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Abstract

Scanning Tunneling Microscopy and X-ray Diffraction of
Charge Density Wave Materials
/s
and

the Rubidium Isotope Effect in Superconducting Rb3Cgo

by
Brian D. Burk
Doctor of Philosophy in Physics
University of California at Berkeley

Professor Alex Zettl, Chair

We image the surfaces of Kg.3MoO3 and Rby 3MoO3 with scanning tunneling
microscopy (STM) above and below the charge density wave (CDW) transition
temperature (Tp). Surprisingly, below Tp real space and Fourier transformed images
show no evidence of CDW modulation, suggesting a relatvely small CDW amplitude at
the sample surface. Furthermore, the lattice images that we obtained below Ty are
unaffected by the sliding of the CDW.

With STM and x-ray diffraction we investigate the CDW domain structure of 1T-
TaS» in the nearly commensurate (NC), triclinic (T), and incommensurate (I) phases.
Fourier transformed STM images of the NC phase show fine satellite structure
surrounding CDW peaks. The satellite structure confirms that the apparent domain-like
modulation seen in real space images results from a true domain structure rather than
from a moiré pattern. STM images of the T phase indicate a surface striped domain

pattern that is contrary to the previously reported stretched-honeycomb domain structure
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for the crystal bulk. In the T phase our x-ray diffraction measurements of CDW wave
vectors and examination of fine satellite structure surrounding CDW peaks conclusively
demonstrate that the bulk domain pattern is striped. We find that the bulk and surface
domain structures are identical. X-ray diffraction of the I phase reveals weak satellites
near CDW peaks. The satellite structure indicates a short wavelength, periodic amplitude
and phase modulation of the CDW .in a case where the CDW is far from
commensurability.

We measure the resistive superconducting transition temperatare in Cgo single
crystals intercalated with isotopically pure 87Rb and 85Rb and with natural abundance
rubidium. We ob:ain a rubidium isotope effect exponent of trp = -0.028 £ 0.036, a
result which implies that the Rb-Cgp optic phonons play at most a minor role in the

pairing mechanism of RbaCgp.
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Chapter 1

Introduction and motivation

1.1 Organizaton of thesis

The majority of the work described in this thesis consists of a series of scanning
tunmeding microscopy (STM) and x-ray diffraction investigations of charge density wave
(CDW} structure in the blue bronzes and 1T-TaS;. Chapter 2 serves as a general
introdaction to the STM work found in chapters 3, 5, 6, and 7. In chapter 2 we briefly
surmmarize STM tunneling theory and then state the elements of our STM experimental
procedure that are common to all of our investigations. In chapter 3 we investigate the
CDW in blue bronze with STM. Chapter 4 describes the crystal and CDW structure in
1T-TaS5, summarizes the McMillan theory of CDW domains!, and introduces imporant
concepts in applying STM and x-ray diffraction to CDW domain study. Chapter 4
provides the background for the investigations of CDW domain structure in 1T-TaS;
presented in chapters 5, 6, and 7. Finally, chapter 8 stands apart from the other chapters.

In chapter 8 we present a determination of the rubidium isotope effect in superconducting

Rb3Csp.

1.2 STM of blue bronze

Qur motivation for the STM study of the blue bronzes was two fold. First, STM
probes only the surface states and so can detect whether the outer most sample layer
supports a CDW. Since the alkali intercalant atoms that donate electrons to the
conduction band are possibly distributed differcnﬁy on the surface layer than in the bulk,
the surface layer might not support a CDW. Grazing incidence x-ray diffraction has
shown that the CD'W propagates to within 20 A of the surface?. However, no attempts to
observe the CDW on the surface in blue bronze by STM were reported when we began

our effort to see whether the CDW propagates to the surface. Second, if the surface were
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found to support a CDW, blue bronze would provide an excellent system in which to use
STM to observe directly the CDW depinning as voltage across the sample is swept
through the CDW conduction threshold voltage., There have been suggestions that a
CDW might be pinned strongly at the sample surface> and therefore exhibit a different
voltage threshold for CDW conduction/than the bulk. In principle STM could settle this
issue conclusively, thus making an important contribution to understanding CDW

dynamics near surfaces.

1.3 - i ion main in1T-T
The notion of competing periodicities finds application to many physical systems,
including solid-solid interfaces, defect structure, ferroelecu'ics(’, adsorbate monolayers on

7. mass density waves in intercalated graphite compoundsg, and

semiconductor surfaces
CDWSs”. In the case of CDWs, the periodicity of the density wave is in general dictated
by the details of the Fermi surface of the host material and unrelated to the underlying
latdce soucture. CDW-lattice interactions caﬁ, however, modify the CDW structure’.

The layered compound 1T-TaS3 is a two-dimensional conductor which supports a
rich spectrum of CDW phaseslo‘“. We investigate the effect of CDW-lattice interactions
on the nearly commensurate (NC), triclinic (T), and incommensurate (I) phases. For the
NC phase Nakanishi and Shiba have predicted12'14 that the CDW-lattice interaction
distorts the CDW into a periodically modulated domain structure. The motivation for our
STM study of the NC phase was to compare their theory to the domain structure seen by
STM on the surface and to provide confirmation of the model independent of the data
upon which it was based. For the T and I phases there is no detailed theoretical treatment
analogous to the Nakanishi and Shiba theory for the NC phase. Our motivation for
investigating these phases was to see whether the CDW-lattice interaction produced

domain-like modulation of the CDW in the T and I phases as well. Additonally inthe T

phase we check how closely surface and bulk CDW structures agree in order to determine
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whether the abrupt termination of the crystal lattice at the surface causes a serious
perturbation to the CDW. Qur work tests whether the CDW-lattice interaction breaks the
translational invariance of the incommensurate CDW in the I phase where the CDW is far

from commensurability.

1.4 idium i ffectin R
The A3Cg¢0 (A = K, Rb) compounds are an exciting new group of
superconductors with relatively high transition temperatures. Several superconducting

13.16 354 various phonon”‘m

mechanisms have been proposed including electronic
models. Determination of the isotope effect can severely constrain the range of viable
models. All but one of the isotope effect experiments prior to our work measured the
carbon isotope effect?>27. While carbon phonon modes would seem to be the most
likely mechanism, a careful determination of the rubidium isotope effect would provide a
direct measure of any contribution by rubidium-Ceo phonon modes. The large
experimental uncertainty of the only rubidium isotope effect measurement® prior to our
work led to only weak constraints on viable models. Our goal was to measure the
rubidium isotope effect with sufficient accuracy to distinguish between phonon

mechanisms incorporating carbon modes only and phonon mechanisms with significant

coupling to both carbon modes and rubidium-Cg modes.
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Chapter 2
STM background

2.1  Infroduction

In the work that we describg in chapters 3, 5, 6, and 7, we use STM to
investigate CDW materials. Here we provide a brief summary of STM tunneling theory.
Also we describe the STM head and variable temperature operation. The experimental
procedure for the STM operation is essentially identical in the work described in chaprers
3,5, 6, and 7, and we state it here. Finally we explain the apodization of STM images
before Fourier transformation that is applied repeatedly in chapters 3, 5, 6, and 7. As we
discuss in the following section, STM probes electronic structure of sample states with
energy near the Fermi energyl’z. This property of STM makes it ideally suited to CDW
electronic structure investigationS.

When a normal metal undergoes a CDW transition, an energy gap is introduced
into the electronic states of the conduction band, and states with wave vector kg and -kp
are mixed to produce a CDW modulation with wave vector 2kg where kg is the Fermi
wave vector”. An STM tip at negative bias voltage, Vpias, With respect to a COW sample
will allow electrons to tunnel from the tip into the unoccupied states below the gap.

These states just below the gap are precisely the states which exhibit most strongly the

2krp CDW modulation®.

2.2 STM theory

We summarize briefly Tersoff and Hamann's!"? simple STM tunneling theory so
that we may explain how to interpret current and topographic STM images. Tersoff and
Hamann begin their analysis with the Bardeen tunneling formula®. To evaluate the
formula one requires only the wave functions of the tip and surface, ¥y, and ¥y, and the

eigenenergies of the states | and v, E; and Ey. Tersoff and Hamann evaluate the
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tunneling formula for an “ideal” tip. The tip contains only a single state, i1, and that state
is far more localized than the length scale of variations in ¥y. Furthermore the potential
of the tip is localized so that it does not perturb the surface. For this ideal tip, the tip

properties can be taken out of the problem, and they find for the tunneling current

1) & IWfF.  Ep<By<Ep +elViiad , (Voias negative), (2.1)

where I(r} is the tunnel current, W,/(r) is the surface wave function at energy Ey, evaluated
at the tip position, r, and Eg is the Fermi energy of the sample. Only sample states with
energy between Er and Ef + elVy,;,4) contribute to the tunnel current. This result is based
upon several oversimplifications but provides a qualitative understanding of the STM
tunnel current.

In the fast scan (current) mode, the STM tip is scanned rapidly across the surface.
Only the time averaged current is maintained at the bias current set point by controlling
tip-samygfe separation. The instantaneous current fluctuates with tip position, r, in
accordame with Eq. (2.1). The STM current image is a gray scale depiction of I(r).
When ercupied, 'y (r)I2 is the contribution of the state v to the electron density. Thus
the current image is a direct map of electron density for the subset of electron states with
energiesthat lie berween Ep and Ep + € Wpige i,

i the slow scan (topographic) mode, the STM tip is scanned over the surface
slowly s that the feedback electronics maintain the instantaneous tunnel current at the
bias curent set point. This is achieved by controlling the tip displacement normal to the
samplesurface as the tip is scanned across the sa;rnple. The topographic image is a gray
scale dpiction of tp displacement normal to the sample surface, z, as a function of r.
For g current image we have given a simple physical interpretation, but the

interpetation of the topographic image is more complicated. What physical quantity does



the topographic image gray scale represent if one images a flat material (i.e. all the nuclei
of the surface atoms lie in a plane)?
Tersoff® has shown how to make a qualitative interpretation if one makes the

assumption that sample surface states take the form
s

¥, = }5. a(k,Glexp [i (k + Gixlexp (~052) (2.2)

where ag = 092 + (k + G)2]1/2, ag = (2mé/h2)1/2 and ¢ is the work function, G is a
surface plane reciprocal lattice vector, x is a vector in the surface plane, and z is distance
from the surface. In Eq. (2.2) surface states are assumed to decay exponentially with
distance from the surface, and the high frequency components of ¥y decay more rapidly.
Thus imaging the surface at large z is equivalent to low pass filtering an image acquired at
small z. This true for both current and topographic images.

Topographic images acquired at large z and small Vpjas may be simply
interpreted. Small Vpias means only surface states Wy with k on the Fermi surface are
important, and large z means only the lowest frequency components of Eq. (2.2) must

be retained. Thus

Py p = alkp.0)exp [i (kg)xexp (-0 2] (2.3)

where oxp = (02 + kp2)1/2, If we assume kgl is constant over the Fermi surface or

small compared to 0, then substituting Eq. (2.3) into Eq. (2.1) yields
I(r) = exp (—2ak,r_z)£: e ) (2.4)
F

Equation (2.4) is valid for both current and topographic images. Topographic images are

obtained at a fixed tunnel current, L. Solving Eq. (2.4) for z(x) yields
8



Ax) =z, +2—1a- m{%"—)] (2.5)

(8]

where I(x) is the tunnel current one would obtain for a current image at set point current
Io which would result in tip height z,. Thus, at large z and small Vbias, the topographic
image is equal to the logarithm of the current image. The topographic image gray scale
reflects the logarithm of the charge densiry at the Fermi energy, for a flat sample. No
simple interpretation of topographic images of flat samples is possible for images
acquired at small z or large Vpias.

The preceding discussion is based on Eq. (2.1), but Eq. (2.1) seems to imply
that tunneling should not occur between a tip and a CDW material at small Vhias.
According to Eq. (2.1) the range of sample states accessible to the STM is from ErtoEp
+ €lVpias! for Vpias < 0. Typically, [Vpjas! = 10 mV when one is imaging CDW
sa:npleé'?“, but the CDW energy gap is typically about 100 meV*!! so that electronic
states occur about 50 meV below and above Eg. It should be noted, however, that Eq.
(2.1)isa T =0 K result. Finite temperature allows tunneling of electrons from the tip
into CDW states, Ey, outside the range Ef < Ey < Ep + ¢/Vpias! by producing some
unoccagied states just below the gap and occupied states just above the gap, and the STM

tunnel current reflects the spatial variation of those states.

The STM we use is of conventional design using a piezo-electric tube scanner,
and the computer control, data acquisition, and feedback control loop are described
elsewkere!® 1. In all but one way the STM head we use is also of conventional
mechawzal design. The STM head cons{sts of two metal plates separated by adjustment
screms that are threaded through one of the plates (see Fig. 2.1). The tip is attached to

oneafitiie plates and the sample is attached to the other. The coarse approach of the tip is
5



FIG. 2.1 Drawing of the STM head. Two screws in front are used for manual
coarse approach of tip to sample. Screw in back is used for computer
controlled final approach. (Figure provided by Ruth Thomson.)
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performed manually by adjusting the two screws in the front of the STM seen in Fig.
2.1. The final approach is performed by computer control of an electric motor which
turns the screw seen in the back of Fig. 2.1 until a tunnel current is detected. The design
and operation of the STM head is described in greater detail elsewhere!>16,

The unique feature of our STM head is that the metal plates are made of Invar.
Invar is & special alloy with an exceptionally low coefficient of thermal expansion. The
low thermal expansion produces low thermal drift of the tip with respect to the sample.
This pmspef{y is extremely important for the performance of the variable temperature
system described below. In order to obtain high quality STM images, the drift must be
made a Iow as possible. At T = 143 K, the temperature control system allows a
temperamure drift rate of about 3 K/hr. For an earlier aluminum plate STM head we
typicaily found a tip-sample distance drift of 3 A/mK at T = 143 K which corresponds to
a tip-sample distance drift rate of about 3 A/s in the temperature control system. With the
Invar plates we found a drift of less than 0.5 A/s.

The Invar STM head displayed superior performance at room temperature as well,
despite the nominally constant ambient temperature that one might expect to make the
thermulgoefficient of the plates irrelevant. Because the STM head is warm from handlin g
as the mmple is mounted, thermal drift can be a problem until the head has come to
thermeed equilibrium with the room. Usually twenty minutes were required for thermal
gradiens to relax sufficiently in the alurminum head so that high quality images could be
obtsimad. With the Invar head, we obtain high quality images with no waiting time.

We also built an STM head with copper plates. In both the temperature contro)
systemt:and in air at room temperature, the copper head displayed drift characteristics
supsior-to those of the aluminum head by a factor of two. While Invar should be
supemarto copper as an STM head material in most circumstances, Invar is a magnetic

matrizl’ If one requires STM operation in a magnetic field and therefore cannot use
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Invar, then copper should perform somewhat better than aluminum at higher temperatures
where thermal expansion can be a problem.

As an aside, we describe a modification to our STM head which allowed us to use
the STM as a small displacement sensc/;;. Our goal was to measure the change in length
of an 0-Ta83 crystal as the voltage across the sample was swept through the threshold
voltage for CDW conduction!”. We expected a length change of 2 A in a needle-like
sample that was 10 mm in length. In Fig. 2.2 we show a schematic of the modified
STM head. We mount the sample in a "C" shaped holder where the top arm of the holder
is a weak spring. The sample is mounted under tension, and the spring contains a small
piece of freshly cleaved graphite above the sample-spring junction. The holder 1s
fastened to the sample stage of the STM, and the three screws are adjusted to provide
clearance for the holder. The STM tip is brought near the graphite manually, then under
computer control the tip is brought into tunneling range of the graphite, and the STM is
operated in topographic mode without lateral scanning. Thus as the sample changes
length the graphite moves, and the tip follows resulting in a z displacement detected by
the STM. With this technique we were able to resolve length changes of about 0.5 A and
measure length changes of 200 A. In principle the axial extension range of the piezo-
electric tube scanner would allow measurement of a length change as large as a few tenths

of a micron.

2.4  Experimental u

Nearly all our STM images are acquired in the fast scan, i.e. current imaging
mode rather than in the topographic mode, and the reader should assume any image
presented later is a current image unless stated otherwise. We choose the current mode
because interpretation of current images as a direct map of the electronic density at the
Fermi energy is straightforward. Also on the pragmatic side our STM operates with

lower noise in the current mode than in the topographic mode. Usually images were
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FIG. 2.2 STM head modified to detect small displacements
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obtained with set point currents between 1 nA and 5 nA and bias voltages between -1 mV
and -100 mV. Generally the highest resolution images were obtained with higher
currents and lower bias voltages i.e. smaller tunneliné resistance and therefore smaller
tip-sample separation. This observatio/rfl is consistent with the discussion in section 2.2
where we noted that imaging at large z is equivalent to low pass filtering an image
acquired at small z.

We cleave our samples under hexadecane oil or in air before mounting on the
STM head. Especially for blue bronze, the oil offers some protection from surface
contamination. 1T-TaS2 has a very inert surface, and the benefit of cleaving it under oil
is marginal. We have tried cleaving samples under other oils such as decane and silicone
based diffusion pump oil and the results are essentially the same as for hexadecane.
Hexadecane is somewhat superior to decane because it evaporates more slowly thus
allowing samples to be mounted on the STM head in air for a longer period.

Our wnneling tips our made from 1 mm diameter Pt-20%Rh wire. The tip is
made by squeezing the wire with a pair of wire cutters until the wire is almost but not
completely cut. Then pulling between the wire cutters and a segment of wire finishes the
separation by tearing the squeezed portion. Occasionally the tearing process exposes
clean Pt-Rh and makes a good tp.

Vibration isolation is accomplished in three ways. First, the STM 1s located two
stories below ground level on the bottom floor of a building to keep low frequency
building vibrations to a minimum. Second, a bell jar covers the STM head and support
structure to provide acoustic isolation. Third, the STM is placed on a 70 Kg granite
block supported by air jacks to isolate it from floor vibrations.

We operate our STM at temperatures ranging from 75 K to 360 K. In Fig. 2.3
we show a schematic of the temperature control system. We stabilize the STM head at
the desired temperature in a temperature bath. We place the STM head inside a copper

can either filled with liquid or evacuated. The liquid serves as an efficient thermal coupler
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FIG. 223 Schematic of STM temperature control system (Figure provided by Ruth

Thomson)
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to the copper can and protects the sample surface from any air in the can. The copper can
is then immersed in a liquid inside the dewar. The bath provides a stable temperature,
and the STM head temperature approaches the bath tcr;lperature to within about 0.5 K in
45 minutes. y

If the desired temperature is near the boiling point of liquid nitrogen, then we
pour liquid nitrogen directly into the dewar and place the evacuated copper can in the
dewar with the boiling liquid nitrogen. After the can has cooled, the bell jar is partially
evacuated to lower the boiling point of the liquid nitrogen. Then the bell jar is vented to
atmospheric pressure, and the nitrogen stops boiling because it is cooler than 77 K. This
provides approximately twenty minutes before the nitrogen warms, begins to boil, and
causes vibrations which make STM operation impossible.

If the desired temperature is between the freezing point of n-pentane ( 143 K) and
room temperature, then we fill the copper can with n-pentane. The n-pentane dissolves
hexadecane from the sample surface if the sample has been cleaved under hexadecane.
The liquid bath is cooled to its freezin g point by passing liquid nitrogen through the
cooling/heating coil. Nitrogen flow is stopped, and a small amount of the cryogenic
liquid is left unfrozen. For the cryogenic liquid we use n-pentane to stabilize at T = 143
K, n-octane to stabilize at T' = 215 K, and water to stabilize at 273 K. These cryogenic
baths typically produced nearly an hour of small temperature drift near the freezing point.

If the desired temperature is above room temperature, then we fill the copper can
with hexadecane. The dewar is filled with mechanical pump oil, and an electrical heater
tape is placed in the bottom of the dewar. The pump oil is raised to the desired
temperature by applying a fixed voltage to the heater tape without feedback from the oil
temperature sensor. The STM head temperature stabilizes in about two hours and thermal

drifts are tolerable but not as small as drifts for the cryogenic liquid-solid mixtures, '
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2.5 ization of im

In our investigations of CDW structure in blue bronze and in 1T-TaS; we will need to
- search Fourier transformed STM images for peaks. In some instances the peaks we seek
may be weak and located near stronger peaks. Unfortunately, these stronger peaks can
obscure weak peaks. The effect arises from the abrupt real space image boundaries
which produces streaking of peaks in Fourier transforms as demonstrated in Figs. 2.4(a)
and 2.4(b). The computer simulated real space image in Fig. 2.4(a) contains 24 Fourier
components with nearly the same wave vector magnitude (and incidentally also some
much higher frequency Fourier components). However it is difficult to see all the
Fourier peaks in Fig. 2.4(b). The solution to this problem is to apodize the real space
image as shown in Fig. 2.4(c). Then all the Fourier components are easily seen in the
Fourier wansform shown in Fig. 2.4(d). The apodization window applied to the image
in Fig. 2.4(a) to produce the image in Fig. 2.4(c) is a half sine wave. We have tried a
variety of apodization windows including a full sine wave, a sinc function, a triangular
window, and various exponential windows. We believe that the half sine wave produces

the best compromise between compact but wide peaks and narrow but streaked peaks.
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FIG. 2.4

(a) Computer generated image (unapodized) of 1T-TaS in the NC phase
(b) Fourier transform of (a) showing bright streaks due to image edges.
(c) Same image shown in (a) after application of the apodization window.
(d) Fourier transform of (c). Satellite spots are now more clearly visible.
(Figure provided by Ruth Thomson)
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Chapter 3

Scanning tunneling microscopy of the blue bronzes (Rb,K)o.3M003

3.1  Introduction P

The initial success in applying STM to the study of CDW materials was achieved
with a layered dichalcogenidez. The dichalcogenides’ quasi two-dimensional crystal and
electronic structure allowed broad freshly cleaved and inert (clean) surfaces to be easily
prepared, making them ideal STM specimens. While the dichalcogenides display many
interesting static CDW properties, none of them exhibit a Frohlich mode sliding CDW,
and therefore lack the interesting dynamics of the electronically quasi one-dimensional
CDW materials. In principle, it is possible to use an STM not only to study the static
CDW!3, but also to investigate the CDW dynamics. For example, the Frohlich-mode
sliding CDW induced by a bias electric field should be accessible to a STM, provided that
the surface CDW is not pinned excessively strongly. Surface pinning effects might cause
the surface CDW to depin at a different bias field from that of the bulk. Therefore it
would be interesting to image the surface CDW as the bias voltage across the sample is
swept through the bulk threshold field for CDW conduction to see whether the surface
CDW depins as well.

There are only a few systems known to show Frohlich conductivity at reasonably
low electric fields. These include (TaSes)2l, (NbSes) 103, NbSes, TaS3 and the two blue
bronzes Kp,3Mo03 and Rbg 3MoOs. The transition-metal trichalcogenides NbSes and
TaS3 grow in needle-like crystals typically less than 100 um in diameter, making them
difficult to use as STM specimens. We attempted to image over 60 o-TaS3 samples with
very limited success both at room temperature and below the CDW transition
temperature. Often attempts failed because the STM tip failed to be properly aimed at the
sample. Nearly all images obtained when the tip did reach the sample were of suct-l low

quality that one could rarely discern the chain structure of 0-TaS3. In a few instances we
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were able to see the chain structure and hints of atomic structure. However even our very
best images were of such low quality that our failure to see the CDW in the low
temperature runs is not surprising. A likely explanation for the imaging problems is
surface contamination caused by the silver paint used to make electrical contact to the
sample or the Stycast epoxy used to hold the sample in place. Both substances appear to
wick into the strands of the 0-TaS3 samples and coat the surface. Dry clamped samples
had a tendency to be deformed or deflected by the tip resulting in highly distorted images.
The halogenated transition-metal tetrachalcogenides (TaSeq),T and (NbSe4)10/31 have
quasi-two-dimensional crystal structure and are therefore candidates for STM studies, but
their rapid oxidation complicates surface studies. The blue bronzes, on the other hand,
form large cleavable crystals that are relatively inert, making them practical specimens for
STM experiments.

Before this work, two groups4’5 have published STM images of blue bronze at
room temperature which is above the CDW transition temperature, Tp =180 K. We have
attempied to image the CDW in blue bronze at temperatures below Tp. Although we
obtained images displaying the lattice structure at 295, 143, and 77 K, we were unable to
find evidence for the CDW. In this chapter we relate the surface lattice structure to the
bulk, describe the surface CDW structure that we expect from x-ray diffraction and
neutrem-scattering results, and discuss possible reasons why we did not observe the

CDW iz our STM images.

3.2 Grystal structure and the CDW in blye bronze

The blue bronzes, My MoO3 (0.24 <x <03, M = Na, K, Rb), crystallize into
the menoclinic C 2/m structure with ag = 18.25 A (18.94 A), b, = 7.560 A (7.560 A),
Co = 9855 A (10.040 A), and y = 117.52‘ (118.83°) with 20 formula units per unit cell
for KyaMoO3 (Rbg,3M003)6’7. These compounds form a layered structure with sheets

of digwried MoOg octahedra (corner shared) separated by, but also held together by, the
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alkali-metal atoms. These sheets are composed of units of ten octahedra, eight of which
share edges to form a zig-zag chain in the [102] direction. The extra two octahedra,
referred to as the "hump” octahcdrag, share an adjoining edge with two of the chain
octahedra, displacing them slightly fro/gn the line of the chain octahedra. These units of
ten octahedra in turn share corners of the chain octahedra of adjoining unit cells to form
infinite Mo-O sheets parallel to the b and [102] plane.

Because the bonds between the sheets are weak, the crystals are easily cleaved
parallel to the b and [102] plane. For concentrations of x < 0.3 the blue bronzes are
nonstoichiometric because not all of the interstitial (interlayer) positions are occupied by
the M atoms. For x = 1/3 the neighboring phase of semiconducting red bronze is
formed.

Below Tp = 180 K an incommensurate CDW is formed in the blue bronzes. This
creates a gap in the conduction band and therefore gives rise to semiconducting behavior
below Tpg. The phase transition affects nearly all microscopic and macroscopic
quantities measured below Tp. A CDW in blue bronze was postulated by Travaglini et
al.10 in 1981 and was subsequently confirmed by nonlinear electronic transport
measurements’! and by measurement of a Kohn anomaly in the molybdenum-oxygen
octahedra along the b* direction*?13, From x-ray diffraction and neutron-scattering

dataiz’m’ls , the CDW wave vectors are known to be,
qpw =+0b" +0.5¢* , (3.1

where 8 = 0.737 (0.74) for Ko 3MoO3 (Rby 3Mo0O3). From Eq. (3.1) we calculate the
projection of the CDW translation vectors onto the cleavage plane in Appendix A. We
find that the magnitudes of the two in-plane CDW translation vectors are 10.2 and E%.l A
with an angle between them of 62.6°. Fleming et al. have suggested that below T = 100

K the CDW undergoes an incommensurate-commensurate phase transition'¥, althou gh
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the occurrence of such a "lock-in" transition is still controversial. The threshold field for
depinning the CDW, ET, varies from 50 to over 250 mV/em for T > 25 K16,

The structural and ransport properties of Ko 3MoO3 and Rbg.3MoO3 are very
similar above and below Tp, which is identical in the two materials. The STM images of
the two types of blue bronze are also nearly identical. Thus all results described for

K0.3Mo03 in the following discussion also apply to Rbg 3sMoQs.

3.3 xperi I

Most images were recorded in the current mode, each image being acquired in
about L5 s. We obtained images above the transition at 295 K, in the incommensurate
phase at 143 K (using a pentane ice bath}), and in the proposed commensurate phase at 77
K. Inaddition we imaged Ko 3MoOj3 below Ty, with an electric field across the sample.

Wee prepared single crystals of both K and Rb blue bronze for the microscope by
evaporang three indium contacts onto the crystals before mounting them on copper
sampledalders with stycast epoxy (Fig. 3.1). One contact on the center of the rear side
of the amgstal was used for the tunnelin g bias voltage. The other two contacts on each
end o fhe top side of the crystal enabled us to apply the electric field necessary to induce
Frohlicheonductivity at low temperatures. We scored the crystal with a razor blade
beforedbaving it with tape; the epoxy protected the contacts durin g the cleaving process.

fnitial test runs with samples cleaved in air did not produce images with atomic
reschigion. We attributed this to surface contamination and subsequently worked with
sampés-either cleaved and handled in clean N2 gas or cleaved under hexadecane. In the
latterzase,. images at room temperature were obtained with the hexadecane remaining on
the safice. We obtained low temperature images by dissolving the hexadecane in
pente-and working in a bath of pentane at its melting point (143 K). These cleaner

e
sarpjeis-yielded images with lattice resolution at all three temperatures (see Figs. 3.2-
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FIG. 3.1 Schematic of the sample mounted for the STM. The stycast epoxy
protects the evaporated indium contacts while the sample is cleaved with
tape. (Figure provided by Ruth Thomson)
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3.4).

Figure 3.2 is an example of the images we obtained at room temperature. The
clear pemodic structure in this image reflects the periodicity of the thomboid unit cell of
. blue bremze. An analysis of 14 images taken at 295 K (from nine samples) yields values
of nearst-neighbor distances of 7.4 £ 0.3 and 10.4 £ 0.4 A and an angle between the
two neaest-neighbor directions of 68° £ 3°. Our calculations from x-ray diffraction data
on Ko 3MoO3 yield a surface unit cell with crystal lattice translation vectors of 7.56 A in
the b dizection and 10.56 A in the {112] direction. The angle between these two lattice
vectors % 69°. Thus, within our experimental uncertainty, the structure observed in the
STM imuges agrees with the calculated crystal surface lattice translation vectors with
regard teboth the lattice constants and the angle.

Fsgures 3.3 and 3.4 are images of the sample in the proposed commensurate
phase (7# K} and in the incommensurate phase (143 K), respectively. (Figure 3.4 is the
only imsge shown in this chapter that was taken in the topographic mode and took about
30 s to asquire.) Comparing either figure with Fig. 3.2, we conclude that we are again
imagingmerely the surface lattice unit cell with no evidence of the CDW. An analysis of
seven immges (from five samples) taken at 77 and 143 K yielded lattice constants of 7.3
0.6 and 17 £ 0.4 A and an angle of 68° + 4°. These lengths agree with the distances
and angle given for the atomic lattice but do not agree with those calculated for the CDW
in the clesvage plane. There is no indication of any superstructure we could attribute to
the CDW.

I another attempt to find evidence of the CDW, we Fourier transformed our
images asshown, for example, in Fig. 3.5(a), which is a Fourier ransform of Fig. 3.4.
For comgarison, in Fig. 3.5(b) we display a Fourier transform model showing the
position sfthe peaks for the atomic lattice a{nd the CDW calculated from x-ray diffraction
and neutmn-scattering datglz’m'ls. A careful examination of Figs. 3.5(a) and 3.5(b)

shows thatthe peaks from our STM image agree well with those calculated for the atomic
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FIG. 3.2 STM image of Kg3MoO3 at 295 K. A single maximum per surface unit

cell is resolved. (Figure provided by Ruth Thomson)
26
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FIG. 3.3 STM image of Kg 3MoQOs jn the proposed commensurate phase at 77K.
The image shows only the periodicity of the surface lattice unit cell and
does not display any structure due to the CDW. (Figure provided by Ruth
‘Thomson) “
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50 A

FIG. 3.4 STM image of Ko 3MoOj3 in the incommensurate phase at 143 K.
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FIG. 3.5 (a) Fourier transform of Fig_ 3.4 showing the atomic lattice peaks. The
two weak peaks nearest the center of the transform are due to 60-Hz noise
on the feedback signal. (b) Schematic showing the calculated positions of
the atomic lattice peaks (closed circles) and the CDW peaks (open circles).
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lattice, but that there are no discernible peaks corresponding to the CDW structure.

In a further attempt to see some signature of the CDW, we applied an
independently grounded voltage of 200 mV to the two side contacts on the top surface of
the crystal to produce an electric field three times the threshold field Et (determined by a
measurement of d I/d V on the same /sarnple). ‘This procedure did not extinguish or
modify the structures observed by the STM at either of the lower temperatures.
Therefore, we conclude that none of our STM images shows any evidence of the CDW

superstructure.

34 Di ion

The inability of our STM to detect a CDW in blue bronze implies that the charge
modulation at the surface is nonexistent or at least too weak to be detected. There appear
to be at least two possible explanations for this observation. The first of these is that the
CDW is attenuated near the surface. It is well known that the characteristics and behavior
of the CDW at the surface can be significantly different from those in the bulk materiall”-
20 In fact, it would be surprising for the CDW to extend unchanged to the surface, since
one expects properties that are known to affect the CDW to be quite different on the
surface from their values in the bulk. These properties include the impurity concentration
and nonstoichiometry of the crystal, as well as the modified electronic structure at the
surface. This last effect is especially important in blue bronze, where we expect that half
of the atkali-metal atoms do not remain at the surface after cieaving21. If all the surface
alkali atoms leave (perhaps by reacting with trace amounts of oxygen or water in the
hexadecane oil), then the Mo-O layer at the surface could have only half the number of
carriers in the conduction band as layers in the bulk have. In this 'casc, if a CDW
occurred at all in the Mo-O layer at the surface, it would certainly have different CDW
wave vectors (since the shape and size of the Fermi surface that the wave vectors would

nest would be drastically different) and possibly a much different transition temperature
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thanthe bulk. Also, several studies have indicated that the pinning mechanisms of CDW
motor may be influenced by surface effects?’1%, such as increased scattering of carriers
by the surface or pinning by defects.

Alternatively, the CDW, as measured by STM, may be weak or absent.on the
surfige because it is concentrated on those Mo-O octahedra that are significantly below
the sarface. Figure 3.6 is a schematic of the structure of blue bronze showing the relative
disglacements (due to the Kohn anomaly) of the atoms in the (010) plane from their
rogmtemperature positions (after Sato et al.u). The top edge of the drawing, which we
referto as the "surface,” is defined by the positions of the alkali-metal ions (closed
cimcies) before the cleaving process. (The fact that these ions may have been removed
duzing cleaving is not relevant to the argurnent, which concerns the relative distances of
the various atoms from the surface.) The Mo atoms closest to the "surface” are 1.8 A
below the "surface” and those that undergo the largest displacements are 3.5 A below the
"surface.” If the CDW is concentrated on the sarne atoms that are displaced due to the
Kohn anomaly, as one would expect, it may be that the greater part of the CDW
modulation is too far below the surface to be detected with STM.

Given our result that the CDW on the surface of blue bronze is either weak or
nongxistent, it is of interest to consider previous work relevant to this problem. In 1990,
Zhu et al.20 reported that the CDW in blue bronze was easily detected by grazing-
incidence x-ray diffraction. In this study, the CDW satellite peak was unchanged at the
shallowest incident angle used, which was calculated to have an x-ray penetration depth
of 20 A corresponding to about 2.5 Mo-O sheets. If our STM fails to image the CDW
because it does not propagate to the surface, then to be consistent with the study of
grazing-incidence x-ray diffraction we have to conclude that the CDW disappears within
the last Mo-O sheet. However, our secopd proposed explanation for our results, that the
CDW is concentrated on the Mo atoms which are too far below the surface for our STM

to image the CDW, is also consistent with the x-ray results.
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FIG. 3.6 Side view of a single unit cell of blue bronze projected onto the plane
perpendicular to the b axis. The "surface” of the crystal (defined by the b
and [102] plane) is along the top of the figure. Closed circles are the K
atoms in the uppermost positions. Open circles are the K atoms 1.2 A
below the "surface." The Mo atoms are at the center of the oxygen
octahedra and the three highest sets lie at levels 1.8, 2.4, and 3.5 A below
the "surface.” The arrows indicate the relative amplitudes and directions
of the displacement of the Mo atoms due to the CDW (after Sato et al.ly

32
NEL 45 - 5,04



Qur failure to detect the CDW appears to contradict the results of Nomura and
Ichimura??, who detected a peak in the frequency spectum of the STM tunneling current
which they attributed to the presence of a sliding CDW on the surface of a sample biased
- above its CDW conduction threshold field. However, these authors were unable to
obtain STM images of either the CDW or the atomic lattice. It is possible that the peak
that they observed in the frequency spectrum was due to a time-varying voltage (i.e.,
narrow band noise) induced across the sample by the sliding CDW. This osciliation
voltage could have modulated the tip-sample bias voltage of the STM, and hence the
tunneling current.

Finally, one might ask what aspect of the atomic lattice the STM images in blue
bronze. The periodicity of the STM images reflects the periodicity of the unit cell of the
material, but one would like to know which part of the unit cell, the K atoms or the Mo-O
octahedra, is being imaged. An inspection of Figs. 3.7 and 3.8 reveals that the
uppermost potassium atoms and the uppermost Mo-O octahedra (the "hump” octahedra of
Ref. 8) both produce lattices with identical unit cell vectors (the known surface lattice
translation vectors), making it impossible to differentiate between them from their
measured periodicities. Since the blue bronzes are generally nonstoichiometric, not all of
the interstitial (interlayer) positions are expected to be occupied by alkali-metal atoms.
Even in a stoichiometric sample, the K ions represented by large closed circles in Fig.
3.7 can not be arranged at the lattice periodicity over the entire surface after cleaving
because , at most, one-half of those ions can remain on the sample surface. Furthermore,
without the planes of Mo-O octahedra on both sides of the K ions to hold them in place,
the surface K ions might migrate from their sample bulk positions. Thus, if we were
imaging the K ions, we would expect a/vcry large number of defects, contrary to our
observations. Therefore, we conclude that the periodic structure in our STM images is
due to the Mo-O octahedra. In this case, we may be imaging just the uppermost "hump”
octahedra (the dark gray octahedra in Fig. 3.8), or, alternatively, each maximum in the
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F1G. 3.7 Positions of K atoms projected onto the b and [102] plane (the cleavage
plane) calculated from x-ray diffraction data. Large closed circles indicate
atoms in this plane. Small open circles indicate atoms 1.2 A below the
plane, and small closed circles indicate atoms 1.2 A above the plane.

(Figure provided by Ruth Thomson)
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FIG. 3.8

Structure of the idealized Mo-O octahedra in the topmost unit cell of the
cleavage plane. The centérs of the "hump" octahedra (the rightmost
octahedron in a shaded group of three) are 1.8 A below the "surface"
defined by the b and [102] plane. The gray octahedra have centers 2.4 A
below the "surface." (Figure provided by Ruth Thomson)
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STM image may correspond to a blurred image of a group of three Mo-O octahedra (both
the dark and light gray octahedra in Fig. 3.8). The latter option was the hypothesis of
Heil et al.# for their room-temperature STM data, and Anselmetti etal.’ concluded that it
was at least consistent with their data.

In summary, we have used our STM to image the atomic lattice in the blue
bronzes above the CDW transition temperature (295 K), in the incommensurate phase
(143 K) and in the proposed commensurate phase (77 K). At all three temperatures the
structure imaged by the STM is consistent with the surface crystal structure of the
uppermost "hump" octahedra. However, we have not seen any evidence for the CDW's
known to exist in these materials at the lower temperatures. The two most likely reasons
for this fact are that either the CDW is attenuated at the surface of the crystal, or that the
CDW is concentrated on the Mo atoms in the Mo-O octahedra that are too far below the

surface to be imaged with our STM.
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Chapter 4
Background for STM and x-ray diffraction of 1T-TaS,

4.1  Introduction

The purpose of this chapter is to introduce facts and concepts that will be used
repeatedly in each of the following three chapters. Chapters 5, 6, and 7 describe our
STM and x-ray diffraction investigations of CDW structure in 1T-TaS;. First we state
some basic facts about the material we studied, 1T-TaS;. Next we discuss STM of 1T-
TaS3. Each of the following three chapters will investigate CDW domain structure and
$o we provide here a brief summary of the theory of CDW domains. Finally, the
investigations described in chapters 6 and 7 rely on x-ray diffraction of CDW materials

and so weintroduce the theory of x-ray diffraction of modulated structures.

4.2 Geyswal structure and CDW structure in the varions CDW phases of 1T-TaS>

Tantalum disulfide is a layered material which forms a number of different
polytypes: defined by the stacking sequence of the layers. In the 1T polytype, the
hexagomal unit cell contains a single three layer sandwich consisting of a middle layer of
Ta atomzoctahedrally coordinated to the two outer layers of S atoms. The atoms within a
singlesmdwich are covalently bonded, while the bonds between sandwiches are van der
Waalskends, allowing the crystals to cleave easily along these planes.

Atall temperatures at which 1'T-TaS3 is stable (T < 543 K), it exhibits a triple
CDW,with three standing waves oriented at 120° to each other (except in the triclinic
phasewitere the hexagonal symmetry is broken). From 543 - 353 K this material 1s in
the imemmensurate (I) phase. In this case the in-layer CDW and lattice translation
vectosiare aligned and the CDW has a 1 wavelength of 3.53 a,, where a, is the lattice
constat:of 3.346 A at 295 K.! When the material is cooled below 353 K it enters the
nealfsocmmensurate (NC) phase. In this phase the CDW is rotated away from the lattice
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[100] by an angle ®. This angle varies with the temperature, changing from about 11° at
350 K to about 13° at 250 K.1'2 In this phase the CDW wavelength may vary slightly
with temperature, but remains incommensurate with the primitive lattice. When the
material is cooled below 183 K, the £DW undergoes another transition entering the
commensurate (C) phase, In this case the CDW is at an angle of 13.9° to {100] and has a
wavelength of 3.606 a,, which makes it fully commensurate with the underlying tantalum
lattice. Figure 4.1 is a schematic of the registration of the CDW on the atomic lattice in
the commensurate phase. When the material is warmed from the commensurate state, it
undergoes a transition at 223 K and enters the triclinic (T) phase. In this configuration,
the CDW loses its hexagonal symmetry. Finally, when the temperature is raised above
283 K, the CDW again returns to the NC phase. The characteristics of each of the phases
of 1T-TaSy are summarized in Table 4.1 and Fig. 4.2. For comparison, examples of

high-resolution STM images taken in each of the four phases are shown in Fig. 4.3.

4.3 8TM of the C phase CDW in 1T-TaS»

To understand the more complicated and interesting NC, T, and I phases
investigated in chapters 5, 6, and 7, it is necessary first to understand the commensurate
structure seen in the commensurate (C) phase at temperatures below 180 K. It is well
known from x-ray studies!-3 that in the C phase the CDW forms a hexagonal superlattice
with a ¥13 x V13 unit cell rotated 13.9° from the atomic lattice. The CDW maxima are
centered on 13 Ta atom clusters arranged on a star-of-David pattern as was shown in Fig.
4.1. Figure 4.4 shows several filtered STM images of 1T-TaS5 taken in the C phase at
143 K. In these images, both the CDW and the underlying atomic lattice are visible.
Moreover, it is evident that the CDW is commensurate with the atomic lattice in these
images because the fine structure of each CDW maximum in an image is virtually
identical to all the other maxima in that image.

In the C phase as well as the other CDW phases we find that the CDW supercell
40 |



FIG. 41 Schematic of the registration of the CDW with the tantalum lattice in the
commensurate (C) phase. Small solid circles represent the Ta atomic
lattice, small open circIcs/ represent the S atoms on the surface, and larger
open circles represent the CDW maxima formed by constructive
interference of the three CDWs oriented at 120° relative to each other.
{Figure provided by Ruth Thomson)
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Phase Temperature ¢ Comments

(K) (Degrees)

Normal T > 543 Né No CDW is known to exist. Difficult
to study because crystal transforms to
2H polytype

I 543 >T >353 0 CDW is incommensurate and is
aligned with the lattice [100]

NC TT283<T<353 11°-13° CDW is incommensurate and rotated

T 353> T> 183 away from the lattice [100]
C TTT<223 13.9° CDW is commensurate
Tl T<183
T TT223<T<283 12°-13° CDW loses hexagonal symmetry.

o e e e e

Table 4.1 The phases of the CDW in 1T-TaS3
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FIG. 42 Temperature regions of the CDW phases in 1T-TaS,
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FIG. 4.3

Examples of high-resolution STM images, approximately 50 A square,
taken in the constant height mode for each phase of 1T-TaS2. (a) I phase
at 360 K; note that the CDW is aligned with the atomic lattice. (b) NC
phase at 295 K; CDW is rotated away from the atomic lattice but is not yet
commensurate. (c) C phase at 143 K; CDW is fully commensurate. {d)
T phase at 263 X; similar to the NC phase. (Figure provided by Ruth

Thomson)
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FIG. 4.4 Six examples of the variety of registrations we observe in STM images of
the C phase. All images have been peak filtered. (a) and {c) are in the &

orientation while (b), (c), (d), (e), and (f) are in the B orientation. (Figure
provided by Ruth Thomson)
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can be rotated counterclockwise (0. rotated in the notation of Wilson et al.%), as in Fig.
4.4(a), or clockwise (P rotated), relative to the primitive atomic lattice, as in Fig. 4.4(b).
X-ray diffraction experiments show that these two related superstructures can coexist in
the same sample!. On one occasion we found adjacent areas of o and P rotation, but
were unable to image the boundary regio/n. In all other cases, we have observed only one
type of rotation across the entire surface area accessible to our microscope (about 1jim? at
room temperature).

One surprising propernty observable in Fig. 4.4 is the asymmetry of the CDW
maxima. If the CDW in the tantalum layer forms the star-of-David pattern shown in Fig.
4.1, as has been the assumption in the field for many years, then the registration of the
CDW in the sulfur layer should have an ag/3 displacement from the tantalum layer as
illustrated in Fig. 4.5(a). This image is a computer-generated model of an STM image of
1T-TaS7 in the C phase formed by adding three sine waves to represent the atomic lattice
and three sine waves to represent the CDW. The wave vectors have been chosen to
produce a commensurate CDW with a V13 x V13 superstructure, The offset of the atoms
relative to the CDW maxima in this image has been chosen to agree with the /Y3 offset
expected between the surface sulfur atoms and the CDW maxima centered on tantalum
atoms Co/2 below. Comparison of Fig. 4.4 and Fig. 4.5(a) reveals that the asymmetry
in the real STM images of 1T-Ta$; in the C phase cannot be explained by the phase shift
introduced by the ay/V3 displacement between the surface sulfur atoms and the
underlying tantalum atoms which support the CDW. It is also clear that such asymmetric
maxima can not be explained by assuming that the STM images the tantalum one layer
below the sulfur atoms, in which case the CDW maxima would appear to have an atom in
the center with the greatest intensity ringed by six atoms of lesser intensity. In addition to
the problem of the asymmetric maxima, we also find a wide variety of apparent atbmic
registrations in our C phase STM images (see Fig. 4.4).

The explanation for these observations comes from a well known property of
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FIG. 4.5

Computer simulations of STM data for the C phase. (a) Simulation

showing S atoms and the commensurate CDW. (b) Simulation of double
tip data; two images of (a)/wcre offset from each other and added together
to generate this image. (c) Simulation of triple tip data, made by
superposing three copies of (a) offset by lattice constants. (Figure
provided by Ruth Thomson)
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STM images: the STM can produce multiple images that have been superimposeds. This
occurs when the STM tip terminates in multple atoms through which the tunneling
current passes. Since these two or more atoms can be at an arbitrary distance from and
orientation to each other, as well as at d,i/ffcrent heights above the surface, the effect is to
add together multiple STM images with an arbitrary offset and relative amplitude. This
effect is present in many STM images of materials such as ga‘aphite:5 5

In order to elucidate the types of effects such multiple tips can have on an STM
image, we display computer simulations of multiple tip data in Figs. 4.5(b) and 4.5(c).
We generated these images by multiplying Fig. 4.5(a) by an attenuation factor and
adding a lateral offset and then adding the result to the original Fig. 4.5(a). This
procedure produces images with asymmetrical CDW maxima similar to those seen in the
real STM data shown in Fig. 4.4. Similar simulations can produce images that mimic
any other atomic registration by simply varying the offset and relative amplitude of at
least two separate images which are then added together7.

We have further verified the fact that multiple tunneling tips produced many of
our STM images by a careful examination of the relative phase of the three CDW
fundamental peaks in the FTs of our images. The superposition of images offset by an
arbitrary amount does not introduce new Fourier components into the resultant image, but
rather alters the relative phase of the peaks. By measuring the phase of each of the peaks
and adding these numbers together, we calculated a relative phase for the CDWs in that
image. We found that this relative phase varied from 0° to 360°, and an analysis of 50 of
our best images did not produce a peak in the distribution of these phases. On the
contrary, the measured relative phase appeared to be random. From this we conclude that
the majority of our images are made with multiple tips. However, we stress that multiple
tip effects do not alter the distribution of Fourier peaks. Multiple imaging tips can change
the relative phase and amplitude of Fourier peaks but cannot effect their positions or

create false peaks.
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4.4 Theorv of CDW domains

When a system contains two periodic lattices with incommensurate periods, in the
simplest case the system will be in a uniformly incommensurate state. However, if there
is some interaction between the two periodic structures, the interaction term in the total
free energy may be lowered if the two lattices become commensurate. In this case, there
is a competition between the terms in the free energy that determine the individual
periodicities of the two lattices and the term that promotes their commensurability, For
the appropriate magnitudes of these terms, it is possible for such a system to exist in a
discommensurate state®. In this case, the two periodicities become locally commensurate
within domains and undergo phase slips at the domain walls, called discommensurations,
that preserve the average incommensurate periodicities. Here we review the McMillan
model of CDW domains8 to provide the theoretical background for the work described in
chapters 5, 6, and 7.

In the one dimensional case, McMillan's idea was that a uniform CDW that is
close to commensurability would form a periodic beat pattern with the underlying atomic
lattice. A presumed commensurability energy drives a phase distortion so that the CDW
phase readjusts to maximize the in phase portion of the beat and minimize the out of
phase portion thereby producing a phase modulated CDW. In McMillan's view, in phase
means that the peak of the CDW lies between the transition metal atoms of the lattice so
that the bond charge is maximized. Maximizing the in phase portion is achieved by a
local change of the CDW wavelength to the commensurate value through most of the beat
period followed by a drastic change of the CDW wavelength away from the
commensurate value between commensurate regions. The region of drastic change is
called the discommensuration. The change in CDW wavelength in the commensurate
region is exactly compensated by the change in the wavelength between commensurate

regions so that the average CDW wavelength is unaltered with respect to the uniformly
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incommensurate case. Opposing the commensurability energy is an elastic strain energy
for the CDW phase distortion. Without the strain energy the CDW could distort to the
commensurate wavelength uniformly throughout the r:entire lattice. The periodic phase
modulated domain structure at the beat/period is the best compromise between these two
competing energies.

The beat frequency, ky, is determined by the reciprocal lattice frequency, a*, and
the uniformly incommensurate CDW frequency, kcdw.

kp = a* - nkeaw (4.1)

where n is an integer such that nkcom cdw = a* and keom cdw 18 @2 commensurate CDW

frequency near Kegw. The beat period, Ly, is 2nt/ky, . This leads directly to

(kedw - Kcom,cdw)lb = Keom cdwio (4.2)

where ag is the lattice constant. This means that the phase of the uniformly
incommensurate CDW advances by one lattice constant with respect to the phase of a
commensurate CDW over a beat period. Also, the phase of the modulated CDW
advances by one lattice constant with respect to a commensurate CDW because the
modulated and uniformly incommensurate CDW have the same average wavelength. The
only difference between the uniform and phase modulated case is that the phase advance
occurs suddenly between commensurate regions for the modulated case. Thus a
McMillan phase domain exhibits a one atomic lattice constant phase slip of the CDW as
thé CDW goes from the center of one domain, through the discommensuration, and to the
center of the adjacent domain.

So far we have given a qualitative explanation of what phase domains are and

why they might occur. Now we describe the McMillan domain theory in more detail.
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The theory is essentially one-dimensional. McMillan sought to determine the temperature
and spatial dependence of the CDW order parameter through a Ginzburg-Landau type
free energy calculation. The starting point is the McMillan free energy,

F 2.[ dx{laa?-bod+cat+e [{Qcaw®V — i Qegu W lz +f 9w VY (4.3)

where o(x) = Re[W(x)] and the complex order parameter ¥ (x) represents the CDW. The
parameter, g, has a linear temperature dependence and is negative in the CDW state while
the parameters b, c, e, and f are temperature independent. The parameter b is periodic
with the periodicity of the crystal latrice. » (x) is expanded as b, + b; cos(a*x). b;
provides the commensurability energy. ¢ stabilizes the free energy at finite order
parameter. The term proportional to e results from the electronic band dispersion parallel
10 qedw and the term proportional to f results from band dispersion transverse to qgy,.

These last two terms provide stiffness to the CDW so that it resists phase distortion.

McMillan makes the ansaiz that
w(x) =exp{i K awxJexpli 6(x)] (4.4a)
8(x)= X Asin (nkpx) . (4.4b)

The phase modulation is periodic with period Lp because the beat pattern has that period.
It is assumed that only phase modulation occurs because the energy to create a lon g
waveigngth phason is much less than the Energy to create an ampliton. He expands the
phase modulation function, ©(x), in a Fourier series at multiples of the domain
frequency, kp, which is equal to the beaf’ frequency. The A, are variational parameters
deternaned by substituting W(x) into Eq. (4.3) and minimizing with respect to Aj.
Mciiian - finds that thc-phase transition from the commensurate state to the phase
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modulated-discommensurate state is second-order. It should be emphasized that his
ansatz guaranteed only phase modulation in the discommensurate state. The CDW order
parameter W(x) contains Fourier components at kegw ¥ mkp form =1, 2, 3, etc.
McMillan's treatment showed that periodic domain structure should exist but contained
the inappropriate restriction that ampﬁn;:ic modulation is absent.

In order to explain the x-ray diffraction data of Yamada and Takatera, Nakanishi
and Shiba theoretically treated domain structure in the NC phase of 1T-TaSy" 11, They
began with the McMillan free energy incorporating the two-dimensional hexagonal
symmetry of the triple CDW in the NC phase. They generalized the Fourier series
expansion of the trial function W(x) to allow both phase and amplitude modulation. They
found that amplitude and phase modulation of the CDW are equally important in creating
the NC phase domain structure and that the commensurate to modulated-
discommensurate phase transition is first-order. They calculated the amplitudes of the
Fourier components of \¥(x) which occur at kegw + lkpy + mkpy + nkpz forl, m,n=1,
2, 3, etc. The domain wave vectors kpi, kp2, and kp3 are determined from the
periodicity of the two dimensional moiré pattern formed between the atomic lattice and the
incommensurate CDW in direct analogy with the determination of the beat frequency of
the one-dimensional McMillan treatment.

We will provide a pictorial representation of the domain structure calculated by
Nakanishi and Shiba in chapter 5 where we déscribe our STM investigation of the NC
phase of 1T-TaSy. Detailed theoretical treatments of domain-like structure for the T and I
phases do not exist, but two basic principles should apply: (1) the domain periodicity is
the same as the moiré pattern periodicity, and (2) in addition to the fundamental CDW

Fourier component, kcdw, domain modulation induces Fourier components in the CDW

order parameter at kedw + nkp for some integral values of n.
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4.5 X-ray diffraction of modulared structures

Because the work described in Chapters 6 and 7 relies heavily on x-ray diffraction
of 1T-TaS3, we explain the calculation of the diffraction pattern for a CDW material so
that we can demonstrate two points that will be crucial to understanding our results.
Calculating the structure factor for a one-dimensional CDW in a monatomic one-

dimensional lattice will suffice:

S(k) = }; f(k)exp (i kry ), (4.5)

where S(k) is the structure factor and f(k) is the atomic form factor at wave vector k and
1L is the position of the atom at lattice site L. The ChW induces, through a linear
electron-phonon coupling, a sinusoidal periodic lattice distortion (PLD)!2. Thus

rL =L + Asin(kegyl.) (4.6)
where A is the amplitude of the PLD. Substituting Eq. (4.6) into Eq. (4.5) yields

Stk) = {; flkjexp (i kL)exp(i kAsin(k g, L] . (4.7)

The wick that allows evaluation of Eq. (4.7) is the mathematical identity1?

exp [i zsin (¢)] = o ;E_w I(zexp (i mo) (4.8)

wherely is a Bessel function of order m” Using this identity produces
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HMg
3

S(k) = f( ) Jm(kA)S[G - (k - mkcdw)] (49)

k
m

where G is any reciprocal lattice vector.

Equation (4.9) shows that thc/;ﬁffraction pattern will have peaks at k = G %
mkegw, m =0, 1, 2, etc. Each Bragg peak is surrounded by CDW peaks. Surprisingly,
even a purely sinusoidal PLD produces second and higher-order CDW peaks. We
investigate higher than first-order CDW peaks in the T and I phase in later chapters. The
mere presence of a higher than first-order peak does not prove that the CDW deviates
from a perfect sine wave. Therefore the existence of higher-order CDW peaks
demonstrates modulation of the CDW only if the intensity of the higher-order peaks
exceeds that calculated for a purely sinusoidal PLD.

The second point we wish to make concems the magnitude of higher-order CDW

peaks. From Eq. (4.9) the intensity can be evaluated at a particular peak.
G + mkedw) = [f(G + mkegw)? (Tml(G + mkegw) A1}, (4.10)
If we ignore the k dependence of f(k) and assume A is small, then!

(4.11)

I(G + mkcdw } - {[(G + rnkcdw )A]m}Z
IG) m!2™ '

Thus the ratio for a second-order CDW satellite with parent Bragg peak at G5 (but located

near a Bragg peak at G) is
(G, + 2k gy ) - (G + 2k gy )A]4 (4.12)
HG) 64 '
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and for a third-order satellite with parent Bragg peak Gy the ratio is

KGy + 3k ) [(Gy + 3k g, JAT
G) - 2304

(4.12)

In 1T-Ta$,, the PLD amplitude, A, is about 0.2 A for Ta atoms>13 and the reciprocal
lattice vector magnitude, a*, is about 2 A-1.} Therefore (G, + 2keaw)A and (Gy +
3kegw)A are approximately equal to 0.4 (In each case we chose Gy so that Gy + mkegy, =
a*}. Finally,

G, + 2koqw) -4
) ~4x 10 and (4.13a)
Gy +3kegu) o, 106 (4.13b)

1G)

In the sinusoidal PLD case, a second-order satellite, though weak, is not necessarily
insignificant. This will be of great importance in chapter 7 where we measure first and
second-order CDW peaks in the I phase to determine whether there is a modulation of the
CDW. The calculated third-order peak intensity is infinitesimal. In our investigation of
the T phase we measure with x-rays satellites near first-order CDW peaks. These peaks
may be indexed as third-order CDW peaks with a different parent Bragg peak from the
first-order CDW peak. Given the exceedingly small intensity for third-order CDW peaks
in the sinusoidal PLD case, any significant intensity at the third-order peak is evidence of

a nonsinusoidal CDW.
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Chapter 5

Nearly commensurate CDW domain structure in 1T-TaSy

- 5.1 Introduction

As discussed in chapter 4, theoretical calculations based on x-ray diffraction data
of 1T-TaS7 for the NC phase predict that the CDW is arranged in domains separated by
discommensurations (see Fig. 5.1). The modell? predicts hexagonal domains with a
pertod of about 70 A at room temperature. The size of the predicted domains is a
function of temperature because the CDW wave vector varies with temperature. The
calculations show that the CDW will exhibit amplitude as well as phase modulations,
with the CDW amplitude greater in the center of the domains where it is commensurate
and lower at the discommensurations where the CDW undergoes a phase slip of one
atomic lattice unit (ap). Although the model includes adjustable parameters, it should be
not=d that the main attributes of the model are fixed, and it makes explicit predictions for
the modulation of the CDW amplitude and phase. . However, the model does not require a
CDW that locks in to the commensurate wave vector inside the domains. The model can
encompass cases ranging from very slight variations from a uniform orientation to a fully
locked-in orientation where the CDW becomes fully commensurate within the domains.

Many experiments looking for evidence of these domains and
discommensurations have been performed. Before the invention of STM, x-ray
diffraction studies>* not only supported the domain models, but also provided the
original data upon which these models were based. The x-ray photoemission study of
Hughes and Pollack® was for many years the only other piece of experimental evidence
supporting the domain model. Their /study showed that the x-ray photoemission
spectrum of the 4f lines of the Ta atoms are split in the NC phase (as they are in the C
phase), indicating at least.two distinct inequivalent sites for the Ta atoms, rather that a

continuum of sites (which should produce unsplit 4f Ta lines broader than those seen in
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FIG. 5.1

Schematic of model proposed by Nakanishi and Shibal~. (a) Small scale
structure of NC phase model showing registration of CDW maxima (open
circles) relative to the Ta lattice (small dots). (b) Large scale structure of
NC phase model illustrating size and orientation of domains; solid lines
are domain walls. Crystal lattice vectors are indicated at right. (Figure
provided by Ruth Thomson)
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the C phase) that one would expect for a uniformly incommensurate CDW. However,
three high resolution electron microscopy studies®8 that achieved atomic resolution on
the NC phase of 1T-TaS; reported that the CDW was locally incommensurate in
contradiction with the discommensuration theories.

In 1988 the first STM study that considered the question of the existence of
domains in 1T-TaS, was published®!0, This study found no clear evidence for domains

L1 reported observing point

in the NC phase. In a subsequent study, Gammie et a
discommensurations in the NC phase, in contrast with both the domain theory of
Nakanishi and Shiba'* and the previous idea of a uniformly incommensurate CDW.
Later, Wu and Lieber!?"1 observed domain-like structure in real space STM images of
the NC phase with amplitude and phase modulation in apparent agreement with the
theoretical predictions. More recent STM and atomic force microscopy measurements by
Giambattista et al.1?, Slough et al. 1617 and Garnes et al.}® showed evidence for an
amplitude modulated domain structure in the NC phase but suggested that the CDW in
this phase is continuously incommensurate across rﬁost of the sample and thus does not
exhibit sharp discommensurations. However, all of these studies analyzed real space
STM images which are inadequate to distinguish true CDW modulations from

1.20 argued

interference between the CDW and the atomic lattice. 1 Finally, Coleman et a
that the relative phases of the CDW maxima and the atomic lattice in the center of the
apparent domain structure demonstrate that the observed domains are true domains and
not interference effects.

Below we describe extensive STM studies of 1T-TaS3 over the full temperatere
range of the NC phase. We use computer generated simulations of STM images both
with and without a superimposed domain structure to elucidate the most important
features for distinguishing between the two cases. We show that an examination of the

fine satellite structure in the Fourier transform is an unambiguous method for

conclusively proving the presence of the true phase and amplitude modulation in the NC
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phase. We determine the temperature dependence of the domain size and orientation

which we use to evaluate proposed domain superstructures.

5.2 m imulation
s

We have generated computer simulations of STM images of the NC phase with
and without the presence of domains and discommensurations. First we consider the
case where there are no amplitude or phase modulations present in the simulated CDW.
Figure 5.2(a) shows such an image. This image was generated by superimposing three
sine waves that represent the atomic lattice and three additional sine waves that produce
the uniformly incommensurate CDW. The atomic lattice constant (ao = 3.346 A) and the
CDW wavelength (Acpw = 11.74 A) have been chosen to agree with those in the NC
phase at room temperature measured by x-ray diffraction. We constructed the CDW to be
at an angle relative to the lattice of @ = 11.8°, which is the value of @ at room
temperature measured by x-ray diffraction?], and chose the amplitude of the CDW sine
waves to be three times the amplitude of the atomic lattice sine waves, in agreement with
the amplitude rato suggested by real STM images22.

The method of construction of this image becomes more clear upon examination
of the Fourier transform, shown in Fig. 5.2(b). This figure clearly shows that the only
Fourier components in the image are at the fundamental frequencies of the CDW and the
lattice. Nevertheless, by modifying the gray scale in the real space image, we resolved
apparent "domains", caused by the beating of these two sets of frequencies. Figure
5.2(c) is identical to Fig. 5.2(a) except that the cut-off level for the gray scale on the
computer screen was adjusted to emphasize only the brightest points in the image. This
procedure of modifying the computer gray scale to emphasize certain important properties
of STM images has been routinely applied to real sample data by many authors, and has

resulted in most of the published STM images used for investigating domains in 1T-

TaSa.
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FIG. 5.2 Computer generated simulation of STM image for the case where there are
no domains or discommmensurations in the NC phase. (a) Real space
image. (b) Fourier transform of (a). The six spots near the center of the
transform correspond to the CDW in the real space image, whereas the six
fainter spots further from the center correspond to the atomic lattice in the
real space image. (c) Identical to (a) except that computer gray scale has
been modified to emphasize false "domains”". White lines have been
drawn through CDW maxima in adjacent domains to illustrate the phase
shift of one lattice constant. (Figure provided by Ruth Thomson)
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A close inspection of Fig. 5.2(c) will revea! that the CDW appears not only to
exhibit amplitude domains, but the moiré pattern also produces apparent phase slips
between the false domains. Apparent domains and phase slips are present even though
the image represents a uniformly incommensurate CDW with no inherent domain
structure whatsoever. These false "dom/;ins“ and apparent phase slips are solely due to
the interference (or beating) between the CDW and the underlying lattice which produces
the observed moiré pattern.

Indeed, all of the characteristics of CDW amplitude and phase modulations that
have been described in previous STM studies can be observed in the moiré pattern in Fig.
5.2(¢c). The apparent amplitude modulations can be observed by adjusting the computer
gray scale. The apparent phase modulation can be seen by sighting along a line of CDW
maxima at a glancing angle. The maxima in adjacent false domains do not appear to be
collinear; the interference of the two lattices creates an apparent phase shift of one lattice
constant between each "domain” and an adjacent one. This effect is emphasized by the
lines drawn on Fig. 5.2(c) in two adjacent false domains. The size and orientadon of the
domains in the moiré pattern both agree with the values predicted by Nakanishi and
Shiba's discommensuration model. This is in no way unexpected. These values are
dictated by the values of the CDW wave vectors known from x-ray diffraction studies
and used in the calculation of the discommensuration model. The moiré pattern even
causes the CDW to appear at the commensurate angle (13.9°) inside a single "domain"
[this is determined by measuring the angle relative to the lattice of the lines in Fig.
5.2(c)].

It is illuminating to contrast Fig. 5.2 with Fig. 5.3. Figure 5.3(a) is a computer
simulation generated in the same way as Fig. 5.2 except that now the amplitude and
phase modulations predicted by Nakanishi and Shiba have been added to the image.
These are most easily seen in Fig. 5.3(b), which is a Fourier transform of the real space

image shown in Fig. 5.3(a). In this case, a set of reasonably intense satellite spots ring
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FIG. 5.3 Computer generated simulation of STM image for the case where there are
true domains and discomrrll,ensurations in the NC phase. (a) Real space
image. (b) Fourier transform of (a). (c) Identical to (a) except that
computer gray scale has been modified to emphasize domains. (Figure
provided by Ruth Thomson)
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each of the fundamental CDW peak523. Such satellites are always present when the
CDW exhibits true domains and discommensurations. These satellites vary in intensity,
and not all six possible first-order satellites are present. Those present in Fig. 5.3(b)
were chosen to agree with those predicted from the honeycomb model of Nakanishi and
Shiba in both location and intensity. ’

Figure 5.3(c) is the same as Fig. 5.3(a) except for an adjustment of the computer
gray scale. By comparing Fig. 5.2(c) and 5.3(c), one sees that unequivocal
determination of the presence of émplitude domains and discommensurations in the CDW
in 1T-TaS, from real space STM images is extremely difficult. However, it is equally
apparent from Figs. 5.2(b) and 5.3(b) that the Fourier transform of the real space image
provides an easy method for reliable discrimination between the two cases.

Previous STM studies by other workers have relied solely on real space STM
images to attempt to identify CDW amplitude and phase modulations. Since the authors
did not adequately account for the interference effect of the two lattices, the conclusions
are questionable. The tests used for the determination of the presence of domains have

121820 (23 sighting along

11-14

included: (1) looking for variations in the CDW amplitude
rows of CDW maxima in the real space image to look for phase slips » (3) measuring
the local angle of the CDW relative to the lattice of the real space image and comparing it
to the commensurate angle of 13.9‘9’10’12‘14’16’17, (4) examining the fine structure of the
real space images of the CDW to find areas where the CDW maxima or minima appear

identical thus proving local commensurabilityg'm’lz'ls, {3) measuring the apparent

domain size and orientation to see that they agree with those predicted theoreticallylz'i“,
(6) examining the Fourier transform of the real space data for a peak at the commensurate
wave vectorls, and (7) examining the apparent phase of the CDW and the atomic lattice at
the center of the apparent domains to distinguish between true domains and interference

artifactszo‘



Of these tests, (1), (2), and (3) fail because, as shown in Fig. 5.2(c), the moiré
pattern passes them so they do not prove the existence of true domains. In addition, tests
(3) and (4), are faulty because they check only for a fully locked-in domain structure. It
_ is interesting to note that different authors have reached opposite conclusions about the
real space images using these second two tests?®, Test (5) fails because the apparent
domains produced by the moiré pattern must have the same size and orientation as true
domains would, so this test cannot be used to differentiate between them. Test (6) fails
because a peak at the commensurate wave vector is not expected even in the domain
model. Test (7) generally fails because the apparent phase of the CDW and the atomic
lattice can be altered in a indeterminate way in an STM image that is produced by
simultaneously tunneling to several atoms on the tip, a common occurrence, as explained

cd12“14 atomic

in the section on the C phase CDW in chapter 4. Indeed, the first publish
resolution image purporting to show the domain structure in the NC phase does not show
the expected registration at the domain centers [as shown in Fig. 4.5(a)], but instead

shows a four atom CDW maximum similar to that shown in Fig. 4.5(b).

53 ntification of main in the N

We have imaged 1T-TaS; with an STM (constant height mode, typically with tip
bias = -10 mV, tunnel current = 3 nA), using high quality samples grown in our
laboratory and at Comell University. Figure 5.4(a) is an unfiltered image of 1T-TaSs in
the NC phase at T = 295 K. On the scale of this image, atoms are not clearly visible; the
smallest discernible features are CDW maxima. A periodic brightness variation is
observed, similar to that reported in previous studies (and attributed there to domain-like
modulations). As emphasized previously, these real space modulations do not in
themselves demonstrate true CDW dofnain structure. Figure 5.4(b) shows the two-
dimensional Fourier transform of the data of Fig. 5.4(a). In the Fourier transform image

of Fig. 5.4(b), a hexagonal reciprocal lattice is observed with the six large peaks,
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FIG. 54

0.5 A1 me—m

(a) STM image of 1T-TaSz obtained at T = 295 K in NC phase. (b)
Fourier transform of (a). Satellite spots near hexagonally arranged CDW
peaks are clearly evident; arrows identify five such spots. Different
satellite spots have different intensities, consistent with theoretical

predictions.
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corresponding to the fundamental CDW frequencies, surrounding the center (the hexagon
is slightly distorted due to thermal drifts and imperfections in the piezoelectric scanning
tube). Surrounding each fundamental CDW peak, there are several satellite spots, some
of which are identified by small arrows in the figure, Satellite spots are also evident
around higher order CDW peaks. It is important to note that different satellite peaks
associated with a given CDW fundamental have different intensities. This is not an
imaging artifact, but rather implies an amplitude and phase modulation of the CDW and
that the CDW amplitude modulation envelope is not purely sinusoidal.

Using the measured Fourier coefficients of a first order CDW peak and its first
order satellites together with the CDW peak and satellite positions, we can reconstruct the
real space phase and amplitude modulation function of one of the three simultaneously
occurring CDW's, as shown in Figs. 5.5(a) and 5.5(b) (See Appendix B for an
explanation of this procedure). Figures 5.5(a) and 5.5(b) show that the domain structure
has a real space wavelength (measured through the centers of domains) of 72 + 3 A, and
that the CDW is close to being commensurate over an appreciable part of the domain.
The CDW amplitude is modulated with a fractional modulation amplitude of about 0.44.
The troughs of the amplitude modulation envelope are distinctly narrower than the crests.
Hence, as already demonstrated by the satellite intensity pattern, the CDW amplitude
modulation is not strictly sinuscidal. The domain boundaries are not sharp, but rather
comprise more than 50% of the domain dimension. In going from one domain to the
next, the CDW phase slips by a factor of 8¢ = 0.61n £ 0.03% rad, which corresponds
favorably with the theoretically predictedf'2 phase slip of 8¢ = 0.615n rad. To compare
our data with the theory further, we have calculated the real space phase and amplitude
variations from the theory of Nakanishi and Shiba, using their predictions for the Fourier
coefficients of the modulation ffunctic:m};2 at 295 K. The resuits of those calculations,

shown in Figs. 5.5(c) and 5.5(d), are in excellent agreement with those reconstructed

from our data.
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FIG. 5.5 (a) Real space phase variation and (b) amplitude modulation A/Aayg of the
CDW in 1T-TaS; in the NC phase reconstructed from the Fourner
coefficients and wave vectors extracted from the Fourier transform of Fig.
5.4(a). (c) Real space phase variation and (d) amplitude modulation
A/Aayg of the CDW predicted by the Nakanishi and Shiba theory.

68

YBL 90i2- 236S



To test for a true Jock-in of the CDW in the commensurate region inside domains,
we have examined our FT's for second-order satellite spots. These second-order spots
would have to be present for a complete lock-in to exist, because then the total complex
modulation envelope (as distinguished from the amplitude or phase part of the modulation
envelope) would have to deviate from a sine wave. We found that at the locations of the
potential second-order satellites, the amplitude of the FT is < 2% of the amplitude of the
CDW fundamental peak. This value is five times smaller than the expected amplitude of
the strongest second-order satellite in the case where the CDW has locked-in over the
entire domain!2, From this we conclude that the CDW phase varies over a significant
portion of the domain in the NC phase and therefore should not be considered to exhibit
true lock-in. This conclusion can be verified by a close examination of Fig. 5.5(a).
Although the CDW amplitude clearly varies from inside the domain to the domain wall, it
never flattens out at a constant height inside the domain, as would be the case for a
Iocked-in CDW. Likewise, as illustrated in Fig. 5.5(b), the CDW phase does not
become constant inside the domains, although its phase does change much more slowly
in the center of the domains than at the discommensurations.

We have Fourier analyzed STM images of 1T-Ta$S; from different preparation
batches and find results consistent with those described above. Although the modulation
functions displayed in Figs. 5.5(a) and 5.5(b) are representative of the NC phase at
room temperature, there are variations of roughly 10% in the phase slip, modulation
amplitude, and domain boundary size evaluated from different images. Gross sample
defects tend to destroy the domain structure. We have also performed similar Fourier
transform analyses on STM images obtained on 1T-Ta$S at different temperatures. For
the NC phase, the domain structure is found to be temperature dependent in a manner

consistent with predictions of the domairmodel 2.
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5.4 Tem nden mai

1

In the NC phase, the CDW is oriented relative to the atomic lattice at an average
angle O that is less than the commensurate angle of 13.9°. This temperature dependent
angle and the CDW wavelength are th; factors which determine the size of the domains
predicted by Nakanishi and Shibal2. At the higher temperatures, the predicted domains
are only a few CDW wavelengths across, reducing the number of CDW maxima or
minima inside the domain to about seven. This can be seen in Fig. 5.6(a), an STM
image of 1T-TaS; taken at 343 K. Figure 5.6(b) is the FT of Fig. 5.6(a). Similarly,
Figs. 5.6(c), (e),(g), and (i) are the real space STM images at 295 K, 275 K, 225 K,
and 215 K, respectively, and Figs. 5.6(d), (f), (h), and (j) are their respective FTs.
These figures clearly prove that the CDW in the NC phase is arranged into domains
separated by diffuse discommensurations as predicted by Nakanishi and Shiba ar all
temperatures within the NC phase. Strong satellite spots are discernible in each of the
Fourier transforms, unequivocally proving the existence of a discommensurate structure.
The locations of the satellites, and even which of the satellites is the most intense, are
consistent with those expected from the honeycomb model!*? [see Fig. 5.3(b)]. In
addition, as shown in Fig. 5.7, by using the coordinates and intensities of the satellites,
we have constructed graphs of the CDW amplitude, phase relative to a commensurate
CDW, and the derivative of the phase at each temperature. These graphs clearly show
areas where the CDW phase is nearly constant (i.e. the CDW is commensurate) and the
CDW amplitude is enhanced, separated by regions of decreased CDW amplitude and
rapidly changing phase (the discommensurations)zs.

Using the graphs of the derivative of the CDW phase vs. distance we have
extracted the domain periodicity for each temperature (averaging over at least five images

at each temperature). The data at 225 K were not included in this and the folio;.ving

figures because we had too few high-quality images. Figure 5.8(a) is a graph of the
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FIG. 5.6

(a) STM data at 343 K. (b) FT of (a). (c) STM dataat295 K. (d) FT of
(¢). (¢) STM data at 273 K. (f) FT of (e). (g) STM data at 225 K. (h)
FT of (g). (i) STM data at 215 K. (§) FT of (). Central regions of the
FTs are enlarged by a factor of two for better clarity of the satellite spots.

(Figure provided by Ruth Thomson)
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FTs shown in Fig. 5.6,7(a) CDW amplitude vs. distance, (b) CDW
phase vs. distance, (c) derivative of CDW phase vs. distance. (Figure
provided by Ruth Thomson.)
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FIG. 5.8

Plots of CDW parameters for the NC phase measured from STM FTs. (a)
Domain period versus temperature. (b) Domain angle versus temperature.
(c) Average angle of the CDW relative to the lattice as a function of
temnperature (open squares) compared with previously published electron
diffraction measurements (solid circles)(’. (d) Wavelength of the CDW
measured directly from the FT (open squares), and calculated from the
measured CDW angle afid domain periodicity (open triangles). Also
plotted are results of an electron diffraction study (solid circles)®.
Significance of the arrows in (a) and (b) is explained in text. (Figure
provided by Ruth Thomson.)
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domain period vs. temperature for our data. Within experimental uncertainty, the domain
period increases linearly with decreasing temperature.

Besides domain period, the other characteristic that completely specifies the nature
of the CDW domains is domain orientation. We have attempted to measure the
orientation of the satellite spots relat/ive to the CDW fundamental spots in the FTs.
Unfortunately, because of the small distances between the satellites and the CDW
fundamental spots, there is a large degree of uncertainty in these measurements, which
are shown in Fig. 5.8(b). However, as will be explained shortly, despite the large
uncertainties these measurements are still valuable in determining the precise nature of the
CDW domain structure.

We have also measured the locations of the fundamental CDW wave vectors
directly from the FTs. A comparison of our measurements (again averaged over at least
five images at each temperature) of the CDW angle relative to the lattice with the
measurements of Ishiguro and Sato’s electron diffraction study6 is shown in Fig. 5.8(c).
Note in Fig. 5.8(¢) that, if the linear trend that we observe down to 215 K continues
down to the transition temperature T = 183 K, the CDW angle @ will not make a
continuous transition to the commensurate angle of 13.9° at the transition temperature.
This is in agreement with the work of Ishiguro and Sato®, who measured a sharp jump in
& at 183 K when they lowered the temperature of the sample.

Assuming that the domain periodicity occurs at the lattice and CDW beat

frequency, a simple relation between the domain periodicity, the CDW angle, and the

CDW wavelength is given by

Domain Period = %o : (5.1)



where 8@ is the difference between © and @oommensurate = 13.9° and is given in degrees,
and SA is the difference between the observed A and Acommensurate = 12.06 A. This
formula is derived in Appendix C. We can check the consistency of our results by
" comparing the CDW wavelength obtained from direct measurements of the FT and that
calculated from Eq. (5.1). This comparison is plotted in Fig. 5.8(d). The wavelengths
obtained by these two methods agree to within our experimental uncertainty; in addition

6 Within our experimental

these agree with those measured by electron diffraction
uncertainty, the CDW wavelength does not appear to vary with temperature and has an
average value of 11.73 £ 0.11 A which is in excellent agreement with the results of
Ishiguro and Sato®, who found the CDW wavelength was nearly constant in the NC
phase with a value of about 11.75 A.

By combining Fig. 5.8(a) and 5.8(c) we discover a subtle but interesting point
about the nature of the discommensurations present in these images. To understand this
point, however, it is first necessary to discuss the two possible configurations for a COW
discommensuration: the discommensuration that "compresses the CDW wavelength and
the one that "expands” the CDW wavelength.

When the CDW undergoes a discommensuration, it is required to slip one atomic
lattice unit. However, the exact direction of this slip is not necessarily determined.
Figure 5.9(a) is a schematic illustrating the two most likely choices for the direction of the
slip. At the phase slip between adjacent domains, the CDW maximum which would have
coincided with the atomic position labeled 0 if the CDW had continued in a commensurate
manner, will most likely slip to either the atomic position labeled 1 or that labeled 2. (A
continuation of the CDW from the center of a domain to the phase slip at the average
CDW periodicity would place a CDW maximum roughly in the center of the triangle
defined by the atomic positions labeled 0,1, and 2.) If it goes to position 1, the CDW
wavelength is compressed compared to the commensurate wavelength, whereas if it slips

to position 2 the CDW wavelength becomes expanded. Both choices cause the average
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FIG. 5.9

(a) Schematic illustrating possible types of discommensurations. If the

CDW maximum slips to atomic position labeled 1, a discommensuration
which "compresses” the CDW wavelength results. If the CDW maximum
slips to atomic position labeled 2, a discommensuration which "expands”
the CDW wavelength results. (b) Schematic illustrating (18 x 5) strugture
employing compressed discommensurations (open circles) and the (19 x
5) structure employing expanded discommensurations (gray circles).
(Figure provided by Ruth Thomson.)
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CDW angle, ®, measured over several domains, to be less than the 13.9° commensurate
angle, but the different angles resulting from each choice vary slightly. In their analysis
of real space STM data, Wu and Lieber concluded that the majority of the
discommensurations they observed were of the compressed typeu'”.

If all of the discommensurations of the CDW are of the compressed type, one
~ possibility for the NC phase at room temperature is the (18 x 5) structure, which is
technically commensurate with a repeat spacing of 18 lattice units in the a direction and 5
in the b direction. This is the structure that was shown in Fig. 5.1(a) and is redrawn in
Fig. 5.9(b) using the open circles. The similar (19 x 5) structure employs expanded
discommensurations and produces a slighty different CDW angle and domain periodicity.
This structure is also shown in Fig. 5.9(b) using the gray circles. There exist two
families of discommensurate superstructures, one related to the (18 x 5) structure using
compressed discommensurations and one related to the (19 x 5) structure using expanded
discommensurations. Within one family, the different members differ from each other
only by the number of commensurate CDW wavelengths contained within each domain.
For example, the next larger member in the (18 x 5) family is (18+3 x 5+1) = (21 x &)
because a commensurate CDW translation is 3a + 1b. These two families are plotted in
Fig. 5.10, [the (18 x 5) compressed family plotted as solid squares and the (19 x 5)
expanded family as solid triangles] along with our measurements of the actual CDW
angle and domain period that were plotted in Fig. 5.9(a) and ().

Examination of Fig. 5.10 reveals that the actual discommensurate CDW structure
involves both types of discommensurations. Each point plotted in the figure is taken
from our data at a different temperature. The highest temperature point (that with the
smallest domain periodicity) appears to lie closer to the family of expanded wavelength
structures, while the other points lie closet to the compressed wavelength structures. The
fact that the lowest temperature point (that with the largest domain periodicity) lies above

the line connecting the compressed wavelength structures is not particularly disturbing.
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FIG. 5.10  Plot of the experimentally measured angle of the CDW relative to the
lattice (determined by the positions of the fundamental CDW peaks in the
Fourier transforms of the STM images) versus the domain periodicity
(determined from the positions of the satellite spots in the Fourier
transforms) compared to several possible domain families. (Figure
provided by Ruth Thomson.)
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There are several other possible discommensurations, including one in which the CDW
shown in Fig. 5.9(a) would slip to the atomic lattice position labeled 3. This choice
would result in a structure with an angle much closer to the commensurate angle of 13.9°
at the same domain periodicity when compared to the other two families described. A
combination of different types of discommensurations between different domains would
produce an intermediate structure with angle and domain periodicity values similar to
those we measure.

The last question to consider in the analysis of the precise nature of the domain
structure in the NC phase is the orientation of the domains. Wilson?® has published an
exhaustive theoretical study analyzing previous STM and electron diffraction data to
determine the precise superstructure of the CDW in the NC phase. He concludes that the
CDW at room temperature is arranged in a (19 2/3 x 2 2/3) rotated honeycomb array
which is closely related to the (18 x 5 ) array shown in Fig. 5.9(b). The most striking
difference between these two superstructures is the orientation of the domains relative to
the CDW, but the precise values of the average CDW wavelength and orientation are also
different. The parameters for the two structures are given in Table 5.1 along with the
values we measure for these properties from our STM images at 295 K. It is clear that,
to within our experimental uncertainty, our room temperature STM data agree with the
(19 2/3 x 2 2/3) structure proposed by Wilson®S,

However, this agreement is not maintained at the other temperatures at which we
have taken data. To illustrate this point we have placed small arrows at the values of the
domain size and orientation for the (19 2/3 x 2 2/3) family in Figs. 5.8(a) and 5.8(b) to
compare with our experimental measurements. In both figures, the bold arrow shows the
expected value for the (22 2/3 x 3 2/3) structure (presumably present below room
temperature), the middle arrow that oi:/thc (19 2/3 x 2 2/3) structure (proposed by
WilsonZ0 to be present at room temperature), and the dashed arrow shows that of the (16

2/3 x 1 2/3) structure (presumably present above room temperature). The particular
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Domain structure CDW angle, @ CDW wavelength, Domain orientation,

AMA) relative to CDW
(18 x 5) 11.93° y 11.68 1.96°
(192/3x22/3) 11.76° 11.72 7.62°
STM dataat295 K. 11.73° £0.16° 11.78 £0.12 10.6° + 3.3°

Table 5.1 Comparison of STM data at 295 K with domain superstructure models.
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discrepancies that we wish to point out are (1) the domain period at 273 K falls exactly
betwzen: two of the choices of the (19 2/3 x 2 2/3) family, and (2) the two lower
tempentare domain orientation measurements do not agree with that of the (22 2/3 x 3
2/3) smmeture. Even so, it should be noted that the domain orientation angles of the (19
2/3 x 22{3) family are much closer to the observed angles than those of either the (18 x
5) or the (19 x 5) families, which would all be 3°. As a further check, the family of
superstactures related to the (19 2/3 x 2 2/3) superstructure is also plotted in Fig. 5.10
using #te small solid circles. When these two parameters (domain period and orientation)
are taken together, except at room temperature, none of these structures is within the
experimental error of our data points.

In addition, both our STM data and the electron diffraction data of Ishiguro and
Sato® indicate that the CDW domain structure changes more or less continuously as the
temperature is lowered. If the CDW were to adhere strictly to a specified family of
superstuctures, such as those related to the (19 2/3 x 2 2/3), not only would the size and
orientation of the domains be constrained to increase in discrete jumps as one more
commensurate CDW wavelength was added to each domain, but, since the CDW average
angle and wavelength are also specified for each member of the family, these quantities
are also constrained 1o increase in discrete jumps. Based on the measurements of domain
period, we would expect at most four members of the (19 2/3 x 2 2/3) family to be
present over the NC phase temperature range. However, the electron diffraction
measurements, shown in Fig. 5.8(c), clearly show that the CDW average angle increases
smoothly as the temperature is lowered. In addition, the CDW wavelength is expected to
vary from 11.67 A for the (16 2/3 x 1 2/3) structure to 11.80 A for the (25 2/3 x 4 2/3)
structure, while the electron diffraction measurements shown in Fig. 5.8(d) show that
the CDW wavelength actually stays betwgen 11.74 A and 11.76 A.

Therefore, we believe that, although the CDW domain superstructure appears

more closely related to the (19 2/3 x 2 2/3) family than to other structures such as the (18
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x 5) family, our STM data do not support the conclusion that the CDW superstructure
adheres to any particular family of superstructures, or that it jumps discontinuously from
one to the next in a family of superstructures. On the contrary, even in the real space
STM images the CDW domains appeay to be nonuniform [see Figs. 5.6(a), (c), (e), (g),
and (1)], with some domains appearing to be of unusual sizes or off-center relative to the
other domains in a single image.

One final point about the CDW structure in the NC phase is that, contrary to
Ishiguro and SatoS, who described the NC phase as having domains only on warming
from the T phase, we find that the domains and discommensurations as evidenced by the
satellite structure are present in the NC phase both when the sample is cooled from the ]
phase and when it is warmed above the T phase. We heated a single sample to 390 K for
48 hours to insure that the CDW would be in the I phase and then allowed it to cool to
room temperature. After verifying the existence of the satellite spots in the FT, we then
cooled it to 77K for 48 hours and again checked for satellite spots after warming it up to
room temperature. Two examples of our FTs showing clear satellite spots both upon
warming and cooling are shown in Fig. 5.11%7. Our measurements are not precise
enough to discern the differences in the CDW wavelength and angle when data are taken
at the same temperature but on different sides of the hysteretic curve of 1T-TaSy, as
reported by Ishiguro and Sato®, However, we can confidently say that domains and
discommensurations are present at room temperature regardless of the thermal history of

the sample.

5.5 Conclusion

In summary, in the NC phase of 1T-TaS; we have shown unequivocally that a
true discommensurate domain structure exists in close agreement with that predicted by
Nakanishi and Shiba, and have analyzed this structure at 215 K, 225 K, 273 K, 295 K,
and 343 K. The domain size increases monotonically with decreasing temperature, but
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FIG. 5.11

(a) Fourier transform of STM data in the NC phase at 295 K just after
sample was cooled from th/e I phase. (b) Fourier transform of STM data
of 1T-TaS; in the NC phase at 295 K just after sample was warmed from
the T phase. Satellite spots are clearly visible in both FT's. (Figure

provided by Ruth Thomson.)
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the angle of the CDW relative to the lattice :ives not continuously approach the
commensurate angle at the transition temperature. In addition, we found it unlikely that

the (19 2/3 x 2 2/3) structure, or any other rigorously commensurate superstructure,

adequately describes the complicated domain superstructure observed in the STM images.
s
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Chapter 6
Surface and Bulk CDW Domain Structure in the T phase of 1T-TaS3

6.1  Introduction

In this chapter we continue th; investigation of CDW domain structure in 1T-
TaSs. Inchapter 5 we described the Nakanishi and Shiba model of CDW domains in 1T-
TaS7 in the NC phase:}’2 and we compared the model to our experimental evidence of true
domain structure. As we mentioned in chapter 5, there was some experimental evidence
suggesting that domains existed in the NC pha333 4 although there were some studies
which found no evidence of domains>’. However, in the T phase both the theoretical
and experimental body of work pertaining to possible domain structure was less
developed than in the NC phase case when we began our investigation. On the theoretical
side, Nakanishi and Shiba proposed a stretched honeycomb domain model® for the T
phase based upon the x-ray diffraction work of Tanda and Sambongig'lo. On the
experimental side, Thomson et al.}112 found evidence for domains in the T phase in an
early STM study of the CDW phases of 1T-TaS;

Thomson et al. 1112 ysed the technique of comparing the fine structure of CDW
maxima within a suspected domain to show that the phase of the CDW, relative to the
atomic lattice, was unaltered across the domain to demonstrate a true phase modulation of
the CDW wave vector away from its average (incommensurate) value towards the
commensurate value within a domain. However, as explained in chapter 5, the way to
determine unequivocally the presence of CDW domains and discommensurations is to
examine the FT for satellite spotsﬂ. Nevertheless, careful scrutiny of the STM images
shows that the apparent domains are not entirely consistent with the generally accepted
stretched honeycomb model®10. This discrepancy suggests that the surface CDW
structure (probed by STM) and the bulk CDW structure (probed by x-ray diffractiox;) are

significantly different in 1T-TaSs (and perhaps in other CDW materials as well). To
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ascertdm whether domains exist in the T phase and, if they do, to determine the
geometital structure of the domains and whether of not they are identical on the surface
and in e bulk, we have performed detailed STM and x-ray diffraction studies of the T

- phase.

6.2 The stretched honeveomb T phase domain model

Were we describe the stretched honeycomb modet® 10 that was widely accepted
when we: began our investigation. Unlike the NC phase, the CDW in the T phase
[present only on warming 1T-TaS» from the commensurate phase (T < 180 K)] loses its
hexagomal symmetry. This means that the moiré pattern formed from the hexagonal
atomic kstice and the CDW lattice is not hexagonal, but rather it is long and narrow. The
calculation of the moiré pattern periodicity from the x-ray diffraction derived CDW wave
vectors and atomic lattice is the essence of the proposed stretched honeycomb model by
Nakanishi, Shiba, Tanda, and Sambong18 10 They used the measured CDW wave
vectors o infer the domain period and orientation. In a sense it is more of a conjecture
than a model because: (1) there is no Ginzburg-Landau like free energy calculation of the
CDW order parameter and its higher order Fourier components which would modulate
the CDW into domains (as Nakanishi and Shiba have calculated for the NC phasel'z),
and (2) the x-ray diffraction study upon which the model is based measures only
fundamental and second order CDW wave vectors but makes no attempt to identify
satellite smlcturem (As discussed in chapters 4 and 5 satellites must be present if there is
true domain structure.)

In Figs. 6.1(a) and 6. 1(b) we present a schematic of the stretched honeycomb
model of the T phase domain structure. At T = 225 K the domain width is 38 A, the
length is 250 A, and the long dimension of the stretched honeycomb makes an angle of 1°

with the CDW wanslation vector Tzw, defined in the section 6.3. This schematic
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FIG. 6.1 Schematic of stretched honeycomb T phase domain model (a) Small scale
structure of model showing registration of CDW maxima relative to the Ta
lattice. (b) Large scale structure of model illustrating size and orientation
of domains. (Figure provided by Ruth Thomson)
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illustrates mly a phase modulation of the CDW in which CDW maxima are perfectly
aligned withthe atomic lattice within a domain and undergo a phase slip of one atomic
constant bzween domains. Because Tanda and Sambongi did not measure satellite
structure, mt.only is the existence of the domain structure in doubt, but also whether the
possible demain structure results from a phase modulated only, an amplitude modulated

only, or bah:a phase and amplitude modulated CDW is undetermined.

6.3

Wit an STM we imaged the surface of 1T-TaS2 in the T phase at 225 K [Fig.
6.2(a), obtined in the current mode, with tip bias -= .20mV and tunnel current = SnA].
The smallest visible periodic features in the figure are CDW maxima. Although surface
defects obseure any obvious CDW domain structure, close inspection reveals long stripes
running dizgonally across the image from the upper left to the lower right. We interpret
these stripes as CDW domains, where the bright stripes represent regions of enhanced
CDW maxima, separated by dark lines of diminished CDW amplitude. From an analysis
of six images from three samples we find an average stripe width of 68 £ 5 A and that the
stripe boundary makes an angle of 28° + 5° with the CDW translation vector direction, T2

[upper right corner of Fig. 6.2(a)]. Here the CDW translation vectors, Tj, are defined as

Q;x z
Q) Q% z| (6.1

Ti =21
where z is a unit vector normal to the cleavage plane. The stripes appear to be at least as

long as the largest scan (500 A) we can obtain.
Unambiguous identification of CDW domain structure is possible by analysis of
Vs
satellite structure in Fourier transformed STM imagesl3[Fig. 6.2(b)]. The wansform

shows three pairs of strong peaks, labeled Q1, Q2, and Q3, which are the CDW
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FIG. 6.2
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(2) STM image of 1T-TaSz at T = 225 K in the T phase. (b) Center of the
Fourier transform of (a). CDW peaks are labeled Q1, Q»2, and Q3, and
satellite peaks are labeled Q2sar and Q35 (Data provided by Ruth

Thomson)
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fundamenal peaks. Clear satellite peaks, labeled Qogar and Q3sat, Occur near two of the
three oppsing pairs of CDW peaks. This fine satellite structure demonstrates a gue
domain-nodulation of the T phase CDW. Because the satellite distribution around the
CDW fiydamental peaks is asymmetric, the CDW is both amplitude and phase
modulatel: The CDW wave vectors may be used to define a lattice and the satellite peak
positionsmay be expressed in terms of the CDW wave vectors. From an analysis of the
six Fourer transformed STM data sets, we have determined the average satellite wave

vectors md intensities relative to the CDW peak intensities. The uncertainties are + 0.02

for the @y and Q2 components of Qogar and Q3sat (Table 6.1).

Gur finding of a surface striped domain configuration is inconsistent with the
previous x-ray diffraction study by Tanda et al. 10y ho, for the bulk material, found a
stretched honeycomb domain configuration. In order to provide a convenient visual
comparison: between our STM result and the x-ray diffraction result of Tanda et al., we
have comstructed a computer generated model of an STM image consistent with their
diffraction measurement (Fig. 6.3). The method of construction is similar to that
described in chapter 5 used for computer simulations. The gray scale indicates CDW
electronic density. The image is formed from a superposition of a set of three sine waves
using values of Q1, Q2, and Q3 measured by Tanda and Sambongiw to represent the
CDW fundamental frequencies with a set of two sine waves using values of Q2¢at and
Q3.a; consistent with, but not uniquely determined by, the measured CDW wave vectors.
The amplitude of the two additional sine waves is arbitrarily chosen to be one-fourth that
of the CDW sine waves. The additional sine waves would produce satellites near two of
the CDW peaks in the FT of the simulated STM image. Although Tanda et al. made no
attempt to determine whether satellites exist, they must exist if the stretched honeycomb

model correctly describes the true domain structure of the crystal bulk.
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Tanda et al. Burk et al. Burk et al.

Property x-ray (225 K) STM (225 K) x-ray (235 K)
Bulk ., Surface Bulk
Qsat not measured 0.075Q1 + 0.908Q> 0.086Q; + 0.891Q>
Q3gar not measured -1.072Q; - 0.908Q, -1.072Q; - 0.891Q»
Qo rel. intensity not measured 6.19 0.085
Q3ga rel. intensity not measured 0.21 0.031
Domain width 38+3 A 685 A 63+3 A
Domain length 250+ 80 A > 500 A > 600 A
Domain orientation 1° +3° 28"+ 5° 24.5° +3.5°

Domain config. stretched honeycomb striped ' striped

Table 6.1 Comparison of the surface and bulk T phase CDW domain properties as
measured by Tanda et al. with x-ray diffraction, Burk et al. with STM,
and Burk et al. with x-ray diffraction.
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FIG. 6.3 Computer simulation of STM data of a CDW in the stretched honeycomb

domain model.
o7
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The domain configuration seen in the real STM image in Fig. 6.2(a) and in its
highly filtered derivative [Fig. 6.5(b) discussed latter] differs dramatically from the
simulated domain configuration constructed in Fig. 6.3. The domain characteristics
extracted from the x-ray data of Tanda et al. and from our STM data are summarized in
Table 6.1. The discrepancies between t’t;c two sets of measurements greatly exceed the

quoted experimental uncertainties.

6.5 - iffracti T-TaS» in the T ph

In order to establish if this discrepancy reflects an intrinsic difference between the
surface and bulk CDW structure in 1T-TaS3, we have undertaken a careful x-ray
diffraction study of the T phase CDW. For our x-ray diffraction experiments we used a
four angle diffractometer to measure the CDW wave vectors and to search for fine
satellite structure. A 1T-TaS crystal (dimensions 0.2 x 0.2 x 0.05 mm) from a different
batch than that used in our STM study was first cooled to the C phase at 150 X and held
at that temperature for one hour before warming to the T phase at 235 K. We measured
CDW peaks positioned near the Bragg 110 peak [see Fig. 6.4(a)]. The position of the
Bragg 110 peak was measured as well to provide a local reference. All peak parameters
were determined by a "point and shoot" technique in which x-ray counts were sampled
for a fixed time interval on a 9 x 9 x 9 three dimensional grid centered on the
approximately known peak positions. A three-dimensional Gaussian peak function was
then fitted to the grid of points to extract peak coordinates, widths, and intensities.

In Fig. 6.4 we display our results. Figure 6.4(a) indicates the regions where we
measured CDW peaks and satellites. Because of the in-layer hexagonal symmetry of the
atomic lattice, there are regions of the crystal in which each of the three CDW wave
vectors Q1, Q2, and Q3 makes an angle of 11° - 13° with respect to the a* axis. This is
the reason we were able to measure all CDW and satellite peaks by examining only the

circled regions in Fig. 6.4(a). In Fig. 6.4(b) we show the commensurate CDW wave
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FIG. 6.4
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X-ray diffraction of the T phase at T = 235 K. (a) Schematic of the in-
layer reciprocal lattice indicating regions probed. (b) Measured CDW
wave vectors (dashed arrgs,ws) and the commensurate CDW wave vectors
(solid arrows). (¢) Deviations of measured wave VeCtors from the
commensurate ones. (d) Locations of observed satellites (open circles)
relative tothe CDW peaks (solid circles).
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vectors as solid arrows and the measured CDW wave vectors as dashed arrows. With
respect to the commensurate case, Q is rotated clockwise and both Q2 and Q5 are rotated
counterclockwise. In Fig. 6.4(c) we show the deviations of the T phase wave vectors

from the commensurate values, 8Q; = Qj, commensurate - Qi The size of the open circles

S
at the ends of the deviation vectors reflects our uncertainties. To within our experimental

uncertainty the deviation vectors are collinear. This is important because it shows that the
moir€ pattern formed by the CDW lattice and the atomic lattice is striped, not a stretched
honeycomblo.

The measured in-layer CDW wave vectors are shown as solid circles in Fig.

6.4(d). For the T phase CDW wave vectors, following the notation of Tanda and
19,10

Sambongi”™*", we find
Q1= 0.231a* +0.081b* + 0.437c* (6.2a)
Q2= 0.073a* - 0.321b* + 0.258¢* (6.2b)
Q3 =-0.305a* + 0.240b* + 0.305¢* (6.2¢c)

where the uncertainties are +0.001 for a* and b* components and +0.002 for the ¢*

components.
In order to characterize the bulk domain configuration, we searched for fine
satellite structure about each of the three CDW peaks. We found one near Q and one

near Q3 [open circles in Fig. 6.4(d)]. Their positions are

Qasar = 0.085a* - 0.279b* - 0.074c* (6.3a)

Q3sat = -0.313a* + 0.199b* + 0.627c*. (6.3b)
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The uncrtainties on the a* and b¥ components are £0.002 and on the ¢* compohe‘fh"ts
+0.005. THie observation of fine satellite structure by x-ray diffraction demonstrates that
a periodivdormain modulation of the CDW occurs in the bulk. The satellite wave vectors
may begxpressed in terms of the CDW wave vectors, as was done for the STM data, so
that we zan compare the two measurements directly. The results along with the x-ray
derived stellite intensities relative to the CDW intensities are included in Table 6.1; the
agreemestbetween the two sets of data is very good except for satellite intensities. The
direct cemparison of the intensities is complicated by x-ray structure factors which we

have notattempted to include.

6.6  Comparison of our STM (surface) and x-ray diffraction (bulk) results

The bulk domain configuration extracted from the x-ray CDW and satellite peak
positions and intensities is striped, not stretched honeycomb. A real space reconstruction
of the indayer bulk domain configuration is obtained from the measured x-ray data [Fig.
6.5(a)). The gray scale indicates CDW electronic density. The image is formed from a
superposition of a set of three sine waves using measured values of Q1, Q2, and Q3 to
represens the CDW fundamental frequencies with a set of two sine waves using measured
values of Qosa; and Q3say and their relative intensities to represent the satellite
frequencies. The reconstructed stripe width is 60+ 5 A, the length is greater than 600 A,
and the orientation of the long dimension of the stripe forms an angle of 24.5" £ 3.5°
with the CDW translation vector direction, T2, indicated in the figure. In an electron
diffraction study of the T phase, Withers and Steeds!4 identified "split peaks” (here called
the CDW fundamental and satellite peaks), but they misinterpreted them as evidence that
the T phase domain is not striped. In facy, the diffraction data of Withers and Steeds are
consistent with the reconstruction in Fig. 6.5(2).

The difference between the striped domain structure implied by our data and the

i01



main

f the T phase in-layer CDW do
configuration (a) from the x-ray data and (b) from the measured Fourier

ion o
components of the STM image [Fig. 6.2(b)]

Real space reconstruct

FIG. 6.5

102

XB8 9/0- 10000 A



stretcted: honeycomb structure obtained from the x-ray diffraction work of Tanda et
al. > may be traced to a slight disagreement in the measured CD'W wave vectors. Our
messmements differ from those of Tanda et al. by only a few thousands of a reciprocal
latticevector. The major result of the discrepancy is a rotation of the calculated domain
structere: by about 27° as well as an increase in the domain width and length. The
domui: configuration is exceedingly sensitive to the precise values of the CDW wave
vectazs. However, we can independently test the accuracy of our measured CDW wave
vectars:by calculating the expected positions of the satellites from the CDW wave vectors
alone. If the true domain structure has the same periodicity as the moiré pattern, then
potential satellite positions are given by Qi k; fori, 1=1, 2, 3. Here kj=3q; - qn for
cyclic permutations of Lm,n where q1 = Qg - Ql,commensumw.l'z*g’w The calculated and
observed: positions agree to within our experimental uncertainties.

The bulk domain configuration derived from our x-ray diffraction data is in close
agreement with the surface domain configuration observed by STM. A real-space
reconstruction of the surface in-layer domain configuration, from the Fourier components
measured by STM, is shown in Fig. 6.5(b). This image was generated with the same
reconstruction method used for Fig. 6.5(a). This reconstruction is equivalent to filtering
the Fourier transform shown in Fig. 6.2(b) at the satellite and CDW peak frequencies
and performing an inverse Fourier ransformation. With the frequency components due
to the defects [Fig. 6.2(a)] filtered out, the striped domain configuration is readily
apparent in Fig. 6.5(b). The good agreement between Figs. 6.5(a) and 6.5(b) is striking.
As summarized in Table 6.1, the domain configuration parameters of length, width, and

orientation that we determined for the surface agree with those that we find for the bulk.

6.7 nterlaver lation main

Because 1T-TaS; is both electronically and structurally a quasi-two-dimensional

material, it may not seem 100 surprising that the surface and bulk CDW domain structures
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agree. In a material with weak interlayer coupling the absence of coupling from one side
for a surface layer should not cause a serious perturbation to the CDW. However, X-ray
diffraction studies!®15 have established a high degree of correlation of the CDW
fundamental frequency across layers in the I, NC, and T phases. Therefore, interlayer
coupling is significant, yet its absencﬁe from one side does not alter the CDW at the
surface.

We expect significant interlayer coupling to correlate CDW domains across
layers. Because the domain structure arises from the beating of the CDW frequencies
with the satellite frequencies, the coherence of the domain structure along the ¢ axis is
determined by the coherence of both the CDW and satellite frequencies. A lower bound
for the coherence of each frequency may be obtained from the peak widths. From our
Gaussian fits to the CDW and satellite peaks measured by x-ray diffraction, we obtain
full width at half-maximum values, projected onto the ¢* axis, 01; about 0.035¢* for both
cases. Roughly, this implies that domains are correlated across 20 layers in the T phase
of 1T-TaS,. The domain frequency along the ¢ axis is simply the difference, about ¢*/3,
between the ¢* components of a CDW wave vector and its satellite. Thus the striped

domain configuration exhibits a three layer stacking.

6.8 nclusion

By analyzing the bulk CDW wave vectors and associated satellites by x-ray
diffraction, it is found that the bulk contains three-dimensionally ordered striped domains
rather than the previously accepted stretched honeycomb domain configuration. The
crystal bulk domains are correlated across at least 20 layers in the T phase. The Fourier
transforms of STM images yield the same satellite positions as the x-rays. Within
experimental error, the surface domain structure observed with STM is identical to that of
the bulk, indicating that the CDW striped domain configuration propagates unaltered to

the crystal surface.
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Chapter 7
Lattice-induced modulation of 2 CDW far from commensurability in the ]

phase of 1T-TaS;

V'

7.1 Introduction

As explained in chapter 4, the CDW wavelength is determined by the nesting
properties of the Fermi surface and is not determined by the lattice periodicity alone. In a
CDW systern where the CDW is almost commensurate with the underlying atomic lattice,
the influence of the CDW-lattice interaction on the CDW has been extensively studied
theoretically and experimentaﬂyl‘“. In chapters 5 and 6 we described our work on this
issue for the NC and T phases of 1T-TaS; where the CDW is close to commensurability.
Close to commensurability, first McMillan! and then others2* theoretically examined the
issue and found that an additional periodic modulation of the CDW into commensurate
domains should result. An interesting question is the extent to which the CDW-lattice
interaction may induce a modulation of the CDW in a system where the CDW wave
vectors are far from commensurability.

The incommensurate (I) CDW phase of 1T-TaS; provides an excellent system for
studying the CDW-lattice interaction in a CDW that is far from commensurability,
Through STM and x-ray diffraction, we have investigated whether the CDW and
associated periodic lattice distortion (PLD) is purely sinusoidal, rather than phase and/or
amplitude modulated. From STM we find satellites near CDW fundamental peaks
suggesting a modulation of the CDW analogous to that seen in the NC and T phases.
With x-ray diffraction we find second-order CDW satellite intensity in excess of that
which can be explained by a purely sinusoidal PLD. The excess intensity is consistent
with a phase and amplitude modulation of the CDW induced by the CDW-lattice

interaction.
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7.2 ST¥iresults for the I phase

Inthie 1 phase, present between 543 K and 354 K, the CDW in 1T-TaSp is
.aligned with: the lattice, as was shown in chapter 4., Anearly STM study8 examined the
transition between the I phase and the NC phase and determined that the transition
between tie two phases occurred at the surface at the same temperature as it took place in
the bulk of the sample. This is a further indication that the CDW properties in 1T-TaS,
are identical in the bulk and on the surface, as we found in chapter 6 for the T phase.

Figure 7.1(a) is an STM image of 1T-TaS; in the I phase at 360 K. An
interesting property of the CDW in the I phase becomes apparent only on cxaminaﬁon of
the Fourier transform, shown in Fig. 7.1(b). This FT shows a complicated pattern of
peaks which are reminiscent of the satellite peaks present in the FTs when the CDW isin
the discommensurate NC and T phases. Interestingly, these "satellites” are in a
significamly different orientation from those in the NC and T phases. In the case of the
NC and T phases, the satellite peaks do not appear on the line through the fundamental
CDW pesk and the origin of the FT, which is where the "satellite” peaks occur in the case
of the I phase. These extra peaks are suggestive of a modulation of the CDW in this
phase as well. However, in the I phase, there is no evidence of such a modulation
discernibie in the real space data. This is because the intensity of the "satellite” peaks in
the FT of this phase is only 1% of the fundamental CDW peak, whereas, for instance, in
the T and NC phases the satellite peaks are typically about 20% - 30% of the intensity of
the fundamental CDW peak.

Because the observed "satellite" peaks are exactly two CDW wave vectors from
the atomic lattice peak towards the origin of the FT, it is difficult to determine whether
these peaks are simply second-order harm/onics of a uniform CDW or if they indicate a
weak but true modulation of the CDW. In order to distinguish between these choices a

careful comparison of the CDW fundamental and the "satellite” peak intensities is

107



FIG. 7.1

mana 25 A

(a) Real space STM image of 1T-Ta$ in the I phase at 360 K. (b)
Fourier transform of (a). Note "satellites” approximately half _way
between the fundamental CDW peaks and the second-order peaks (located
at twice the fundamental peak's distance from the origin).
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requird: Fourier transforms of STM data are not suitable for the precise determination
of imenssty ratios of the peaks. In order to resolve this question, we performed a careful

x-ray diffraction study to measure the peak intensities.

7.3 Yray diffraction experimental procedure and results

By x:ray diffraction (Mo ko radiation) we have measured the positions and
integraed intensities of the (100) Bragg reflection, one of its first-order CDW satellites,
and am'ond—drder CDW satellite referred to the (201) Bragg reflection for a 1T-TaSy
crystal inr the I phase at T = 363 K (Fig. 7.2). The crystal (dimensions 0.4 X 0.4 x0.01
mm3} was grown by a standard vapor transport tcchniqueu. We used a diffractometer
with & "point and shoot" technique in which counts were sampled for a fixed time interval
at poinss scanned through each peak parallel to each reciprocal axis. To each line profile a
Gaussian function was fitted to extract peak coordinates, widths, and intensities. From
the fitted widths and peak intensities of the line profiles, we obtained the integrated
intensity >,

The measured first-order CDW satellite position is consistent with previous x-ray

diffraction studies of the | phasel4'16. For the first-order CDW satellite position we find
Qegwi = 1.282a* + 0.002b* + 0.333c*; (7.1)

uncertainties are + 0.002 for a*, b*, and ¢* components.
In order to determine whether the CDW is purely sinusoidal we have investigated

a second-order CDW satellite near the first-order satellite. For the second-order CDW
satellite position we find

e
Gegwn = 1.4322% + 0.002b* + 0.334c*; (7.2)
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second-order CDW satellite
first-order CDW satellite

—(100) Bragg reflection

FIG. 7.2 Schematic of the reciprocal lattice projected onto the a* - b* plane of I T-
TaS; in the I phase. Large closed circles indicate Bragg reflections, small
closed circles indicate first-order CDW satellites, and small open circles
indicate second-order CDW satellites. Only CDW satellites on the
(h,k,1/3) plane are shown. Light arrows point to the peaks measured in
this study.
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unceringies are + 0.002 for a*, b*, and ¢* components. The observed second-order
CDW satellite position is consistent with the measured CDW fundamental wave vectors
found in: this study. To the best of our knowledge, no intensity at the second-order
satellite position in the 1 phase of 1T-TaS7 has ever been reported (or perhaps carefully
investigated) before this study. The second-order satellite is much weaker than the first-
order sutellite and so it is more difficult to detect. A line scan profile through the second-
order CIDPW satellite position along the ¢* axis in Fig. 7.3 shows an unmistakable peak.
Throughout this chapter we will state the integrated intensities of CDW satellites
relative to the integrated intensity of the (100) Bragg reflection, The experimentally
determined first-order CDW satellite integrated intensity I(qeqw1Jexpt = 3.06 X 10-2, and
the second-order CDW satellite integrated intensity I(qcgw2)expt = 275 X 10-4. The
uncertsinties in intensity are +10%. The observed satellite intensities are included in

Table 7.1 under the "Expt. Intensity” column.

7.4 Comparison of x-rav results with structure factor (with linear phason dispersion)

In order to determine whether these relative intensities are consistent with a purely
sinusoidal PLD, one must compare them to the relative intensities calculated from the
structure factor. In chapier 4 we briefly described the method of computing the structure
factor for a monatomic lattice. There we noted that even a purely sinusoidal PLD should
produce some second-order COW satellite intensity. If the CDW is modulated, then
excess intensity should appear in higher order CDW satellites which occur near
fundamental CDW peaks. The formula below is developed using the techniques
described in chapter 4. For a polyatomic lattice with three equivalerit purely sinusoidal
CDW's, Chapman and Colellal® have obtained the following form for the structure

factor: s
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FIG. 7.3 Line scan profile though the second-order CDW satellite parallel to the c*
axis obtained from x-ray diffraction at T = 363K in the I phase of 1T-

Ta$Ss.
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Calculated with Calculated with
PTF alone PTF and ATF
CDW Expt. Calc. Ratio of expt.  Calc. Ratio of expt.
sateflite Intensity Intensity to calc. Intensity to calc.

Qodwl 3.06 x 102 2.84 x 102 1.08 2.84 x 102 1.08

Qo 2.75x 104 783 x 106 35.1 1.49 x 10-3 18.4

Table 7.1 Comparison of the integrajed intensities of a first and second-order CDW
satellite relative to the (100) Bragg peak as measured by x-ray diffraction
with the results of our structure factor calculation for 1T-TaS3 in the 1

phase.
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S(q) = 2. fi(q)expli(Ti*G + n1oj1 + nadiz + n30i3)]
* Ju1(QoAi 1) Ina(qe A n3(q*A ) (1.3)

x exp[-C(n12 + na2 + n32)T]
Y

where S(q) is the structure factor, g is the scattering vector for a given CDW satellite
with Miller indices ni, ng, n3, fj(q) is the form factor of the ith atom, T; is the basis
vector of the ith atom, G is the reciprocal lattice vector of the CDW satellite's parent
Bragg reflection, ¢;; is the phase of the jth CDW acting on the ith atom, J; are integer
order Bessel functions, and Ajj is the atomic displacement vector of the jth CDW acting
on the ith atom. The second exponential factor is the phason temperature factor (P'I‘F}ls.
The PTF is the phason analog of the Debye-Waller factor. It accounts for the
diminishment of CDW satellite intensity due to thermally excited CDW phase
fluctuations, In the PTF, T is temperature and C is an experimentally determined
parameter.

We use Eq. (7.3), along with the values determined by Chapman and Colella!’
for ¢jj, Ajj, and C from their x-ray diffraction study of 1T-TaS3 in the I phase, to
calculate the relative intensities of the first and second-order CDW satellites that we have
measured. We obtain atomic form factors and anomalous dispersion correction; from
standard tables! 1%, In Eqg. (7.3), for the first-order satellite, G =a*, ny =1, and np =
n3 = 0, and for the second-order satellite, G =2a* +¢*,n;=-2,and np =n3 =0.

The calculated first-order CDW satellite intensity, l{qcaw1)calc = 2.84 x 102, and
the calculated second-order CDW satellite intensity I(Geqw2)calc = 7-83 x 10-6. In
Appendix D we provide a detailed description of the calculation. For the first-order
satellite the experimental to calculated intensity ratio I(‘chwl)cxptﬂ(%dwl)cajc =1.08
which is within our stated 10% uncertainty of the expected value of unity for the 1:atio.

Thus for the first-order CDW satellite our results are in excellent agreement with the
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resultrof'Chapman and Colella. However, for the second-order satellite the experimental
to calbutited intensity ratio Hqegw)exp1(dcdwcate = 351 which is dramatically different
fromutiesexpected value of unity for the ratio. These results are summarized in Table 7.1
underifie "Calculated with PTF alone" column. We observe intensity at the second-order
CDW satellite position in excess of that which can be explained by Eq. (7.3) in
combitation with previously determined parameters ¢jj, Ajj, and C.

The PTF, though experimentally verified by Chapman and Colella between 363
and 473 K, provides an incomplete description of the effect of thermal fluctuations on the
intensty of CDW satellite reflections. In addition to thermally excited phasons, thermally
excitaf amplitude fluctuations of the CDW may affect the CDW satellite intensity.
Giulizi and Overhauser have proposed a complete CDW thermal fluctuation .'3.nalysis.]‘9
whichincludes an ampliton temperature factor (ATF) as well as a PTF. The ATF leads té
enhascement of the higher-order CDW peak intensities. The ATF has not been
experimentally verified, but its derivation parallels that of the PTF and requires no
additipnal parameters.

In Giuliani and Overhauser's theory the square of the PTF may be written as

Fa®(T) = exp[-2n2W¢(T)] (7.4)
and the square of the ATF may be written as

FoA(T) = exp[2ini(in! - HWA(T)] (7.5)

where 1 is the order of the CDW satellite. In the high temperature limit (T>>8¢, where 6,

is the phason analog of the Debye tcmpeéture),

Wo(T) = CT ] (7.6)
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and

WA(T) = 0.2464CT . (7.7)
/s

The above expressions for We(T) and WA(T) are calculated under the assumption of a
linear phason dispersion relation. The parameter, C, in Eq. (7.6) has the same value as
the parameter, C, in Eq. (7.3). In this more complete PTF and ATF theory, the second
exponential factor in Eq. (7.3) is replaced by [F ®(T)F,A(T)]1}/2. For first-order CDW
satellites (n = 1), FA(T) = 1 so that the more complete theory gives the same result as the
PTF alone, I(qcgw1)exptI{Gcaw)calc = 1.08. Upon including the ATF for the second-
order satellite (n = -2), we find that I(q.gqw2)cale = 1.49 x 10-5 and
I(qcqwexptHAedw2)calc = 18.4 (see Appendix D). These results are summarized in
Table 7.1 under the "Calculated with PTF and ATF" column. After incorporating the
complete PTF and ATF theory to calculate the expected second-order satellite relative
intensity, we still find excess intensity.

The excess intensity of the second-order CDW satellite gives evidence that the |
phase CDW in 1T-Ta$; is not purely sinusocidal but rather that the CDW-lattice
interaction induces a phase and amplitude modulation of the CDW. As discussed in
chapters 5 and 6 we note that the CDW is phase and amplitude modulated into periodic
domains in the nearly commensurate (NC) and triclinic (T) CDW phasc:sz'3'5 .
7.10,11,20.21  hare the CDW is close to commensurability. In the NC and T phases the
CDW-lattice interaction induces excess intensity in higher-order CDW satellites near first-
order satellites. Thus 1T-TaSy supports a CDW in which the CDW-lattice interaction is
significant. However if the CDW is modulated in the I phase as well, the frequency of
the modulation, due to the second-order CDW harmonic, is qoqy2 - Qeqw1 = 0.150a* =

0.53(Qcgw1 - 8% - 0.333c¢*). This means that the period of the modulation is only about
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twice Be: CDW period and so the modulation is not domain like (in the sense that the
modulsticn period does not contain many CDW wavelengths). We have searched for
higher#ian second-order CDW satellites near the first-order satellite and found none.
Since the second-order harmonic is the only harmonic which occurs with significant
intensityin the neighborhood of a CDW fundamental, the resulting weak modulation of
the CDW: should be both phase and amplitude in character with the modulation wave

vector garallel to the in-layer component of the CDW fundamental wave vector.

A possible alternative to the periodically modulated CDW to explain the excess
second-order satellite intensity arises if one discards the assumption of a linear phason
dispersion. The assumption is critical in the calculation of the quantities We(T) and
W A(T} that enter into the complete PTF and ATF theory. If a gapped phason dispersion
is assumed, the PTF and ATF corrections to the calculated CDW peak intensities are
altered and, for a suitably chosen gap, the calculated second-order peak intensity might
agree with experiment thus allowing a uniformly incommensurate CDW interpretation.

Fortunately Wo(T) and W4 (T) can be readily calculated for a gapped phason
dispersion. The phason and ampliton dispersion relations are not independent; specifying

one determines the other. We have calculated these quantities assuming that

@2 = Wo? + (voq)? (7.8)

where ©4(q) is the phason frequency at wave vector g, o is the gap in the phason
dispersion, and vg is the large wave vector phason velocity. A gapped phason dispersion
results in an ampliton dispersion with re}atively lower frequency at small wave vector.
Small wave vector amplitons therefore are more readily thermally excited. Amplitons

enhance the intensity of second and higher-order CDW peaks [Eq. (7.5)]. Similarly,
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phasons are less easily thermally excited, due to the gap, and so the relative intensity of
+ all CDW peaks is enhanced {from Eq. (7.4) phasons diminish all CDW peaks].

Using Eq. (7.8) and the ampliton dispersion relation it implies, we recalculate
Wo(T) and WA(T) within Giuliani and Overhauser's theory. Then we compare our
newly calculated PTF and ATF with the experimentally determined CDW peak
intensities. We present the detailed calculation in Appendix E. We find that there is no
physically plausible value of the parameter (o that fits the data under the assumption of a
uniformly incommensurate CDW with no static phase or amplitude modulation of the

CDW. We have calculated We(T) and W o(T) for other phason dispersion relations and

they fail to fit our data.
7.6 Conclusion

In conclusion, we have measured the intensities of the CDW first and second-
order satellites in the I phase of 1T-TaS;. We have shown that our measurements are
inconsistent with the results of a structure factor calculation incorporating a purely
sinusoidal PLD, the PTF, the ATF, and a linear phason dispersion. We propose that the
observed excess intensity of the second-order CDW satellite is due to a periodic phase
and amplitude modulation of the CDW. It should be recognized that this conclusion is
based upon the PTF and ATF. I the assumption of a linear phason dispersion relation
for the I phase of 1T-TaS7 is invalid, the PTF and ATF must be modified but our
conclusion is not altered. The excess intensity can not all result from enhanced ampliton
and diminished phason dynamic fluctuations that a gapped phason dispersion relation
would afford. Diffuse x-ray scattering surrounding satellite reflections in 1T-TaSz by
Minor et al.22 shows no evidence of a q = 0 gap in the phason dispersion relation,
although they do not state the upper bound on a gap that their result implies. If the Minor
et al. result is rigorously correct, then all the excess intensity we observe results from a

phase and amplitude modulation of the CDW.
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Chapter 8

The rubidium isotope effect in Rb3C¢¢

8.1  Introduction

The detailed mechanism of superconductivity in alkali-intercalated Cgg remains
controversial, with proposals for both electronic!? and phonon~mcdiated3'8 mechanisms.
The phonon mechanisms can be further subdivided into models that rely exclusively upon
on-ball molecular phonons3’5 and those which incorporate additional modes such as
librons®, translational modes® or alkali-Cgg optic phonons6'7. For any superconducting
mechanism, we can write T, e« M; -% where M; is the mass of a given atomic constituent

and o is the isotope shift exponent for the i th atomic species. Although these models

generally predict a carbon isotope effect, a substantial intercalant isotope effect 1s
expected only for models with a significant alkali-Cgg optic phonon contribution to the
pairing mechanism. An accurate measurement of the alkali atom isotope effect would
therefore provide a useful constraint on the mechanism of superconductivity.

Earlier isotope effect measurements on A3Cg0 (A = K, Rb) consist of a single

10 and several carbon isotope effect experiments”'ls. There is

rubidium experiment
uncertainty concerning the intrinsic carbon isotope effect in that a more homogeneous
carbon isotopic distribution seems to yield a smaller carbon isotope effect!®. The most
complete substitution to date yields a¢ = 0.3 + 0.05 for K3Cgp and Rb3C5016.
Susceptibility measurements on powder samples of T, yield an upper limit on the
rubidium isotope effect exponent of ORp < 0.21%. Ebbesen et al.!? argue that their result
demonstrates rubidium-Cgp optic phonons do not play a significant role in Cgg
superconductors. This claim is refuted in Appendix F following a simple derivation of an
analytic expression for aRp. ,
Comparison of the T¢'s of K3Cgp and Rb3Cep ar equal lartice constant does not

constitute a valid alkali isotope experiment. Since T RP3Cs0 > T K3Ce0 at equal lattice
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17 such an approximation would suggest an inverse isotope effect of rough

constant
magnitude Carkasi = -0.2 £ 0.2. However, this result is clouded by the large difference in
ionic radii between K+ and Rb+, which could yield a change in vibrational dynamics c;f
the same magnitude as that cause by the change in alkali mass. Considering the present
experimental sitvation, a greater ccrt;inty in atrp is desirable in order to narrow the
constraints on plausible pairing mechanisms. We report detailed measurements of the
effect of rubidium isotope substitution on the resistive T¢ in Cgg single crystals

intercalated with 85Rb, 87Rb, and natural abundance rubidium, 12Rb.

8.2  Experimental pr ure

First we describe the intercalation vessel. The considerations that went into the
design were that it should be air tight and clean, provide a good thermal link between the
sample and temperature sensor, and be able to withstand extended exposure to
temperatures up to 300 “C. The vessel consists of a Pyrex to stainless steel tube union,
sealed at the Pyrex end, and a Swagelok compression fitting cap modified with a
specially designed sample stage that seals the stainless steel end of the tube. A schematic
of the vessel is shown in Fig. 8.1. The rubidium metal is placed in the Pyrex end of the
tube and the unintercalated Cgg crystal is placed on the end of the sample stage. The
Pyrex segment of the tube has a neck at the midpeint to prevent the rubidium from
inadvertently falling onto the crystal. The sample stage is supported by a stainless steel
tube that is hard soldered to the cap. The temperature sensor is inserted into the stainless
steel tube and screwed into the threaded sample stage. The electrical leads to the sample
are 5 mil manganin wire with Kapton insulation.

Since isotopically pure elemental rubidium is not commercially available, we
produced all rubidium used in this experiment by extraction of Rb metal from RbClL. We
extract Rb metal from isotopically enriched RbCl (RbCl @ 99.2% 87Rb, 0.8% 85Rb and
RbCl @99.8% 85Rb, 0.2% 87Rb from US Services) and from natural abundance RbCl
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(RbCl @ 72.2% 85Rb, 27.8 87Rb from Aldrich). We place 177 mg RbCI and
approximately 500 mg finely divided calcium into a Pyrex tube that is continuously
evacuated by a mechanical pump. The RbCl and calcium mixture at one end of the tube is
heated with a flame until the mixture reacts (near the melting point of Rb(l, = 718 °C).
The reaction produces rubidium va;or and CaCly. The rubidium vapor rapidly
condenses on the cool portion of the tube wall away from the reacting mixture. After
reaction completion, the open end of the tube is sealed with a flame and the tube segment
with condensed rubidium metal is separated in a glove box and introduced into the
intercalation vessel.

The procedure outlined here differs from that described by Ebbesen et al.10 They
reacted lithium with RbCl to liberate rubidium. Initially we used an independently
developed lithium reaction method but found separation of rubidium from residual lithium
to be difficult. With the calcium reaction, separation is trivial since the calcium vapor
pressure is three to four orders of magnitude lower than the rubidium vapor pressure over
a wide temperature range. Heating the reaction products with a flame drives the rubidium
vapor away from the remaining calcium.

We intercalate single-crystal Cgg samples (typically 1 mm x 1 mm x 0.1 mm)
with rubidium vapor following the technique developed by Xiang et al.18 Ce0 crystals
with electrical contacts are maintained at 250 °C and exposed to rubidium vapor in the
intercalation vessel. Vapor exposure is maintained as long as resistance continues to
decrease. The samples are annealed at 250 °C without rubidium vapor until the resistance
stabilizes. Annealing duration is typically 12 to 24 hours. We repeat the process unti!
no further decrease in resistance is achieved. Usually 10 to 20 cycles are required to
achieve complete uniform intercalation. While samples with apparently intrinsic
resistance versus temperature behavior may be produced with shorter annealing times and
fewer intercalation and anneal cycles, they tend to exhibit broader superconduéting

transitions.
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8.3 efiniti 1

In Fig. 8.2 we show resistance versus temperature data of 85Rb, 87Rb, and
naR b-intercalated samples near T, normalized to the resistance at T = 32 K. The resistive
transitions are sharp (for this material), indicating a high degree of homogeneity within a
given sample. We define T, by the maximum in the derivative of the resistance with
respect to temperature. Figure 8.3 shows d R/d T for each sample. The data are fitted
with a cubic spline, and the maximum of the fit determines T (parabolic and gaussian fits
yield essentially equivalent results). We measured the resistive transition several times,
T¢ being reproducible to within 5 mK for a given sample. We define the width of the
transition as the separation between the maximum and minimum in the second derivative,
yielding transition widths from 140 to 180 mK. We assign an uncertainty to T¢ of 0.1
times the transition width. This uncertainty estimate is always greater than the
reproducibility spread of T, for a given sample; it reflects our estimate of the errors
introduced by inhomogeneous broadening of the transition.

Before presenting the isotopically shifted results, we note that our measurements
provide the most accurate determination for T in Rb3Cgg. For MRb3Cgp we find T¢ =
30.82 + 0.09 K, where the uncertainty reflects possible temperature calibration errors.
This result is 1-2 K higher than reported susceptibility measurements of TCH’IQ and

20 We have verified that temperature

about 0.6 K higher than previous resistive T¢'s
gradients between the sample and the temperature sensor (Lakeshore CGR2000) are
small. We have measured resistance curves for a sample vessel immersed in a sealed
container with liquid neon in which the neon vapor pressure and the temperature sensor
provide simultaneous temperature measurements. The temperature sensor calibration
agrees with the neon vapor pressure-deriyed temperature to within 90 mK. Furthermore,

the measured T, (as determined by the temperature sensor) is independent of whether or

not the sample vessel is immersed in liquid neon, indicating that the temperature lag
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between sample and sensor is negligible in the normal measurement configuration
without neon.

Figure 8.4 displays our results for T, measured in 85Rb3Cs0, 87Rb3Cs0, ana
naRb3Cgg. The data are plotted as T¢ virsus average rubidium mass. For comparison we
plot the result for the BCS maximum value of o; = 0.5 normalized to the 87Rb3Cgg data
point. We obtain agrp = -0.028 + 0.036, or equivalently AT; = -20 + 26 mK for
87Rb3Cgp — 85Rb3Cgyq (the error bars indicate the 65% confidence interval). To within

our experimental uncertainty there is no rubidium isotope effect on T in Rb3Cep.
8.4 is with implications for mechanism

Before discussing the implications of this result for the different pairing
mechanisms, we consider an indirect rubidium isotope effect due to a weak dependence
of lattice constant on Rb mass. Both electronic? and phonon-mediated mechanisms are
expected to exhibit an effect of lattice constant on transition temperature. To estimate this
effect, we use the experimentally determined lattice constant dependence of T, 44 KA-
1718 The isotopic shift in lattice constant can be estimated from the fractional change in
crystal isotopic mass AM/M, the bulk modulus B, the phonon mode energies E; and

Griineisen constants y; 21,

Aa _ ;AM_L;YiEi _ (8.1)

We treat the Cgp molecule as a single entity, yielding four "atoms" per unit cell.
The relevant phonon frequencies are the intermolecular translational and Rb-Cgg optic
modes, with frequencies in the range 50-300 K. An upper limit on the Griineisen
constants can be estimated from the pressure dependence of the bulk modulus!”, which
provides information about the hardening of the intermolecular modes with pressure.

These estimates yield Aa = 0.5 - 2.0 x 10-4 A for 87Rb3Cep — 85Rb3Cg0, which
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translates into an increase in T¢ of 2-9 mK. The entire range of this estimate falls within
two standard deviations of the experimental result for oy, indicating that the null
experimental result is robust under consideration of isot.opic shifts in lattice constant.

In addition to increasing the lattice constant, the substitution of 85Rb for 87Rb
could harden the librational potential, reducing a possible librational contribution to the
electron-phonon coupling. Such an effect can be estimated from the dependence of the
librational mode frequency upon the size of the atkali atom??. The substitution of Rb for
K increases the librational frequency by 8 K. The steric effects of this substitution also

increase the lattice constant by 0.15 A. The 87Rb — 85Rb substitution increases the
lattice constant by 0.5 - 2.0 x 104 A, implying a tiny increase in librational mode
frequency on the order of 10-2 K, which is a negligible effect.

A model of superconductivity in Rb3Cgg incorporating both on-ball carbon
phonons and Rb-Cgp optic modes would predict a direct rubidium isotope effect due to
isotopic shift in phonon frequency. The present experiment places limits on the relative
contributions of rubidium modes within such a model. First we obtain a simple analytic
constraint on the relative contribution of rubidium modes to the electron-phonon
coupling. We assume that T depends on atomic mass only through the mass dependence

of the average phonon frequency,

dInT, dlnod

=1
% =2 T e, dIM; (8.2)
where Wjog is defined by
%g=cxp(§l7“~ln wn) ; (8.3)
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with A, the electron-phonon coupling constant to the mode with frequency wy and A is
the total coupling constant. The logarithmic frequency average is the most accurate
single- frequency approximation for the full spectrum of electron-phonon coupling.
Using the McMillan formula for Tc23 with a spectrum of pure carbon and Rb-Cgg optic

modes we obtain

Ry 3Mgy _ Ags _ M Mgy
Cc+Qpp Mg A and  Megr= Mc  +3Mg, (8.4)

where Mefr is an estimate of the effective optic mode mass. The complete derivation of
Eq. (8.4)is given in Appendix F. An upper bound on Oy, yields an upper bound on the
fractional contribution of Arp to A. Using the minimal reported value for a¢ (o =0.3)
and two standard deviations above the measured ary as an upper bound on orp (0Rp <
0.044), this simple analytic model yields App/A < 0.17. Adjusting for a possible lattice-
constant induced isotope shift of 2-9 mK would decrease this bound by roughly 10%.

In order to examine the effects of the detailed frequency distribution of the
electron-phonon coupling we performed numerical solutions of the Eliashberg equations
for various electron-phonon coupling spectra. The on-ball carbon phonons were
modeled following the results of three theoretical calculations>™. The frequency of the
Rb-Cgo optic modes was varied from 50 to 300 K. Neutron scattering results suggest

6.23 place these

mode frequencies on the order of 200 K24, while theoretical treatments
modes in the range from 50 to 200 K. For each electron-phonon coupling spectrum the
values of A, {, and ARy were varied to match experimental constraints of ac =0.3, Tc =
30.8, and oRrp < 0.044. The results are presented in Fig. 8.5. The three models yield
different values of A and j.* while the limits on Arp/A remain essentially unchanged. As
the frequency of the alkali modes increases from 50 to 300 X, the limit on Arp/A

decreases from 0.33 to 0.08 for all three spectra. Although the contribution of the alkali
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FIG. 8.5 Total electron-phonon coupling strength A (upper curves, solid symbols)
and upper bound on the ratio of Rb-Cgp optic mode coupling strength to
total coupling Arp/A (lower curves, open symbols) as a function of alkali
mode frequency for three theoretical models of the on-ball electron-
phonon coupling. The values of Agp/A plotted yield arp = 0.044, the
experimentally determined upper bound on the rubidium isotope effect.
Dotted curves refer to the model of Varma et al.3 which has the fitted
value p* = 0.16. Solid curves refer to the model of Schluter et al.’ (u* =

0.17). Dashed curves refer to the model of Jishi et al? u* = 0.23).
(Figure provided by Vin Crespi.)
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modes to T, is at best small, the contribution of a low frequency alkali mode to A can be
substantial. In contrast to the analytic model, the ratio Agp/A is only weakly dependent
on a¢. Decreasing (increasing) the carbon isotope effect exponent to 0.2 (0.4) results in
significantly increased (decreased) values of A and p*, but the ratio Agn/A decreases
(increases) by only 10%. This reduced sensitivity to o¢ is due to the great disparity
between the alkali and carbon phonon frequencies. Modifying the electron-phonon
coupling spectrum by the addition of substantial coupling to a low-frequency librational
mode at 50 K8 yields a limit on ARp/A roughly 10% larger. In all cases, removal of the
maximal allowed alkali-Cg optic mode contribution to the coupling function results in a
reduction in T, of 1 - 4 K, indicating that the alkali modes make at most a minor
contribution to T.

Although the estimated uncertainty in T, yields a value of isotope exponent
consistent with agryp, = 0, the actual data points hint at a small inverse isotope effect. An
inverse isotope effect is well known for hydrogen at the octahedral interstitial sites of the
fcc Pd lattice®; it has been interpreted within the framework of anharmonic phonons‘??‘
Anharmonicity of the alkali vibration in the A3Cgg system could conceivably depress or
even invert the isotopic signature of the alkali modes, weakening the limit on Arp/A.

In summary, we have made precise measurements of T¢ in isotopically substituted
Rb3Cgp which yield a null result for the rubidium isotope effect in Rb3Cgp. This result

puts stringent limits on the possible contributions of alkali-Cgg optic phonons to the

superconductivity.
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Appendix A

Calculation of the surface CDW structure in blue bronze

We have calculated the projection of the CDW onto the cleavage plane in order to

compare the CDW periodicity to the observed periodicity of our STM images. The

cleavage plane in blue bronze is defined by the b and [102] crystal axes. Our starting

point is the CDW wave vector which from Eq. (3.1) is

q%Dw =% Sb* + O.SC“l ,

(A.1)

where 8§ = 0.737 (0.74) for Kg3MoO3 (Rbg3MoQO3). Projection of the CDW wave

vector onto b gives

while projection of the CDW wave vector onto [102] gives

hpw 2H2C = (& 5b° +0.5¢7) A2

la + 2c| la+2c]
=+¢" c =% 21 .
=¢ |a + 2¢| la+2c|

Thus, in the cleavage plane we find

+ __iﬁ“_l_)__ 1 a+2c
project 2"(“3 [b|+]a+2c||a+2c|)'

The translation vectors reciprocal to the projected wave vectors are
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T o= (58 + atlc) (A.5)

An equivalent basis for the projected CDW translation vectors is

T];mjcctz(%); T;%rojecz=(§_bg+ aEZC) ' e A

) B e ke ».": B
TAS DLIT IR e e

Finally, the vector magnitudes and angle between the vectors are:

!Tgrojectl=10.2 A ’ " SN A7
| T2 e =111 A 6 =626, Gy T e

In Fig. A.1 the CDW surface structure is displayed together with the positions of
the "hump" octahedra. The CDW forms a supcrla}tjicc in the cleavage plane that is
commensurate in the [102] direction and nearly comﬁiénsﬁfate in the b direction. In this
figure the phase of the CDW with respect to the?’%humg'ﬂfijétahedfé is chosen so that a
CDW maximum (open circle) coincides with a "hump” octahedron (closed circle) in the
lower-left region of the figure. The choice of the CDW phase is arbitrary in the b
direction since the CDW is commensuraté and thé "phase is chosen so that

commensurability is obvious; however, the phase of the CDW may be offset in the [102]

direction so that CDW maxima may not coincide with “Ramp” octahedra.
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FIG. Al

The incommensurate charge-density wave of Kp.3MoO3 in the b and
[102] plane caiculated from x-ray diffraction and neutron-scattering data.
The solid lines indicate the CDW wave front with a wavelength of 9.07 A,
and the open circles indicate the CDW maxima. Closed circles indicate the
positions of the "hump” Mo-O octahedra. (Figure provided by Ruth
Thomson)
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Appendix B
Censtruction of CDW amplitude and phase modulation envelope from

Fourier transforms

The amplitude and phase domain modulation envelopes are extracted from the
Fourier transforms (FTs) of the real space STM image. The envelopes shown in Figs.
5.5(2), 5.5(b), 5.7(a), and 5.7(b) reflect the modulation of a single CDW fundamental -
Fourier component induced by neighboring satellites. The procedure used to obtain and
display the modulation envelope is described below.

The contribution to the real space image of a single CDW Fourier component and

its associated satellites, p(r), may be expressed as

p(r) = poexp (ik o 1) + 2 poexp (iky 1) (B.1)

where p, refers to the CDW fundamental Fourier component and py refers to the
satellites. Here pj is a complex number that represents the amplitude and phase of the

Fourier component, k; is the wave vector, and r is the real space position. The values of

p; and k; are obtained directly from the FT of the STM image. Equation (B.1) may be

rewritten as

o) = ke rfexp i i1+ P Eemplie, k)l 82

where k¢ is the commensurate wave vector and the term in large parentheses is the

modulation envelope, M(r). We may express M(r) as
Ve

M(r) = A(rjexp [i¢§r)] ; (B.3)
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where M(r) and ¢(r) are the amplitude and phase of the modulation envelope. Thus
Alr) =|M(r)| ' (B.4)

and

Im | M(r)]
q;(r):arcta.n {m} . (B.5)

The functions A(r) and ¢(r) are plotted in Figs. 5.5(a), 5.5(b), 5.7(a), and
5.7(b) for a specifically chosen direction of r. The set of wave vectors ky, - ko are the
domain wave vectors. We choose the direction of r to make a 30" angle with respect to
the domain wave vector which connects the CDW fundamental peak to its strongest
satellite. The sense of the 30° angle is such that r is nearly antiparallel to ko. With this
direction chosen for r, the envelopes plotted in Figs. 5.5(a), 5.5(b), 5.7(a), and 5.7(b)
reflect the modulation of the CDW along a line parallel to a row of domains, and this line

is roughly parallel to the CDW direction of propagation.
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Appendix C

Derivation of domain period formula

Here we derive an expression for the beat period between the atomic lattice and
the CDW in the NC phase. The beat wave vector is the difference between a reciprocal
lattice vector and a sum of CDW wave vectors which nearly equals the reciprocal lattice
vector. The beat period is the reciprocal of the magnitude of the beat wave vector.

In Fig. C.1(a) we illustrate the commensurate case. Here a*isa reciprocal lattice
vector and k¢! and k¢ are commensurate CDW wave vectors. In the commensurate case
three conditions are satisfied: 3kc! - k3 = a¥, kel = k31, and k¢3 is rotated 120°
counterclockwise with respect to k¢!, In the NC phase the first condition is no longer
satisfied although the second two are.

In the NC case, illustrated in Fig. C.1(b), k! and k3 are NC phase CDW wave
vectors, kg is the beat vector, s = 3k! - k3, and 8 is the deviation angle of k! from the

commensurate angle. By similarity of triangles in the commensurate and NC cases,

1
Isl=la*l 5 - €D

By the law of cosines

kgl =/]a*[? +|sf - 2a*{|s]|cos (30) . (C.2)
Defining € as
k! A d
(1+E)=]|k1}=_l—=l+%’ (C.3)
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FIG. C.1

(a) Schematic of the relationship between the CDW wave vectors and the
reciprocal lattice vectors in the commensurate case. {b) Schematic of the
relationship between the CDW wave vectors, the reciprocal lattice vectors,
and the domain wave vector in the nearly commensurate case.
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where A is the commensurate CDW period and X is the observed NC phase CDW period

and SA = A¢ - A, we may write

jkBl=la*IJ1+(1+e)2-2(1+e)cos(8<b) , (C.4)

which simplifies to

|kpl=|a* ]\/ €2+ (1 +¢)2sin (%P—)]z . (C.5)

Finally,

Beat Period = %o , (C.6)

\/ e2+(1+ eiZsin (5—?)}2

where a,, is the atomic lattice constant. Upon making the approximations (1 + &) = 1,
since £ << 1, and sin(dP) = ndP/360, since 6P/2 = 1°, we obtain Eq. (5.1):

Domain Period = A9 . (C. 7

V(52 + (&
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Appendix D

Evaluation of the structure factor for 1T-TaS; in the I phase

D.1  Preliminaries
Here we present a detailed evaluation of the structure factor from chapter 7, Eq.
(7.3), at three wave vectors, a*, Qedwl, and qedw2. For simplicity, in the following

calculation we use

Qedwi = 1.282a* + 1/3¢* and D.1a)

Qcdw? = 1.436a* + 1/3c* . (D.1b)

These values differ slightly from those stated in chapter 7. In Egs. (D.la) and (D.1b)
we have ignored the small b* components of gegw1 and cdgw2 and increased the a*
component of Gedw2 by 0.004a* compared to the values given in chapter 7. The increase
of 0.004a* makes the value of gcqw? precisely consistent with the value of gcdwi in Eq.
(D.1a). (The values given for qcdw1 and qedw? in chapter 7 are consistent with each other
to within our experimental uncertainty, however.) The difference between the values for
Qcdw1 and qcdw? given above and the values quoted in chapter 7 will produce no
significant error in the dot product evaluations that follow. We restate the structure factor

formula, [Eq. (7.3)], in a slightly different form,
S(g) = 2. fi(q)expli(Ti*G + n1di1 + n2diz + n36i3)]

X Jm(‘l‘AiI)Inz(‘I“AiZ)an(Q'AiB) (D.2)

X TF(ny,n2,n3)
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where TF(n1, n2, n3) is the temperature factor (either PTF or both PTF and ATF) and the

other quantities are defined in the discussion following Eq. (7.3).

D.2 iies n v T

We require the form factors for Ta and S evaluated at three scattering wave
vectors. We use the tables by Crommer et al.}? to calculate form factors including
anomolous dispersion corrections. We present our results in Table D.1 with form factor
values given in electron units.

Next we require the basis vectors. The unit cell contains one Ta atom and two S

atoms. The basis vectors are3

Tra = 0 and (DSH)

Tg+ = +(2/3a + 1/3b + 1/4¢) . (D.3b)

Finally, we require the parameters C, Ajj, and ¢;; determined by Chapman and

Colelia>®, They find C=1.8 x 10-3K-! and

ATa,1 = 0.08593(2/3a + 1/3b), (D.4a)
ATa 2 = -0.08593(1/3a + 2/3b), (D.4b)
Ata3 = 0.08593(1/3b - 1/3a), and D.40)

Assj = 0.1280c,j = 1,2,3 (D.44)

e
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Atom fla*) £(1.282a* + 1/3¢*) f(1.436a* + 1/3¢c*)
Ta 62.324 58.897 56.670
S 12.055 10.721 10.007
Table D.1 Atomic form factors evaluated at the wave vectors investigated in chz'ipter
7.
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where we have converted Chapman and Colella's statement of the Ajj from a reciprocal
lattice basis set to a real space basis set. The real space basis set is more convenient in the
calculations which follow. Chapman and Colella state ¢s+; refered to a cosine
modulation, but Eq. (D.2) is developed from a sine modulation for all ¢j;. After suitable

adjustment for this phase difference the values of ¢4j consistent with Eq. (D.2) are

¢1aj=0" i=123 (D.5a)

05+ j = 1146° i=123 (D.5bH)
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D.2 v ion of 1 i i
Here q = a*, n; =np =n3 =0, and G = a*. We find it convenient to calculate
the contribution to the structure factor of each atom type separately here and in the

following sections.

Tantalum

Sta(a*) = fra(a*)expli(Tra*a*)lp(a*e AT,y 1Jola*eA1s 2)p(a*eAT,3) (D.6)
x TF(0,0,0).

Here we explicitly evaluate each of the dot products.
Tra®a* = Qea* = (
a*eAT, 1 = a*e(0.08593)(2/3a + 1/3b) = (0.08593)(2/3)(2m) = 0.360
a*eAT, 2 = a*#(-0.08593)(1/3a + 2/3b) = (-0.08593)(1/3)(2n) = -0.180

a*eAT, 3 = a*e(0.08593)(1/3b - 1/3a) = (0.08593)(-1/3)(2r) = -0.180

STa(a*) = (62.324)exp[0]Jp(0.360)[Jo(-0.180)]2TF(0,0,0)
= 59.352TF(0,0,0).

Sulfur

Sgi(a*) = fg(a*)expli(Tsrea*)pla*eAss 1Dola*eAss 2)o(a*eAs: 3) (D7)
x TF(0,0,0).

148



The dot products are

Tg+ea* = 2(2/3a + 1/3b + 1/4c)ea* = £240°
a*eAg. i =2%e(0.1280)c =0 for j = 1,2,3.

Ss+(@*) £ Ss.(a*) = (12.055)(2)cos[240° IO TF(0,0,0)
= -12.055TF(0,0,0).

Total
Stot(a*) = (59.352 - 12.055)TF(0,0,0) = 47.297TF(0,0,0)

I(a*) = 2,237.0[TF(0,0,0)1%.

The dot product evaluations in following sections will not be shown.
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D.4  Evaluation of the Qoqw).peak intensity
Here q = 1.282a* + 1/3¢*,nj=1,np =n3 =0, and G = a*.

Tantalum
STa(@cdw1) = fTa(Qedwidexpli(TTa®a* + ¢ra1)]
X J1(Qcdw1®°ATa, 1)T0(Qedwi®ATa 2)J0(dcdw1®ATa,3) (D.9)

x TF(1,0,0).

Stalqeawl) = (58.897)expl[0]11(0.461)[Jo(-0.23 D]?TF(1,0,0)
= 12.867TF(1,0,0).

Sulfur
Ss+(gcdw1) = fs(qeawilexpli(Tsrea™ + ¢s+ 1)]
% J1(Qeawi1®Ast 1J0(qeaw1®As+ 2)J0(qcdw1*A st 3) (D.10)
x TF({1,0,0).
Ss+(Qedwl) + S5-(Qedw1) = (10.721)(2)cos(386°)11(0.268)[J0(0.268) ]2
x TF(1,0,0).

= 2.469TF(1,0,0).

Total

I(gedw1) = 235.19[TF(1,0,0012. (D.11)
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D.5

ion of intensi

Here q = 1.436a* + 1/3¢*,n; =-2,n3 =n3 =0, and G = 2a* +c*.
Tantalum
STalGcaw2) = fralQcaw2)exp{ilTTae(2a* +¢*) - 274,11}
X J2(qcdw2®ATa,1)J0(Qcdw2®ATa,2)0(qcdw22ATa,3) (D.12)

x TF(-2,0,0).

STa(Gedw2) = (56.670)exp(0}1.2(0.517)[Jo(-0.258)}2TF(-2.0,0)
= L.790TF(-2,0,0).

Sulfur

Ss+(Geaw2) = fs(qeaw2)exp{i[Ts+o(2a* +c*) - 205+ 1]}
X J.o(qcdw2*As+, 1)J0(qedw22As+2)I0(qcdwr A s+ 3) (D.13)
x TE(-2,0,0).

Ss(Qedw?) + S5-(Qeaw2) = (10.007)(2)cos(278°)3.2(0.268)[J0(0.268))2

x TF(-2,0,0).
= (0.02398TF(-2,0,0).

Total

H(geaw?) = 3.293[TF(-2,00)%. ~ (D.14)
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D.6 A% ion of iv i iti
1(qcdw1)cale = I(geaw1)/I(100) = 0.1051[TF(1,0,0)/TF(0,0,0)12 (D.15a)
H(qedw2)cale = [(Gcdw2)/1(100) = 1.472 x 10-3[TF(-2,0,0)/TF(0,0,0)]2. (D.15b)
For the "Calculated with PTF alone" case described by Eq. (7.3)
TF(n1,n,n3) = exp[-C(m? *n22 *n32)T].
Thus,
TF(0,0,0) = 1,
TF(1,0,0) = exp[-CT], and
TF(-2,0,0) = exp[-4CT].
At T = 363 K exp{-2CT] = 0.27, [TF(1,0,0)}2 = 0.27, and [TF(-2,0,0)]2 = 0.005314.
The temperature factor reduces the intensity of the first-order satellite by a factor of about
four and the intensity of the second-order satellite by a factor of nearly 200. Thus,
I(Qegwi)cate = 2.84 x 102, (D.16a)

I(Qedw2)calc = 7.83 x 109, (D.16b)

and so using the experimental values of the intensty from Table 7.1 we find
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K(gcdwexpyHQedwidcalc = 1.08 and
I(chwz)expﬂ(quz)calc =35.1.

For the "Calculated with PTF and ATF" case from Eqgs. (7.4) -(7.7)
TF(n,0,0) = exp[-nZWq,('I')] x expl Inl (Inf - HHWA(T)].
TF(0,0,0) = 1,

TF(1,0,0) = exp[-CT], and
TF(-2,0,0) = exp[-3.507CT].

(D.17a)

(D.17b)

Thus, [TF(1,0,00]2 = 0.27 and [TF(-2,0,0)]2 = 0.010132. The temperature factor

reduces the intensity of the first-order satellite by a factor of about four and the intensity

of the second-order satellite by a factor of nearly 100. Thus,

1(qcdw1)catc = 2.84 x 102,

Hqedw2eale = 1.49 X 103,

and so using the experimental values of the intensty from table 7.1 we find

Hqedwexpt/T(Gedweale = 1.08 and

Kqcaw2expt/T{gcdw2)calc = 18.4 .
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Appendix E
Calculation of the temperature factor for a gapped phason dispersion

relation and implications for CDW modulation in the I phase

E.l i ion relati
Before calculation of W¢(T) and WA (T} can proceed, one must specify the

phason and ampliton dispersion relations. In Giuliani and Overhauser's thc:c:»ryl they are

given by
[wA(@)]? = @pn?{1 + F(Q)] (E.1a)
[0¢(@)]? = wph?(1 - F()] (E.1b)

where Wpp, is the frequency of the phonon at the COW wave vector before the CDW
distortion occurs. If the phonon dispersion relation is linear up to the CDW wave vector,
before the CDW distortion, then wpp = wplQcpwl/la*l where [Qcpwl is the magnitude of
the in-layer CDW wave vector and wp is the Debye frequency. Hsieh and Colella? report
wp = 170 K which leads to wpy = 48 K. The coupling function, F(q), is not known but
Giuliani and Overhauser assumed a functional form that produces a linear phason
dispersion. They chose that form because they assumed CDW translational invariance
which should produce a linear phason dispersion at small q. Exact translational CDW
invariance should hold only for perfectly rigid incommensurate CDW however.

A few general properties of F(q) are evident from examination of Eq. (E.1b).
First, F(q) must be an even function of q. Next we note that the range of g should be
limited to some maximum wave Vectop, Qmax. beyond which F(q) = 0. The phonon
dispersion, wpn(k), is reconstructed into phason and ampliton branches at wave vectors k

= Qcpw + q where -Qmax < q < qmax. Outside this range the phonon dispersion remains
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unaltered by the CDW distortion. This means ®¢(qmax) = ®ph- Thus F(gmax) = 0. @pp
plays the role of the phason analog of the Debye frequency. Therefore the phason Debye
temperature ©p = 48 K. )

We assume a general quadratic form for F(q) consistent with the properties

discussed above. This leads immediately to

[OA@]? = wpp2(2 - €2 - (vea/wpn)?] (E.2a)
[we(@)]2 = wpn2[e2 + (voq/mph)?] (E.2b)
(Vedmax/Wph) = (1 - )12 (E.2¢)

where € = Wo/Wph, Wo is the phason gap, and vy is the large wave vector phason velocity.

E.2  Calculation of Wy(T)

In Giuliani and Overhauser's theory,

Wl1) = § 180, ot ) ®30)
w1 T
vl

where 3¢q is the amplitude of the phason mode of wave vector q. In the high temperature

limit (since for the I phase T > 353 K and so T >> €p),
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Umax

2 2d

WyT) e T, ["m",%("&)’] T mﬂ-—‘-%—q-f . (E.4)

(i

Wp

Finally,
W(T) = CT(e) (E.52)
Vi-g2 .2 2

f(e)zfo g§f§2 =¥1-e2-etan ("l"%'f““) (E.5b)

The quantity, Cf(e), takes the place of the parameter C measured by Chapman and
Colella>*. f(e) goes from 1 to O as € goes from 0 to 1. Thus the appearance of a gap

diminishes W(T) and thereby reduces the effect of phasons on CDW peak intensities.

E3 Calculation of WA (T)

In Giuliani and Overhauser's theory,

Wa(T)=g Z|5A qlzcoth(%) (E.62)

SA, o«:{ 1 F? (E.6b)

where 8Aq is the amplitude of the amipliton mode of wave vector q. In the high

temperature limit,
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- 1P q%dq
e R Ml 3
Wpp
Finally,
Wa(T) = CTg(e) (E.8a)

§l
m
b

J1-g2
g(e)mJ'O ¢ ,é.._.zsid)smm_m-eh 2-.52tanh"‘( = ) (E.8b)

—gf—x? 2-¢

[

where g(g) goes from 0.2464 to 0 as € goes from O to 1. Surprisingly, the appearance of
a gap diminishes WA(T) and thereby reduces the effect of amplitions on CDW peék
intensities, even though the gap reduces ampliton frequency. The gap also reduces the
phase space allowed for amplitons (as well as phasons) and this more than compensates

for the lowered ampliton frequency.

E.4  Comparison of x-ray data with the revised W and W

We wish to determine the parameter € such that I{fcdw1)cale = {{Qcdw1)expt and
I(qedw2)cale = I(Gcdw2)expt. Using the experimental values in table 7.1, the fact that
TF(0,0,0) = 1 for any value of €, and Egs. (D.15a) and (D.15b), we obtain [TF(1,0,0)]2
=0.291 and {'I'F(~2,O,0)]2 = (0.187 experimentally. Our modified version of Giuliani

and Overhauser's theory yields

[TF(1,0,0)]2 = exp[-2CTf(e)] and (E.9a)
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[TF(-2,0,0)}2 = exp{-8CTf(e)]Jexp[4CTg(e)] . (E.9b)

Equating the experimental and theoretical temperature factors leads to the requirement that
g(e)/f(e) = 1.32. However using Eqs. (E.5b) and (E.8b) we find that g(e)/f(e) goes
monotonically from 0.2464 to 1 as € goes from 0 to 1. There is no value of € that allows
a fit to the data. Therefore one cannot attribute the excess intensity we observe to a
phason dispersion relation of the form in Eq. (E.2b). We have calculated the ratio
W A(T)/W(T) for other reasonable forms of the function F(q) and in no case does the

ratio exceed 1.
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Appendix F

Derivation of simple analytic bound on Agy/A from bound on agyp

Qur starting point is the definition of the isotope shift exponent o; , which is

dinT,

% == M, (F.1)

where M; is the mass of atomic species i . If one assumes that T depends on M; only
through the T, dependence on the average phonon frequency, one may apply the chain

rule to obtain

dinT, dlnwi}

=1
% = TG, A0 M, (F.2)
where in the McMillan formula for T¢ wog is defined by,
Wy = exp(; 2‘% In m,,) , _ (F.3)

with Ay the coupling to the mode with frequency wy, and A is the total coupling. The
first logarithmic derivative in Eq. (F.1)is the same for each atomic species and we treat it
as a constant which we do not bother to calculate. The second logarithmic derivative is

the important factor. Substituting (F.3) into (F.2) yields

dln @2
o zconst;—xf-a—i-ﬁ%n—i : (F.4)

Ve
At this point we consider a special case to produce an equation suitable for use in

Chapter 8 in analyzing the importance of Rb-Cgp optic phonons. We assume that the two
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types of phonons which may contribute to superconductivity are on-ball carbon modes
and Rb-Cgp optic modes. Furthermore we assume that the frequency of on-ball modes is
independent of Rb mass while we allow Rb-Cgo mode frequencies to depend on both Rb
and Cgg mass. Thus,

_ kcd In (0(—:2 led In Cl)ﬁ%
“C‘CO“S*{ AdlnMe T A dlnMa)’ (E.5)

and

Ay d In 0%
ORp = const{%ﬁ} , (F.6)

where w¢ is the on-ball carbon mode frequency and wgy is the Rb-Cgg optic mode
frequency. To proceed further, we make specific assumptions about the mass

dependencies of the two phonon frequencies,

og? = Mc, (F.7)
and
3MpeMe,,
(‘)R‘“" [ T M F.
% 3MRb +Mcm eff » ( 8)

where Mcygg is the mass of a Cey molecule and Megr is an effective mass approximation
for three Rb vibrating rigidly against a Cgn molecule. Equation (F.8) should provide a
reasonable lower bound on the sensitivity of Wrp 2 to Mry. This lower bound. will

enable us to calculate an upper bound on Arp/A from the measurements of o and oRp.

Substituting (F.7) and (F.8) into (F.5) and (F.6) yields,
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O = const{}f— + —%—b{l - 3%%]} »
and
gy = Const{ k{ ?xffb}
Dividing (F.10) by the sum of (F.10) and (F.9) leads to

Ogy  3Mpy _ Ao
Oc +Ugry Mg A

where we have used the fact that

Ac , dmo

Troe=1.

Equation (F.11) is identical to Eq. (8.4).

(F.9)

(F.10)

(F.11)

(F.12)

Here we refute the claim by Ebbesen et al. that their determination that arp < 0.2

shows that Rb-Cgg optic phonons play no role in superconductivity. We put into Eq.

(G.11)
3MRb 4
=0.2, o~=190.3, and =
ORrp C an M, ¢ =3
and find that P
Aro_ 8
A 15
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Their result allows over half the total coupling to come from Rb-Cgp modes. If one

assumes A = 0.7, Arp = 0.8; 1 = 0.125, axc = 500 K, and gy, = 200 K, then removal
-of the Rb-Cgp mode would reduce T from 31 K to 13 K (within the McMillan formula

approximation}.
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