

4
and SbF6 salts can be derived by taking ratios of A listed

in Table I. The results of the fit can be, seen in Figs. 3.7
and 3.8.
One can estimate the total strength of the e-p coup-

ling for transport via

Atr=2f%“ia21~ . (3.8)
Table I’lists the values of Ay, for the three compounds, and
also some of the other superconducting elements. *The values
of Atr are véry reasonable and give additional support to thqf_{/
Holstein process. The values depend on the accuracy of the
fit and on. the shape of the assumed'azE. We estimate the -
unc@rtainéy to be * 0.05. |

An alternative way of-estimating the strength of the

e-p coupling without any direct refejpnce to azF is to use -
: .
l .
A, = ———— (3.9)
t <w> J
r T<w Tp,2
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Table 1
' . - & . * -1
Material Atr ‘ wp (CT/ﬁ?
i } L
-
(TMTSF)zASF6 0.6 : 10470
(TMTSF)ZSbF6 : 0.55 4 10200 .
(TMTSF)2ClOA 0.95 N o 10170 \\\
Pb 1.55 7.5 eV~
Al 0.46 14.7 eV
In 0.834

&

* -
The plasma frequencies for the three compounds. were

f,rom‘refs. £8 and 69 and the Atr for the three elemex{ts

were from ref. 76. | / 0\
’ //ﬂ\i:i -
- o )
\s o " { _
) .‘*
- N
R - .
1 3 ] ’/ - /_j
. \\:, o ) <
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where TpiéYis a wonstant, phonon limited scattering +time,
r
. 2 ;
and -is given by l/Tp,i = mp/[(l+ktr)4ncj. Here o is the
maximum or saturation Holstein conductivity. The symbol
<w> denotes the average phonon frequency and;gan be taken -

to be equal to the Debye frequency w From specific heat

1

D"

measurements of (TMTSF)20104;:w is found to be 148 cm

b
[18]. The calculated Atr using equaticn (3.9) is in agree-
ment with that listed in Table 1. Debye frequencies for

the other two compounds are not known. However, if we use

the value for the ClO4 salt, there is a disagreement in Atr

by 'a factor of two. This discrepancy is also a measure of

the uncertainty in usiéb <w> from the Ci0, salt. The Hol-
stein conductivity contriblites more than 95% of the oscilla-
tor strength, (Above the measured conductivity a Drude

m¥del was assumed.)

it should.be emphasized that the Holstein conducti-
vity dér;v&d by Allen is for a 3-dimensional conductor.
This iggTﬁes that the scatteriﬁg of glectrons by phonons is -
isotropic. In our system, a guasi-l-dimensional (or 2-

d;mensional) model wéuld be more appliCable where the aniso~
tropy iq the scatterfﬁg sﬁould be taken.into account. The T
Holstein volume generation of phomons has been suggested “:h
by Gor'kov and Kasha [77] AS'a model for\l%géaq\?rganic

materials in the metallic state. A similar process, where,
- :

an electron first absorbs a photon with the creation of astic -~

~ -

-

AN
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and acoustic phonons, can produce sharp peaks in the conduc-
tivity {77). This process may be required to explain the

%
(w) of the AsF

finer details (broad peaks) in oy
i

6 compound
(Fig. 3.9).

To extend the interpretaﬁion of Holstein emission of
phonons to ol(w) of the (TMTSF)2 PF. salt as measured by
Jacobsen et al. [15] would be difficult. What_gpuld be re-
quired is a single strong peak at = 200 cm-l.in azF, and
for this peak to dominate the e-p interaction. Preliminaryf’//,
reflectiéity measﬁrements by D. Bonn [78] on the PF6 com—
pound show a much weaker peak] and overall ol(m) that would
be in agreement with the results obtaiﬁed‘in the present study.

We now turn‘our attentfon to the zero frequency mode.
kIn Fig. 3.7 we saw no evidence of any rise in Ul(w) as w-+0,

If the observed dc conductivity f;llows Drude's model, then
.Tsp = l.SXlO“?‘2 sec (Fsp = 3.5 cm-l) for a typical S4c =
500000'(Q—cm)-l (seekAppendix for unit conversion) [4]. What
. this would imply is that w72 dependence in Ui(w) would fall in -
the IOMQiOO cm-l region (Fig.3.7 Qashed line). A purely
rude mechanism‘of conductivity Qog%% certainly be obser-
vable. The féét that we do.not see any w-2 dependence sug-
gests some other ,mechanism, possibly a collective mode {79].

For both the SbF6 and A5F6 salts, there is a slight rise in

;Oi(M) as w-=+0 in the mgtallic‘state. This is taken as evi-

-



-

dence of a zero frequency mode. That it should become

visible in the 10 - 15 cm =+ range (see inset Fig. 3.8 for

-

25K) may be due to the fact that these two compounds, es-
pecially the AsF6 salt, are ;ess pure [80]. However, we

were not able to obtain.the correct dc value by extrapola-

"

ting the reflectance to unity at w =0.

| The zero frequency mode of ghe SbF6 material broa-
dens as the temperature is loweréd, inset Fig. 3.8. This
is prcobably due tb pinning by a spectrum of lowhlying
pinning. states [30,31].

Y The Drude model clearly gives a half-width that is

too wide to fit into our cobservations. An estimate of the
zero frequency mode lifetime To for the Clo, salt at 2K

can be made frog the measured dc conductivity [1,88] and the'éero

. 2 . _ 1 20
freguency mode oscillator strength Qp' since 0, == ngc'

A value for %P can be cobtained from El(w). Fig. 3.1l shows that

€,({w) crosses zero at 18 em”t and levels off at about €y =500.
‘ 1

Now, since El(m) = 500 -‘(Qp/w)2 =0 at 8 cm ’ Qp ~ 4007

cm l, a reasonable value. Hence Tc = l.0><10—9 s (Fc = 0.005

cm-l). This value is to be compared to the single particle

15

a—

lifetime Tep © 7.83%x10 "~ s [69].
One can also estimate,ihe effective mgéézM* of the.

~

zero frequency mode from

2 .ﬁfne 2 m* ‘
= = - —p 3.11
* " p M ' . . ( )

- .0

el
=

N
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# Figure ' 3.11 ;

The real part of the dielectric constant for (TMTSF)éClO

4
at 2 K. For Elfa,el first crosses zero at 18 cm .
Bgtween 50 and 160 cﬁ—l; El = 500,
.
- - )
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This giveé M* = 646 m* (m* = 1.3 m where m is the free elec- -
tron mass) for thé zero frequency mode. A similar effective
mass was obtained for the pinned mode of the TTF-TCNQ salt
[11]. Table 2 lists the values of To and M* for the three

compounds in the metallic state. The value of-rc for the

11

Clo, salt at 25K is = 6x10° " s (0.09 anly, more than five

times longer than the two centrosymmetric salts. This may
explain why the high frequency "tail® of the zero frequency

mode is visible in the AsF6 and SbF6 salts, and not in the

compound. \
Y

We have shown %ﬁ‘thié sub-section that o,(w) in the

~ClO4

metallic state can be divided into two regions: a very nar-
row mode centred at w =0, and an overall conductivity due to
Holstein eﬁission of phonons. The Holstein conductivity is
iﬁﬁ%\in the relaxation’fegion of the zero frequency mode.
The zero frequency mode has a half-width of = 0.3 cm-'l while

the Holstein phonon limited scattering half-width is = 500-
650 cm I, ‘ L -

-

For Ela, the overall conducuivity is about an order
of magnitude smaller than E||a, Figs. 3.7, 3.12 and 3.13,

The accuracy in this direction-is not good for two reasons.

-

First, not all of the crystals were arranged along the b
direction.. fhis is reflected in the oscillator strength,
which is not conserved for all three compounds. Sedond;

due to the geometry of the sample arrangement, diffraction
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Figure 3.12

The conductivity for E | a of (TMTSF)ZSbFG. In this polar-
ization direction we were not able to obsefve any change up
to 30 K., The sharp dispe}sive line at 288 cm T is the

internal SbF6 phonon. ?he origin of the thrée narrow lines

at low frequency is not known.
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Figure 3.13

The cdnductivity for (TMTSF)éAsE‘6 in the E | & dirs®ion.
Note the change in 0, (w) below = 67 cm ! as the temperature
was decreased from 25 K to 2 K. The dottéd line was obtained
when the reflectance was-extrapolated to = 78% at w = 0 |

(similar.to that shown in Fig. 3.6}. L
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.is more pronounced in the |a direction.

‘The conductivity in the E|a direction is probably
better described using a diffusive model. That is to say,
theé” electrons are more likely to be confined to the chain,
and the interchain conductivity occurs by hopping across
chains. ' The extrapolated dc value for the three materials
is between 50 - 100 (Q-cm) 1, and is in good agreement with

the (TMTSF)2PF data {15] and direct dc meésurements.

6

In tH@xhigh'frequency region > 70 cm—l, Ollw) for'Ela
and for all three compounds does not change much with tem-
perature up to 30K (58K for the ClO4 salt). However, below
70 cm_l, both the ClO, and AsF. materials show similarA
changes with temperature as for E||a. The SbF . compound,
on the other hand, did not show any change up to 30K. We
_will try to explain these observations in the next sub-
:section: ]

A puzzling observation in the SbF6 comp;und is the
strong dispersive SBF6 line.in the high temperature conduc-
ting state (Fig. 3.14 line D'). Using the theory of Ipatova
et al. [8l1] we estimate the strength of an optic phonon in
this material to be several orders of magnitude lower than
what is obserxrved. The presence of the anion lines, how-

ever, 1s not confined to this material but can also be seen

in the (TMTSF)ZPFG and Clo, sdlts [15]. -

4
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b. Unigue Features

In our discussion in the previous_sub—seqtion, we

had'ignored the sharp lines at low frequencies iﬁ Fig. 3.7,
and also the differences in the SDW state for the other two
salts. We will now discuss the features that are uniqhe to
each compound. As in.the case of the'reflectanégfdata,‘gach
compound will be discussed separatel?i .Additional’results
for the Clo, material in the Q-state will aLSé be given.’
However, we will first discuss the SbFG‘salt in the Sbw

. State since the explanation used to interpret the sharp lines
in this material.(Fig. 3.8) mgy throw light on the structure

observed in the Cl0, salt.

4

The most dramatic feature in the SbF6 compound is

the appearancé af three peaks (A', B', and C') as the tem-
perature was decreased to 2K (Fig. 3.8). 1In Fig. 3.14, we
show the temperature dependence of the conductivity in the
frequency range 100 - 300 cm-l. We first note a decrease in
intensity as the temperature increases and also a shift to
higher frequencies of the lowest frequencyrpeak A'. From
Raman scattering [74] of TMTSF molecules, the peak was as-

1

signed to -the a, v, mode with frequency 173 cm

that has
been shifted down due to e-p coupling. (89§io et al. [15]

assigned this mode to 3, vl% with a value of 146 cm T.)
Peak C' wiii then be ag Vg with calculatéd frequency 240

cm_l. -However, to be consistent with the data on Fig. 3.9,



£

Figure 3.14

Detailed temperature dependence of the conductivity along

the a direction of (TMTSF)ZSbF Note the shift and

6.
weakening in intensity of peak A' as the temperature is

increased.
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ag Qll is assigned an experimental value of 256 cm_l. A
plot-of the integrated normalized intensity of peak A' ver-
sus temperature is shown in Fig. 3.15 (solid circles). It
shows an abrupt rise in intengity for T < 1l4K. The shift
in frequency of peak A' (open circles) versus témperature
also changes rapidly below 14 K. Thus our measuremeﬁts in-
dicatg a phase transition with TSDW = 12 - 14K.

In the absence of a complete theory of SDW induced
phonon absorpi%on we will apply“the theory of .Rice for a
one-dimensional semiconductof with a gap [57,58]. A SDW
theory does exist [81] but is not applicabig since it pre-
dicts the wrong sign in the shifts of the pﬂonon frequency.
Since SDW cannot interact with phonons directly a mechanism
of the type proposed by Rice may Etill cperate via the
second harmonic CDW that in general accompanies a SDW [83].
Our observation of the persistence of the high conduc-
tivity in the frequency range belo& 200 c:m_1 implies a par-
tial presence of a metallic state. 1In (TMTSF)ZPFG, it was
demonstrated that SDW coexists [84] with a metallic state.
The background free-electroh conductivity must be subtrac-
ted first. The free conductivity is non-Drude and is diffi-
" cult to calculate theoretically. Consequegtly we assumed
that the conductivity at 19K is totally due to free electrons:

and that at 2K some of these electrons become localized. The

semiconducting part can then be expreseed as



Figure 3.15

Plot of the normalized ( to 2 K) integrated intensity of N
peak A' (see Fig. 3.14) versus temperature (golid circles).
The abrupt rise in intensity signifies the formation of <Z:T
SDW. The shift in frequency (open circles) also shows a

rapid change for T < 14 K. The lines were drawn as a guide

to the eye.
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0; = o (2K), - Xo(19K) (3.11)
where X is a constant chosen to allow for a temperature de-
pendence of the free electron part. 1In Fig. 3.16 (sélid\
line) we show the resulting conductivity for X = 0.75. There
LN .
is a gap-like region of low conductivity and a sharp and
symmetric phonon line. The threshold in conductivity at =
180 cm_l is identified as the onset of single particle exci-
tations across a gap, ?ASDW*;-. . .
“\ .

We will outline briefly the theory of M.J. Rice [57,
58]. When a CDW state is formed, there is intermolecular
distortion. However, for organic chdrge transfer salts,
there' are, in addition,.intramolecular distortions. These

f

distortions have small CDW amplitudes, but are strongly

coupled to the intramolecular vibrations. The phases of
the CDWs can oscillate about their equilibrium positions
which gives rise to anomalous infrared activity. These .
oscillations are called 'phase‘phonons'.,/fggﬁgscillétor
strength is electronic in origin rather than la;tice. Since
the intermolécular distortion is along the chain axis, the -
CDW oscillation couples those phonons thét are perpendicu-
lar to the chain or in the plane of the molecules. That is

f

to saf, the modes excited are the symmetric (or ag} phonon s

modes which are usually infrared non-active.
{
Detailed calculations show that the conductivity of"

int;amo;gcular—vibration stabilized CDW is giveh by

-



—

v Figure 3.16

Obtained by subtracting 0.75 o{(19 K) fromfo(Z K) (solid
line). The threshold ®n conductivify at = 180 cm_l is
identified as a SDW gap, 2A. Dashed line, theoretical

fit using equation 3.12 for T = 0 K.
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m2 )
olw) = —B2CPY ooy £(0)-B2£(5) 2AD, (w) ] © o (3.12)
i 4TTJ,,U.J A ¢ ' -
1 2 . . .
where 3 mp,CDW is the osc;llator strength appllcab%glto th%
CDW part, agg ® = w/2A. The first two terms inside the
' w

square bracket give the single particle excitation across a
gap, 2A. Below 24, 'Re'[fs.ﬂ'z)-f(O)] = 0; whereas, at 24, there
is a ‘threshold in cl(w). The full expression was derived

by Leeﬂ_Rice and Anderson [85] and %ﬁ quoted below.
£(y) = {ni+2n[(1-S)/(1+8)1}/(25¢y°) (3.13)

where § = 1—y_2. The e-p coupiing A is the sum of the
coupling between the condensed electrons-and all of the ag
G

phonons, wn(qo) i.ec. A= T A, G being the number of
n=1 .

ag phonons: _.The phése éhonpn propagator,D¢(m),is given by

_ G * | -1
Dyt = - I O /Nwl(ag) /e, (ag) 2-wP-iuT 1)

—~ F1-3%+ AG2E (&) | (3.14)
where Fn is the natural linewidth of the phonons, and 2v is
the gap which becomes 24 with the e-p interaction turned on.
Equation (3.14) gives Lorentzian-type liheé for frequencies
less than 24. BAbove 24, the‘line; are mixed in with the
single particle continuum and have Fano or dispersive-~like
lineshapes [77].

Fig. 3.16 {dashed line) shows the conductivity found

<
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§

using equation (3.12). TheJ{:;al e-p coupling, ), was esti-
mated‘to*be 0.22 from mean field theory in the tight-binding
approximation {86], 24 = SEF[—l/AI where the Fermi energy

{13], E_, = 0.276 eV. Th*3 value of ) is lower than Atr

P
which results from a summation over the whole Fermi surface
rather than just the gapped part contributing to the SDW.

The parameters used are listed in Table 3%, All of the lines

strength is taken to be 6% of,% m;. In addition, the fit

were given a width of T' = 12 cm_l. The tothj oscillator
was done with 2V = 150 cmhk from which the static dielec-

tric constant € [% + A4/v] (equation (6), ref.

]

2
1+(mp/ A)

38) for the SDW part was calfulated to be 2900. By subtrac-
ting el(l9K) from El(ZK) a similar value was obtained. 1In
addition to the observed’phonon iines there are ten more
intramolecular phonon modes with frequencies higher.than\

our meaéured data. These lines were arbitrarily assigned to .
a single frequency at 500 cm—l with line width 50 cm—l‘and
e-p coupiing#0.03. A more careful fit of the higher modes
woulq‘alter the fitted values of An' Low-1lying intermolecur
lar modes also couple tp the electrons but are not expected

-3,

to be optically active. They are given.an arbitrary single

13
We' will now discuss the reasonableness of the value

‘frequency at 70 em * with I = 50 cn ! and Ay, = 0.1.

= -1 - -
!oﬁjthe gap 2q = 180 cm (22 mev). The ratio ZA/kBTSDw =

18 =21 is not too unreasonable where T = 12 - 14K and kB

SDW
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Table 3

—_ L o
Mode ‘Frequency + Fitted

A o (em™ b *n

- n
a vy 256 | D.01
agvl2 }73 - 0.07
Sb}E‘6 line ? - 288 . 0.01
Arbitrérily assigned lines -
- _ =1 R -1 _

agvl3, w;B 1,?0 cm ", P13 =50 em 7, Ala = 0.1

'« - _ .
ag¥1-107 @ = 500 em ¥, T = 50 cm %, A= 0.03

Other parameters used in thé fit

2v = 150 cm *
24 = 180 cm '

-1 L)
0, cpw = 2500 cm A
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is the Boltzmann's constant. Within mean field theory,-
L]
this ratio follows a BCS-type description [80], i.e..

2A/KBTmf = 3.5. However, if fluctuation effects are inclu-=

ded this value will change. For example, in an incommensu-

rate Peierls transition [87], Tmf = 4TSDW giving 2A/kBTSIjw

= 14. In view of the crudeness of this calculation, the

agreement is all that one can expect. A condition for the
&

coexistence of a metallic and semiconducting state is that

6
integral [68) tb is 18 mev. The band width in the b-direc-

24 < 4 t. For the SbF. salt, the transVerse transfer

tion is, then 72 mev. This implies that only a small portion
of the Fermi surface is gapped. One then eXpects the metal-
lic state to éersist at low temperatures. This is borne out
by our results. In addition, the absence of the_pﬁase
phonon peaks in the perpendicular dire&tion-(Fig. 3.12) is
‘in agreement with the prediction [57] of Rice's theory.
Also, we did not ocbserve a ﬁgasurable magnetic field depen-
dence up to 7 kgauss.

It is natural to extend the phase phonon argument to
the Cl0, salt where two lines at 7 and 25 em™ ! were observed
.for E||a._ The "temperature dependence of these lines is shown
in Fig,,3.i7. In the E|a direction there is a broad peak
at = 20 cm-l that also changes with temperatdre, Fig. 3.18,
As pointed out earlier, it is not clear-whether é'lower peak

is present in this polarization.



Figure 3,17 ¥

Temperature dependence of the 7 and 25 cm—l peaks of

(TMTSF) ,C10,. Note the shift to. lower freglency in the

2 4

. s -1 .
minimum at 30 cm as the temperature was increased.

shift occurred abruptl§ at 24 K.

The
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Figure 3.18

Corresponding temperature dependence of Gl(m) at low
frequencies for (TMTSF),Cl0, in the E | a direction. A

shift in frequency is also observed in this direction.

L)
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The phase phonon gxplanation,‘howeverf is difficult
to justify for the following feasons. First, the peaks
were observed up to temperatures of = GOK. If Eﬂere is any
phase transition at such high bemperatures, then it should
be seen in other measuréments e.g. -de conductivity which
would then have a MI transition in the 2 60K region. No
such transition was observed [4]. Second, phase phonons
originate from symmetric phonon modes. Group theory cal-
culations show that there is no symmetric mode in this fre-
quency region [59]. There are howevei, librational modes.
It is not clear how these librational modes would couple
to electrons since the results shown in Fig. 3.17are ¥or
the R-state of the ClO4 salt i.e.lthere should be no SDW
or CDW state present. Tﬁi:d, there waé an abrupt shift
down by 2 cm_l for the higher' frequency peak as the sample
was"heated above 24K. This temperature is associated with
the anion order/disorder. Thus it would appear that the
ClO4 anions do play a part, at least in the‘éS cﬁ—; peak.
Fourth, the 25 em™ L peak is mdgnetic field dependent,
This effect is shown in Fig. 3.19 for H=7 KGauss, and
corresponds to the magne to-absorption experiménts discussed
in Section 2.5. ©Lastly, a similar temperature dependence
in the Ela direction, albeit different in peak position, and

a shift at 24K strongly imply the observed features are not

'phase phonons.,

¢ In addition, the 29 cm_l peak in the reflectance is



Figure 3.19

Magnetic field dependence of the 25 cm <+ peak. A small

magnetic field washes out the peak and fills in the
W
minimum at 30 cm-l.

#
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sensitive to radiation damage [59]. A 100 ppm damage re- ’
duces the intensity by 60% while a 1000 ppm damage completé—
ly destroys the.peak. It is difficult to understand these
observakions if it is a direct’ phonon. It gshould also be

noted that radiation damage reduces the dc éonductivity
significantly [38]: P !

The persistence of the peaks to high tempergtureé,
and the magnetic field depehdence present difficulties-in
trying to explain the results shown in Fig. 3.16. ‘It is
not clear as to the physical origin of the two peaks. The“‘
explanation foé our observations may lie in a better under-
standinq'of the role the anions play in this compound.

As inaicated earlier, the disorder in the anions can
be frozen in if the sample ié quenched. We show in Fig.
3.20 the reflectance and the éorresponding cl(w).of the 0104-
Lompound at 2K when cooled at a rate of 40 -~ 50K/min from

= 70K. By cooiing\at a faster rate = 70 K/min from ‘30K, the

reflectance in the R-state and Q-state,both at 2K, show a
1

+

N —_
difference in the position of the edge (at 29 cm and 27

cm l) that we associate with anion disorder (Fig. 3.21).
The Q-state edge at 2K is similar in position to that ét
temperatures above 24K for the R-state. The conducﬁivity in
Fig.. 3.20 shows an asymmetric peak at 22 cmt with threshold

1

at 20 cm By using the first two terms in equat¥on (3.12)

and also equation (3.13), this peak is identified as a SDW



L}

: r“*// Figure 3.20
N ! )
/—"'\

Reflectance and corrfsponding conductivity of (TMTSF)ZCJ.O4

at 2 K when cooled a a rate of = 40-50 K/min from = 70 K.

The asymmetric peak is identified as being due to single

particle excitations across a SDW gap.

i
/
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Figure 3.21

Reflectance of'(TMTSF)2ClO in the R-state and Q-state,

4
both at 2 K. The Q-state was obtained when cooled at a -
rate of = 70 K/min from 30 K. This shows clearly thét
the shift observed in Fig. 3.4 can belassociated with
anion order/disorder. The—inset illustrates the dis-

1

appearance of the 14 cm — dip in the reflectance at 6.8 K.

/“_'\
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gap with 20, = 20 em™ 2. ‘There are other factors that

) - -
\euggest that the peak is due to single particle excitation
A3 across a SDW gap. It disappears by'7K,'_iqe. above the SDW
transition‘temperature.' This is shown in the inset of Fig.

/"\
3.21 where the thermal reflectanae was taken. It shews an

increase in reflectance for the 14.cm * dip as the tembera-
ture was raised 4o 6. 8K. glso, we did not observe any mag-
netic field dependence of the peak up to 7 k Gauss. The

presence of/a magnetlc field, at most, wrll fllp the spin
over but w1ll neg(affect the SDW gap. -

We now turn to the last of the three compoundsijthe..
‘AsFG salt, in the low frequency end. Fig. 3. 22 lllustrétee

the de rease in 94 (w) as t!’temperature ‘was decreased toQK

ive. As the sample change&fto a SDW state. Thls decrease -

} is not confined to EIIa but vis,also observed in the Ela

dl?@qtlogh Fig. 3. 13. At 2K, two choices in the extrapola-

tion to w =0 were done in the reflectance, Fig. 3.6. The
- -~

\\__’f/”dgttéd line (Fig. 3.22) w ich represents- the extrapolation

to R(w=0) = 94% gives the/correct dc conduct1v1ty Note: -

that the de conductivity is not zero but = 30 (2.cm) ",

},\,- This implies that there is a partial presence of a metallic
N state. At two other temperatures, 14 and 16K, the extrapo-

1ated'dc values agree very well with the measured de conduc-

tivity [88]. :This represents the flret optical observation

, of an extrapolat%pn to the €orrec® dc values as_a function
: s

of temperature for an organic charge transfer salt.

A

w
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Figure 3.22

‘Detailed conducti;ity of (TMTSF)2A5F6 for E||a at the low
frequency end. At the three lower temperatures, the ex-
‘trapolated dc conductivity agrees vegy well with direct
de measuremenﬁs. The dotted line shows the conductivity
with the extrapolation shown in Fig. 3.6. Below = 8 cm"l

the conductivity was obtained by extrapolating the re-

flectance to unity.
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The measured dc value at 30K is much larger than
our extrapolated value; We note that as the temperature
decreases there is a decrease in oscillator strength. If
there is any pipned SDW -mode (as in CDW, refs. 30 and 31)
below our lowest measured frequency = 7 cm_l, then as the
material goes into the SDW state, thetoscillator strength
should redistribute itself at higher frgquencies. In
other words, there should be an increase in oscillator
strength at = 10 cm—l if there is a pinned SDW mode. The
fact that we did not observe any increase qggggsts that
there is no pinned SDW mode.

In Figé. 3.9 and 3.19 we have shown the overall con- -
ductivity spectrum for E||a and Ela respectively. There
does not appear to be any region in Ul(w) which can definite-
ly be associated with a SDW gap. For both polarizations,

there is a curious decrease in 04 (w) below = 62 cm-l;(z 67

3

cm-l in E|a). - Whether this represents a SDW gap is' not
clear. There is no theoretical justification to take this
decrease as a SDW gap. If it is a SDW gap, then there is /

a slight anisotropy in the gap.

c. Effects of Thermal Cycling

Almost all of the results presénted above were ob-
tained from the first cryogenic run. The results from the
first run were reproducible i.e. the samples can be cycled
over the temperature range studied without any visible dif-

ferences in the results. Various effects were observed af-
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ter recycling. A virgin cryséal has é'shiny blacg surface.
After three or four thermal cyclings, the surface has a matte
appearance. Also, tiny'cracks,copld be seen on the surface
under a lower power microscbpe. The cracks were probably

due to stress induced during the cooling process.

In Fig. 3.23 we show the reflectivity and conductivi-
ty of the.ClO4 compound after =5 thermal éycles. Note that
the two peaks in ol(w) are still visible th%ugh reduced in
strength. There is also an increase in diffraction related
structures. We found that by scraping the surface of the

mosaic and then washing it with dichloromethane (CH Clz),

2
we were able to reproduce the results shown in Fig. 3.4.
This suggests that the changes observéd.under repeated ther-
mal cyﬁling are due to impuritiés that diffused into the
surface rathef than due to the cracks. |

The magnetic field effect shown in Fig. 3. 19 was ob-
served during the first cooling and in the R-state. We weré
not able to see the effect after one thermal cycle. 1In the
last ClO4 mosaic studied, the magnetic field dependence was
only observed in the first spectrum. It would appear that
the field effect is not easily reproducible and may explain
why Challener failed to observe this effect [59].

For the SbE6 compound,. two mosai;s M1l and M2 from
the same batch wére.studied. Only the initial cryogenic run

on M1 has the strength of the lines (A, B and C) shown. The

second mosaic M2 which was kept in a dessicator for about



.o Figure 3.23

Angexample of the effect of thermal cycling on a sample of
(TMTSF),C10,. The 7 and 25 cm ! lines are still visible,

though reduced in strength. ' '
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three months prior to measurements gave much weaker A, B
énd C lines¥® Line D however, was unchanged. The level of
reflectance for both meosaics is comparable. For Ela, the
lines were again of different strength (except line D) ;
being strongex in M2 than M1l.

The above observations for the SbF6 material imply
thgt\%ines A, B and C are not simply phonons. It is diffi-
cult to conceive Of phonons being so strongly influenced by
impurities. Our interpretation shows that they are of
collective origin. The probable reason why the lines are
weaker in M1 is that impurities diffused inté the crystals
or that (TM'I‘SF)ZSbF6 may have decomposed.

Thermal cycling did not affect the results shown in
Fig. 3;6 significantly. After four cycles, the same res&lts
.were obtained by taking thermal reflectance i.e. the changes
in reflectance as a function of temperature were not affected
by impurities that may have diffused into the crystal. In
the actual reflectance, diffraction peaks caused by cracks
could be seen. A probable reason for the compound not being
strongly. influenced by thermal cycling is that the compound

is less pure in the first place [80].

-~



- ' CHAPTER 4
SUMMARY AND CONCLUSION

In this chapter, a summary of the results will be
presented. In the metallic state, the resPlts will be dis-
cussed both in terms of fluctuation superconductivity and a-
single,part}cle transport pic£Lre. Suggestions for future
experiments will be given at the end of this chapter.

The first part of.this project involved measuring

the transmission through a grid of (TMTSF)2C10 ¢rystals.

4
This method was used to enhance the absorption in the pre-
sence of a magnetic field and is suitable for measuring the
energy gap of ordinary superconductors. However, there is
a lack of absolute calibration i.e. the changes in ghe con-
ductivity are not known. This technique applied to the
organic compound showed an increése in absorption below
=73,8 meV when a field of 0.2 Tesla was applied. The fre-
gquency region affected by the magnetic field is in agree—'
ment with measurements done using the refiectivigy method.
By Kramers-Kronig transformation of the reflectance,‘.
one can .get cl(m). The metallic state of the materials can
be charaéterized by two lifetimes: To that describes the
lifetime of the zefo frequency mode, and Tp that gives the

frequency dependent relaxation time due to scattering by

phonons. The latter process has a conductivity profile that
/

88
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shows an initial increase as a function of frequency be-
‘fore levelling off at the limiting value of ?L . As each
phonon branch (or interﬁal phonon mode) comespin, thresholds

in cl(m) are observed. This is most pronounced in the AsF

6
sa;t. The calculated values of Tc show that the zerc fre-

quency mode” has an extremely long lifetime (> lo_ll s).

Since Tp is of order 10714 - 10713 S, the Hdlsteih process
occurs in the relaxation region of the zero frequeﬁcy mode.
The strength of the e-p coupling for the three compounds is
between 0.5 -0.95; the Highest value is for the ClO4 salt.
These.values are very reasonable and support the Holstein
mechaniqm. ~

The low conductivity in the 10 —100.cm"l.region shows
that the dc conductivity cannot be described by a single
particle traqsport model (Drude's méchanism). This model
has a w_z dependence in Ul(w) for wt >1 and in the 10 - 100
cm region would show a decrease instead of an increase (as
our results indicate) as a function ©of f}equency. Thus,, a
single particle transport picture cannot gdequately account
for the huge dc conductivity.

As pointed out in Section 1.3, o.(w) for FSC would

1
be characteriged by low conductivity inside the pseudo-gap
after which it would rise sharply to a normal metal.res-
ponse. For the ClO4 salt at 2K, ol(w) does' have this charac-
ter and, together with the magnetic field depepdence, would

4

suggest the existence of FSC. However, detailed temperature

’
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dependence studies of Ul(w) indicate that Fhe low conduc-
tivity at 30 crn_l does not tie in with a pseudo-gap. Aas

the temperature is increased, the pseudo-gap would be filled
in. This would give a corresponding increaégTEh conductivity
in the low frequency end. Our results did not show a fil—
ling in of the gap up to 58K, far aLove the fluctuation
temperature. Moreover, in the Holstein process with a
sﬁperconducting gap, the thresholds in Ol(w) would be
shifted up by the value 6f the energy gap 24, when compared
to the normal state [89]. No such shifts were observed in
our results.

Our results strongly indicate the existence of a
collective (or zero frequency) mode that is responsible for
the high dc conductivity. We were not able to identify the
mechanism responsible for this mode. This mode is neces-
sary to account for the high measured'dc conductivity. We
estimate the half-width for the two centrosymmetric com-
pounds to be = (0.3 cm-l while that for tﬁe ClO4 salt is al-
most two orders of magnitude smaller. The effective mass,
M*, of the mode is 250 -650 m*. |

In the SDW state, the results for the three compounds
appeaf diverse. The ClO4 salt in the Q-state gives a clear
‘threshold at 20 cm™t in ol(w) and an asymetric peak. This

threshold is identified as the SDW gap. For the SbF, salt,

6
sharp phase phonons can be observed. . This represents the
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first observation of phase phonons in the SDW state. The
SDW gap in this compound is = 180 cm L. The AsF, salt, on
the other hand, did not show any identifiable SDW gap. The 1/
zZero frequenégfmode appears to freeze out as the compound
goes into.the SDW state.

These éhree compounds do not show a well formed SDW
gap. For example, in the SbF6 salt the conductivity below

the gap is not zero. This indicates the coexistence of a

SDW state and metallic state.

Y

4.1 Suggestions for Future Experiments

The ClO4 salt is fhe most interesting of the (TMTSF)zx
compounds. !}t undergoes a transition to é superconducting
state in the R-state under ambient pressure, the first or-
ganic material to show such behaVi@ur. The extremely narrow .
zero frequency mode that is responsible fof the high dc
conductivity deserves further study.

There are two possible ways to broaden the half-width
of the zero frequency mode: one, radiation damage on the
sample reduces the dc conduc£ivity considerably, and two,
doping with known amounts of impurities e.g. (TMTSF)Z(C1Q4)¥
(Re04)l_xa; Both of these methods should incrgase the scat—
fering rate. If the mode is due to single particle trans-
port, then the mode wouldaBroaden with the same amount 6f

oscillator strength. It would then become accessible to

v
far-infrared spectroscopy. On the other hand, a collective
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mode may beceme pinned at a finite frequency or disappear

by transferring i¥s oscillator strength”t% higher frequen-
cies [85]. Thus, by doping (or radiation damage) one can
make a more detailed study of the zero frequency mode. In
addition, as impurity scattering becomes more dominant,
the Holstein process would be washed out. .The resulting

conductivity would show an increase in the low frequency

end.

-
.

Within the organic materials, a new group ¢f compounds
bis-(ethylenedithiolo) tetrathiafulvalene (BEDT-TTF) :X whére
X is a similar group of radical anions also bécome super-
conducting although under pressure [90]. One of the com-
pounds, (BEDT—TTF)4(ReO4)2, has a MI transition at élK.
It would be interesting to do a parallel study on these )
compounds to study the mechanisms for transport and to

see whether a zero frequency mode exists in these compounds.

Q -
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APPENDIX
' : _ -1
Energy 1 meV = B8.066 cm
Temperature 1 K = 0.695 cm * \,/
1

Scattering half-width T' (em ) = f/t

= 5309.2/115 where T.. is in

‘15
units of 1071 s
Conductivity 1 (R.cm) ! = 4.78 em™t
Resistivity 1 uQ.cm 5 % « 10717 71
Wavenumber ) 1 em L = 29.98 GHz
. = 1.884 x lOll rad/s
Boltzmann's constant. ‘kB = B.617 x 10_2 meV/K
¥
\
— ] . <5~1
93 k
vt i +
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