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Using angle resolved photoemission spectroscopy (ARPES) as the main experimen-
tal tool and the single particle Green’s function as the main theoretical tool, materials of
various degrees of low dimensionality and different ground states are studied. The un-
derlying theme of this thesis is that of one dimensional physics, which includes charge
density waves (CDW’s) and the Luttinger liquid (LL). The LL is the prime example
of a lattice non-Fermi liquid (non-FL) and CDW fluctuations also give non-FL behav-
iors. The current importance of one dimensional physics is that non-FL physics is an
emerging paradigm of condensed matter physics. Furthermore, it is thought by some
researchers that one dimensional LL behavior is a key element in solving the high tem-
perature superconductivity problem.

TiTe; is a quasi-2 dimensional (quasi-2D) Fermi liquid (FL) material very well suited
for ARPES lineshape studies. Its ARPES lineshapes for the Ti 3d band are an important
reference to compare with non-FL ARPES lineshapes and also provide a valuable op-
portunity to examine the many body theoretical interpretation of ARPES spectra. I
report ARPES spectra at 300 K which show an unusual behavior of a peak moving
through the Fermi energy (Er). An accurate value of the Fermi momentum, ky, can be
obtained by analyzing the dispersion. I also report a good fit of the ARPES spectra at
25 K obtained by using a causal Green’s function proposed by K. Matho. However, the
ky values found from the lineshape fits and from the 300 K dispersion are different by
about 8 %, large enough to be significant for some issues. I discuss possible origins of
this discrepancy. SmTe;s is a quasi-2D CDW material. Resonant photoemission shows
that Sm is trivalent. ARPES spectra show that its valence band electronic structure is 4
fold symmetric except for the states near Er. The near Er ARPES spectra and inten-

sity map reveal rich details of an anisotropic gap and imperfectly nested Fermi surface



(FS) for a high temperature CDW. A simple model of imperfect nesting can be con-
structed from these data and predicts a CDW wavevector in very good agreement with
the value known from electron diffraction. NaMosO17 and KMogO:7 are also quasi-2D
CDW materials. The “hidden nesting” or “hidden 1 dimensionality” picture for the
CDW, suggested for these materials by M. Whangbo, is confirmed very well by our
direct image of the FS. I also point out anomalous ARPES lineshapes.

Ky 3MoOs, the so-called “blue bronze,” is a quasi-1 dimensional (quasi-1D) CDW
material. Even in its metallic phase above the CDW transition temperature, its pho-
toemission spectra show an anomalously weak intensity at Er and no clear metallic
Fermi edge, which are expected non-FL aspects of both the LL and the CDW fluctua-
tions. I compare predictions of an LL model and a CDW fluctuation model regarding
these aspects, and find that the LL scenario explains them better. But I also point out
other difficulties that arise in the LL comparison. Despite the weak E intensity, the
Er intensity map shows a FS pattern in good agreement with the expected FS and the
known CDW wavevector. Liy 9MogO;7 is a quasi-1D material, whose 24 K transition
is incompatible with a CDW transition. Its near E; ARPES spectra and intensity map
show a nearly perfect 1D electronic structure. Its 200 K ARPES spectra are a unique
example so far for studying non-FL ARPES lineshapes without concern about thermal
CDW fluctuation effects. I compare the 200 K ARPES lineshapes with the LL line-
shapes calculated using the spin-independent Tomonaga-Luttinger model. I point out

both strong similarities and some significant differences.
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Chapter 1

Introduction: Experiment

Current quantum mechanical understanding of solids largely rests on the so called
Fermi liquid (FL) theory, which explains why the large Coulomb interactions in the
solid do not prevent the use of a much simpler picture of independent electrons. How-
ever, for quasi-low dimensional materials we may be observing an entirely new paradigm
of non-Fermi liquid (non-FL) physics. Two prime examples of non-FL state in quasi-
low dimensional systems are the Luttinger liquid (LL) and the charge density wave
(CDW) fluctuations, both of which are strongly one-dimensional phenomena. The in-
terest in the LL physics is currently very high because it is thought by some researchers
that the one dimensional LL behavior is a key element in solving the high temperature
superconductivity problem. Angle-resolved photoemission spectroscopy (ARPES) is a
direct probe of the Green’s function of the many body theory and has a potential to
reveal the differences of these various ground states in details and without ambigu-
ity. In this thesis, I study various quasi-low dimensional materials with ARPES to gain
information about the FL, CDW and LL physics.

It may be helpful to explain what I mean by the title of this thesis. First, ARPES is
the major experimental tool used in this thesis, and will be explained in this chapter.
At the simplest level it could be envisioned as a tool for mapping the occupied part
of an electron band, by pulling out an electron from the sample in a controlled man-
ner. Second, the idea of the Fermi surface (FS) is easy in the Fermi gas model [1, 2]
of electrons. It is a boundary region in momentum space which sharply distinguishes
filled states and empty states. In correlated electron systems, however, this definition
needs to be generalized, to be valid for a Fermi liquid [3] and even for a non-FL. Within
the scope of this thesis, a general definition of the FS could be taken as the set of sin-

gular points of the function n(k), the electron occupancy for momentum k. Third, by
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CHAPTER 1. INTRODUCTION: EXPERIMENT

“single-particle excitation” one means the excitation of a system by means of an elec-
tron addition or removal. In photoemission an electron is removed from the system
to create a hole excitation. Therefore, a more semantically correct title probably would
be “single-hole” rather than “single-particle.” However, perhaps the use of a more
general term is justified because we want to study general properties of single-particle
excitations which happen to be more readily accessible in photoemission for technical
reasons. Lastly, quasi-low dimensional materials are a class of materials with 3 dimen-
sional crystal structures but with strong anisotropy in their electronic structure near the
Fermi energy (EF).

This is the first of two chapters in which background information essential for un-
derstanding the rest of this thesis is summarized. After two introductory chapters,
specific materials are studied in chapters 3 through 7. These chapters are ordered in
the decreasing order of the dimensionality as probed by photoemission. Each of them
is concluded with a statement of my specific role in the work presented therein.

This chapter is organized as follows. In section 1.1, an idealized view of ARPES
is presented. In section 1.2, a few realistic complications affecting the interpretation
of ARPES measurements are discussed. In section 1.3, experimental setups are dis-
cussed. I will end this chapter with section 1.4 by showing key previous results which

prompted this thesis work.

1.1 Principle of ARPES

Photoemission spectroscopy (PES), also sometimes called photoelectron spectroscopy,
is an experiment in which photons are shot at a sample and out-coming electrons are
analyzed. General reviews on the (AR)PES principles can be found in numerous ref-
erences [4, 5, 6]. There are in principle many experimental variables. They include the
photon energy hv, the photon incidence angle ¢,, the photon polarization ¢,, the sam-
ple temperature T, the photoelectron angles # and ¢, the photoelectron kinetic energy
FE, and the photoelectron spin quantum number o,. Therefore, the most general form

of the photoemission intensity is written as
I(hv,&,,0,;T;0,6, Ex,0.). (1.1)

It is impractical to exploit all these degrees of freedom at the same time. Rather, only
a few important ones are varied or resolved to suit the purpose at the time, with other

variables fixed or integrated over. For example, ARPES experiments refer to photoe-
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1.1. PRINCIPLE OF ARPES

electron anafyzer lens input aperture

Figure 1.1: A schematic geometry of the photoemission experiment. z = sample normal.
xy = sample cleavage surface. 6, = photon incidence angle. (6,¢) = electron energy
analyzer direction. « = electron energy analyzer angular resolution.



CHAPTER 1. INTRODUCTION: EXPERIMENT

mission experiments where the angle dependencies (@, ) are studied. If the hv depen-
dence across an absorption edge is exploited in order to enhance certain atomic orbital
signals, then one is doing resonant photoemission spectroscopy (RESPES). If the spin
states of the photoelectrons are resolved then one is doing spin resolved photoemis-
sion, most likely to study magnetic samples. In this thesis, spin is always integrated.
All other variables in Eq. 1.1 do at least occasionally become important control vari-
ables.

Fig. 1.1 shows a schematic diagram that represents the angle resolved photoemis-
sion setups used in this thesis. In this setup, the sample is mounted with its flat surface
vertical. In the figure, the x and z axes, the latter of which is the sample surface normal,
define the horizontal plane in which the incoming photons propagate. Photons are ra-
diated by relativistic electrons orbiting in a synchrotron storage ring, not shown here
but contained in the zz plane. Light generated by synchrotron radiation is strongly,
~ 85%, linearly polarized within this plane. The absorbed photon energy excites elec-
trons — photoelectrons (e~) — out of the sample. The electron analyzer catches those
electrons coming out at angles 6 and ¢. These angles are related to the standard polar
and azimuth angles of the spherical coordinates, 8, and ¢, by § = ¢, and ¢ = 7/2 — 6,
with the y axis as the polar axis of the spherical coordinate. The rather unconventional
positive directions of the axes and the angles in the figure represents the major accessi-
ble directions in the experiment. Due to the space restrictions imposed by the direction
of the incoming photon and the volume of the analyzer, the full range of angle varia-
tion covering the entire hemisphere is not available. Instead, the accessible ranges of
the angles are: # ~ —10° to 90° and ¢ ~ —10° to 50°. These ranges are usually more
than sufficient to cover the whole Brillouin zone. The energy analyzer accepts those
photoelectrons coming in a cone angle of a. In the setups used in this thesis, this an-
gle is 2°. As we will see below, the momentum value of the photoelectron depends
on both the angle and the kinetic energy of the photoelectron. For the valence band
structures probed by a photon energy ~ 20 eV, the angle resolution translates to the
momentum resolution of roughly 1/20 of the Brillouin zone dimension for typical unit
cell dimensions.

With the photon variables (hv,6p, éy) and the sample temperature (7) made im-
plicit, and with the spin quantum number (¢ ,) summed over, the photoemission inten-

sity is written in a simpler form

1(0,¢, Fk). (1.2)



1.1. PRINCIPLE OF ARPES

- KE : KEgpect
VACsme V] | I spects

o cDspec’tr

Sample Spectrometer

Figure 1.2: Energetics of photoemission experiment. An electron is excited from the
sample by the photon hv. The vacuum levels (VAC) are the potential energy levels just
outside the sample or the spectrometer. When the electron is ejected into the vacuum
level of the sample, it acquires a kinetic energy = hv - binding energy (BE) - work
function (®). See text for more discussion.

Kinetic energy and angles need to be transformed to binding energy and momentum
to be useful for comparison with theory.

Fig. 1.2 shows the energetics of the usual photoemission experiment. The electri-
cal contact made between the sample and the spectrometer means that their chemical
potentials are equalized. With generally different work functions of the sample and
the spectrometer, this means that the vacuum energies just outside the sample and the
spectrometer are different. The photoelectron kinetic energy is measured relative to the
spectrometer vacuum. This fact has the following two consequences. (1) To know the
binding energy (BE in the figure), one needs to know the work function of the spec-
trometer!, not of the sample. (2) The angle-momentum relation that we are going to
discuss shortly is modified not only due to different kinetic energies but also due to a
possible non-straight path of electrons from the sample to the spectrometer aperture.
This effect has not been well analyzed by ARPES workers, but it is regarded to be small
in general because typical work function differences (< 1 eV) are small compared to
kinetic energies (> 10 eV).

The binding energy determination is most easily and accurately accomplished by

measuring under the same conditions as for the sample a reference sample such as Pt

' A typical value of this work function for the setups used in this thesis is about 4.5 eV.
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CHAPTER 1. INTRODUCTION: EXPERIMENT

or Au, which shows a clear metallic Fermi edge at the chemical potential. It can also
be shown that another way of looking at the binding energy is that it is the excitation
energy of an NV —1 state, relative to the N —1 ground state, where N is the initial number

of electrons.

Now, I consider angle-momentum relations. The photoelectron momentum outside

the sample can be worked out easily using the spherical coordinate transformation rule:

keour = 0.512 V Eg s ¢ sinf,
kyouw = 0.512\/Ex sing,

krout = 0.512 VvV Ex cos ¢ cos . (1.3)

Here, the unit of momentum is Afl, and the unit of kinetic energy is eV. 0.512 is the

numerical value of y/2m. /h in these units.

Because of diffraction at the surface, the photoelectron momentum outside sample
is not the same as that inside. As a first approximation, let us assume that the photo-
electron state in the sample is free-electron-like. Then one can envision free electron
bands inside and outside of the sample. The free electron band inside the sample is
lower in energy than that outside the sample. The energy difference is called the “in-
ner potential” V,. Details of the surface diffraction process should also depend on the
surface morphology. At the simplest level, one might assume a perfectly flat surface,
and model the surface potential as a perfectly sharp potential boundary. In this case,

V, modifies only the k, value, and one obtains

kz,in = km,out;
ky,zn = kya()Ut?
Koin = \/k2gu + 05122, (1.4)

Having made connections of the angles and the kinetic energy to the momentum
and the binding energy of the hole (photohole) excitation, we can now ask “what do
(AR)PES data mean?” A simplified but useful picture of ARPES is presented in Fig. 1.3.
Electrons occupying the valence band (thick line) are excited to final states (shade), and
escape from the sample to be detected. Due to the high energy of the photoelectrons,
the density of states is large in the final states, i.e. there are many overlapping bands,

which are represented as the shaded area. For a given angle, an energy distribution

6
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CHAPTER 1. INTRODUCTION: EXPERIMENT

curve (EDC) is obtained by scanning the detection energy of the photoelectrons. Within
the independent electron theory, each band state would give rise to an EDC consisting
of a single infinitely sharp peak. However, if electrons interact with each other and/or
the lattice, complicated lineshapes can result. Here, a simple Lorentzian lineshape is
shown. It should be emphasized that this lineshape serves only as an illustration and
is not likely to be applicable to real problems. It merely serves the purpose of depicting

general properties of line broadening and finite ARPES weight even for k& > kp.

Next I refine this picture and briefly discuss the widely used “sudden approxima-
tion” [7] of the photoemission theory and show how the single particle Green’s func-
tion? (cf. Section 2.1) is related to the photoemission measurement. For simplicity, I set

¢ = h = 1 in this derivation.

The coupling between electrons and photons is given by

e
2m,

where A is the vector potential of the photon field and p is the momentum of an elec-
tron. For transverse fields, A and p(= —iv/) commute with each other3. Quantizing

the photon field, one obtains

e 1 »
kp x—wpt) ~
Hipy = Z— ¢!tk x—wp €\ Pay g, + h.c.
1, e VVuw, »
= Z e~ Wl axk, M + h.c., where
K,
e 1 - R
M = eka.xe/\ Py

m_ey/V(Up

and ay, is the annihilation operator for a photon with polarization vector ¢,, mo-
mentum k, and a corresponding frequency w,. For many electrons, the M operator

becomes

1
M = £ 3 ekrxie, . p,.

m_evva i

2From now on we will call this simply as Green’s function, without the “single particle.”

*Here we are considering the bulk value of the vector potential. At the surface, there can exist a strong
discontinuity of A, the derivative of which gives a surface term in the Hamiltonian. Such a term gives
rise to an interference effect which can lead to an anomalous photoemission lineshape, as reported for a
surface state in Ag [8].



1.1. PRINCIPLE OF ARPES

The interaction term gives rise to transitions, the rate of which is given by the Fermi

golden rule as
Lk, B) = 2m 3 | (f|Hineli) [* 0(Bf = By,
f

where |7) is an initial state of the sample plus photon and |f) is a final state with pho-

toelectron momentum k and energy £, . Plugging in H;,,; from above one obtains
I(kaE) = 27TZ|<f|M|I> |2 5(Ef_EI_wp)a
f

where |I) is now an initial state of the sample alone. At this step, we assume the sudden
approximation that the photoelectron and the rest of the final state do not interact with
each other because of the large kinetic energy of the photoelectron. Technically, this

amounts to assuming

|f> = |N_17m>|k7E>7

E; = E(N—-1,m)+E,

with N is number of electrons in the initial state and |N — 1,m) is an eigenstate of
the N — 1 body Hamiltonian of the sample. The M operator can be written in second

quantization as

M = Z Mk,r,l,s aLral,sa
k,nLs
€ 1 ik, x ~
Mk,r,l,s <k7 ’f'|€ PTey p|173>7 (15)

m—ew/pr

where k and 1 are crystal momenta and r and s are the band indices. By the sudden
approximation, only the term with (k, r) corresponding to the photoelectron state sur-

vives, and we get
I(kaE) = 2r Z | (N_ 17m| Z Mk,?“,l,sal,s |'L> |2 5(E+ E(N_ 17m) - E; _wp)a
m L,s

where now the index r is not dummy but constrained by ¢, (k) = E. In the momentum
sum, the momentum conservation requires that 1 = k — k,. However, typically the
photon momentum is an order of magnitude smaller than the electron momentum and

in this case 1 ~ k, which we will assume from now on. By defining a new one electron

9



CHAPTER 1. INTRODUCTION: EXPERIMENT
operator,
7k, E) = \/%Z My 1 x s0x, s, (1.6)
s
the equation above can be simplified as
Ik,E) = > |(N—1mlr(k E)i) > 6(E+ E(N —1,m) - E; — wp),

This can be further manipulated as

Ik,E) = (i|f'(k, E) Y IN —1,m}N — 1,m|7(k, E)}i) x
ME +E(N —1,m) — E; —w,)

= (i7", BE) Y 0(E+ H — Ej— w,) [N = 1,m)(N — 1,m|7(k,E)|i)

m

= (i|7'(k,E)0(E+ H — E;— w,) 7(k,E)|i),

where in the last step, the delta function is taken out of the /n sum and the completeness
relation [N —1,m)(N —1,m| = 1in N — 1 particle space is used. It is customary to use

the notation w for £ —w,:
Ikw) = (i7f(k,w)d(w+ H — E;) 7(k,w)|i).

So far, no definite statement has been made about the state |i), except that it is an eigen-
state of the N electron Hamiltonian. At7T" = 0, it should be understood as the ground
state of the N particle system. At finite temperatures, we should consider an ensemble
of eigenstates and therefore should replace the expectation value for the state |i) with

an ensemble average:
Ikw) = (71(k,w)déw+ H - E;) 7(k,w)). (1.7)

In chapter 2, I will discuss the Green’s function, G(k,w), the probability amplitude
function for the propagation of an electron or a hole. Its imaginary part, called the
spectral function, gives the probability for adding or removing an electron. Eq. 1.7
has the the same form as the spectral function for removing an electron, Eq. 2.5, ex-
cept that the 7 operator is in place of a one electron band operator ay. There are two
differences to be noted. First, the 7 operator here is w-dependent. This is not a seri-

ous problem, however, because typically a photoemission spectrum with energy width

10



1.1. PRINCIPLE OF ARPES

(much) less than 1 eV is considered for lineshape analysis and the one electron transi-
tion matrix elements My, i , in Eq. 1.6 is not expected to be strongly energy dependent
over such a small energy range. A more serious difficulty which is not easily overcome
is that the 7 operator is a linear combination of ay ; operators for different bands and
therefore Eq. 1.7 involves non-diagonal (i.e. inter-band) as well as diagonal (i.e. intra-
band) Green’s functions. Furthermore, the relative weights of different matrix elements
My, k. s need to be known in order to calculate the photoemission current up to a con-

stant numerical factor.

A favorable condition occurs if only a single initial band is relevant in the photoe-
mission, i.e. if a single band appears in ARPES well separated from other bands. In
such cases, 7y = V27 Myay and Eq. 1.7 is directly proportional to the spectral function

for removing an electron, Eq. 2.5. As a result, the photoemission intensity becomes
I(k,w) = |[Mg>f(w—p)InGk,w), (1.8)

where the numerical factor of 27 is included in |[My |2 The interpretation of this ex-
pression is simple. The imaginary part of the Green’s function, i.e. the spectral func-
tion, gives the probability to remove or add an electron at (k,w). Multiplication by
the Fermi-Dirac function gives only the electron removal probability. The |My|* fac-
tor gives the probability for a photon to excite the removed electron to a high energy
photoelectron state. The clear separation of electron removal and excitation to a higher

energy state is due to the sudden approximation.

A major goal of a photoemission experiment is to measure physics information con-
tained in the Green'’s function term. On the other hand, the matrix element term, | M |2
is a determining factor for the strength of the photoemission signal. It is this term
that has, for example, photon energy dependent crossection variations [9], photoemis-
sion selection rules [10, 11] determined by the photon polarization vector and band
orbital symmetries, or intensity modulations across Brillouin zones (“Brillouin zone
selection”) [12, 13] due to interfering photoelectron waves originating from different
atoms in the unit cell. In general, | My|? is a difficult quantity to calculate theoretically
because it is necessary to know the wave function for the final state as well as that for

the initial state.

11



CHAPTER 1. INTRODUCTION: EXPERIMENT
1.2 More principles of ARPES

In this section, I discuss departures from the idealized picture, which need to be taken
into account for understanding ARPES data.

First, finite experimental angular and energy resolutions need to be taken into ac-
count. These resolutions can be defined by resolution functions W and W,, for mo-
mentum and energy respectively. The theoretical ARPES intensity is obtained, for a

single band, by integrating Eq. 1.8:

I(k,w) — /dw' Wolw — ) f( — ) 3 |M,, 2Wi(K) InG(K, o),
k/

The function W,, is determined by convolution of the monochromator line profile and
the analyzer response function. In practice, it is deduced from a Fermi edge reference
spectrum, e.g. from Pt or Au, and is found to be close to Gaussian. The function W, is
determined by angular resolution through Eq.’s 1.3 and 1.4. It is helpful to note that it
is very often the case that the Green’s function depends on k only through €(k), the one

electron band energy. Then the above equation can be rewritten as
Hw) = [ Wolo =) o/ = 1) [ dei) (MW (1)) InGle(), @p)

In general, W (e(k')) is expected to be a complicated function. However, for a low
dimensional electronic structure (i.e. de(k)/0k, = 0) and under some simplifying as-
sumptions it can be calculated as follows. First, we assume that the ARPES is per-
formed along the z or y axis of Fig. 1.1. For definiteness, we pick the z axis, but an
essentially same result is obtained for the y axis. Second, we assume that the photon
spot on the sample is perfectly sharp. Then, the momentum distribution of the photo-
electron at a fixed kinetic energy is determined by the uniform distribution of angles in
the angular cone of Fig. 1.1. Because the width of the cone, ¢, is very small, the angle-
to-momentum relation of Eq. 1.3 is linear to a good accuracy within the angular cone.
Therefore, the angular cone translates directly to a momentum space cone. For a fixed
kinetic energy Ex and a fixed value of k, the momentum space area to sum over is then
the section of the sphere of radius v/2m.Ex /h cut by the momentum space cone. Due
to the smallness of the momentum resolution compared with typical values of the ra-
dius v/2m E¥ /h, this section is a flat circular disk to a good approximation. Projecting

this disk to the k.k, plane, one obtains an ellipse which gives the integral domain for

12



1.2. MORE PRINCIPLES OF ARPES

k. and k,. For k along the z axis, the momentum sum (integral) is therefore written as

> IM,, PWi(K) ImG (e(k'), ')

Kk’
9 Ak, ka2
(kg—Fkq)2 2
= (2_7!')2 C080 f 4(}3—]{; )2 dk;|Mk’| ImG(E(kI)7wI)7
L (kz —ky)’

where 0k = \/2mcEx /h* sin'%, ky = \/2me Ex /h?sin, k1 = \/2meEx/h? sin(f — o/ 2)

and ky = \/2m,Ex /h?sin(f + «/2). For the narrow range of momentum within the

disk, the dispersion relation (k) can be linearized as
e(K) =~ e(k) + vz (k) (kr — k) + vy (k) (ky — ky),

where v, (k) = 0e(k)/0k, and vy(k) = Oe(k)/0ky. Further simplification occurs if
we assume that v, (k) = 0, a condition satisfied often by materials with high enough
symmetry and the usual alignment of the crystal to make the x axis parallel to a high
symmetry direction of the crystal, and that | My |? is independent of k, within the mo-
mentum resolution disk. Then the integral over & becomes trivial because the inte-
grand does not depend on k. Also, the momentum variables can be easily converted

to the (k') variable. We have

Z |M,, Wy (K) ImG (e(k'), ')

kl
o1 o qe =@
= e g ke — ) / 62_61\/1— ez M mG(e )
2 € ! ! _
- ﬁam/? de’_ 1 AR G e, o)
T a €2 — €l (2 —e1)?

where €; and €, are band energies corresponding to k1 and k; respectively, and e(k) =
(€1 + €2)/2 by assumption. The W, (¢') function is therefore an elliptical function

W, () o 1 \/1 _ w

€ — €1 (62 —61)2

In a real experiment, the photon spot is not perfectly sharp, and gives rise to a sub-
stantial smearing of the resolution function. This additional broadening is particularly
important for k in the vicinity of kr where the small amount of tail in the resolution
function can make a noticeable difference due to sharp peaks for k near k ». To include
this smearing effect, a line profile with a tail instead of the sharp cutoff of the elliptical

function, e.g. a Gaussian function, is better.
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CHAPTER 1. INTRODUCTION: EXPERIMENT

Second, the finite photoelectron lifetime should be taken into account. It is well-
known [4] that photoelectrons strongly scatter with sample as they are leave the solid.
The photoelectron mean free path is only 10 ~ 20Afor kinetic energies of 10 ~ 1000 eV,
making photoemission experiments surface sensitive. In EDC’s, those photoelectrons
that are scattered inelastically pile up in the low kinetic energy part of spectrum, giv-
ing rise to the so-called inelastic background. For an angle integrated photoemission
spectrum, there is a well-established procedure, the Shirley background subtraction
[14], to remove this inelastic background. In ARPES, there is no such established pro-
cedure due to the complexity of the situation [15]. In addition, there can be surprising
effects in ARPES due to elastic momentum scattering of the photoelectrons, such as
peak-widening [16] as the band approaches Ep.

In the description of the photoemission process using an optical potential [17], the
finite photoelectron lifetime is modeled with an imaginary part in the momentum. In
other words, the photoelectron is described as a wave packet rather than a plane wave.
Due to the boundary condition at the surface the imaginary part can exist only in the
momentum component perpendicular to the surface, k£, . A given finite state lifetime
T, implies a width Ak = 1/(7.v.. ), so that direct transitions between the initial state

and the final state lead to an additional broadening in the ARPES spectrum [18],

AE ~ vy Ak =20t L (1.10)
Vel Te

where v, and ve1 are the group velocities perpendicular to the surface for the initial
band and the final band respectively. For a material with large vy, | , i.e. with a strongly
3 dimensional electronic structure, this energy broadening can be quite large. In this
case, a more proper description is to sum over k| in Eq. 1.9. Essentially, one must eval-
uate a sum >, ImG (K, k). One can then see that if Ak, is as large as the Brillouin
zone width in the surface normal direction, this sum is a one dimensional density of
states along this direction. For a material with strongly 3 dimensional electronic prop-
erties, this phenomenon can be often observable. One can calculate that in this case
ARPES would still show strong dispersions as angles are changed, but no dispersions

as photon energy is varied near normal emission.
Third and last, in a real experiment, the possibility of sample misalignment of a few
degrees in mounting must be taken into account. When a sample is misaligned the ideal

diagram in Fig. 1.1 does not hold true, because the sample normal axis and the analyzer

14



1.2. MORE PRINCIPLES OF ARPES

0 angle direction do not coincide. Fortunately correcting this sample misalignment is
easy in the ARPES setup of Fig. 1.1. With misalignment, it is better to define 6 and
¢ as the two angles of rotations for the two-axis goniometer on which the electron
analyzer is mounted. That is, # and ¢ are now defined with respect to an axis in the
horizontal plane, not with respect to the sample normal. Now, the sample normal is
given by finite values of 6 and ¢. Finite offset in @ is trivially renormalized to zero by
a simple rotation along the vertical axis. This is not true for ¢, however. Therefore
a misaligned sample is characterized with a finite sample normal angle ¢ . With the
(z,y, z) now defined in terms of the goniometer coordinates, the relation of the sample
cartesian coordinates (z',y', 2') to (z,y, 2) is trivial. With this taken into account, the

photoelectron momentum outside sample now reads

kpour = 0512V Eg cos¢ sind,
kyour = 0.512/FEj (sin¢g cos@y — cos¢ cos 6 sin gy ),

kyour = 0.512\/Ex (sing singy +cos¢ cosd s ¢y). (1.11)

For small values of 6, ¢ and ¢ n, this correction can be approximated by simply putting
¢ — ¢n in place of ¢ in Eq. 1.3, but such a quick fix is not acceptable when the angles

become large.

Before closing this section, I point out important general advantages of ARPES for
quasi-low dimensional systems. First, quasi-low dimensional systems are typically
composed of layers with weak interactions between them. This means that the sur-
face exposed by cleavage at these weak links is more stable than the surface of a 3
dimensional crystal and therefore surface sensitivity is less important. In contrast, sur-
face peaks can complicate photoemission spectra severely for a 3 dimensional crystal
[19]. Second, negligible dispersion perpendicular to the surface layer means small AE
in Eq. 1.10. Third, for the same reason, the £, value is not of importance. This means
that determining the inner potential V, is not an important issue, while in a fully 3

dimensional crystal it is a crucial issue.
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CHAPTER 1. INTRODUCTION: EXPERIMENT
1.3 Experimental details

Most of the ARPES experiments reported in this thesis were done at the Ames/Montana
beamline of the Synchrotron Radiation Center (SRC) at the University of Wisconsin.
This beamline combined with its Ames group ARPES chamber was one of the most pi-
oneering high resolution ARPES setups built in early "90s, and produced an extremely
influential work [20], the discovery of the FS and the superconducting gaps in the high
T: superconducting cuprate material BioSroCaCu20Os. In a large sense, this thesis work
is a result of issues raised by this past work and the excitement of the physics commu-
nity that followed. Another source of the data presented here is the beamline 5 of the
Stanford Synchrotron Radiation Laboratory (SSRL) which is equipped with an almost
identical ARPES chamber. Over the last few years, this beamline has also produced
very provocative data, mostly on BiySroCaCuy Os.

Synchrotron radiation is generated when electrons of relativistic energy ~ 1 GeV
are forced to move in a curved orbit by a magnetic field. The unique capability of
a synchrotron radiation source is that the continuous spectrum of a broad range of
light is available for investigations in condensed matter physics, the biological sciences
etc. The Ames/Montana beamline at the SRC is equipped with a combined Seya/Erg
monochromator, which provides photons from ~ 10 eV up to ~ 1000 eV. For high res-
olution ARPES, the low energy monochromator, Seya, which provides photons from
~ 10 eV up to ~ 35 eV is exclusively used. There are two important reasons for favor-
ing low energies in the UV region for a high resolution ARPES investigation. First, for
a given resolving power, the energy resolution is better for low photon energies. Sec-
ond, for a fixed angular resolution, the momentum resolution is better for low photon
energies. Roughly, momentum resolution increases as the square root of the photon
energy as can be seen from Eq. 1.3. At the SSRL, the beamline is equipped with an
undulator which delivers a stronger beam intensity than the bending magnet beamline
at the SRC. The photon energy range at this beamline is 20 ~ 35 eV.

A hemispherical electron energy analyzer is used. A schematic diagram is drawn in
Fig. 1.4. The main part of the equipment is two concentric hemispherical shells which
are charged at different potentials. The resulting electro-static potential determines the
kinetic energy (pass energy) of an incoming electron at the entrance slit which will be
focussed at the exit slit. Therefore, before entering the hemisphere photoelectrons from
the sample are decelerated or accelerated to the pass energy by the electro-static lens

system, which also focuses the electrons at the entrance slit. The finite energy resolution
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Figure 1.4: Schematic diagram of a hemispherical electron energy analyzer.

of the analyzer results from the finite widths of the entrance and the exit slits and the
finite incident cone angle (a ) resulting from the finite angle resolution.

In ARPES experiments, both the angle and energy of the detected photoelectrons
are scanned. Conventionally, experiments are performed in the “EDC mode”, in which
EDC'’s are obtained for a few angles that define a path in momentum space. Recently,
a new mode, the “map mode”, has been gaining popularity for studying valence band
electronic structure. In this mode, the kinetic energy of photoelectrons is fixed, very
often at Er, and wide ranges of angles are scanned to take an intensity map of the
momentum space electron distribution. The two modes are quite complementary to
each other: an Er intensity map is extremely helpful to get an overview of the FS and
the details of its connectivity, and EDC’s are essential both for determining FS crossings
exactly and for studying single-particle lineshapes. Usually an experimental setup with
an automated rotatable sample holder is used for taking maps. In this thesis, however,
the conventional movable analyzer setup of the Ames group ARPES chamber is used
to take maps. This setup has a crucial advantage over a rotatable sample holder setup
for the small samples used in this thesis, because it maintains the same detected spot

on the sample over wide ranges of angles.
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For angle integrated photoemission a Vacuum Generator (VG) ESCALAB MK II
spectrometer in the home laboratory is used. For surface characterization, a Mg K,
source (1253.6 eV) or an Al K, source (1486.6 eV) are used. For high resolution spectra
the He I line (21.2 eV) from a gas discharge lamp is used.

The single crystalline samples used in this thesis all have layered structures and so
have thin flake shapes. Typical dimensions are =~ 2 mmx2 mm with thickness on the
order of 0.Imm. The sample is mounted on a sample holder, which is then screwed into
a hole in the cold tip of a closed cycle He refrigerator. The sample orientation needs
to be determined before it is inserted into the cold tip, which goes into the ultra high
vacuum chamber. For this purpose, a Laue diffraction photograph is taken. Because
the probing depth of the photoemission experiment is only ~ 10A, and because the
surface quality degrades over time even in ultra high vacuum, it is crucial to prepare a
clean surface in the vacuum just before the photoemission measurement is made. This
is done by gluing a thin and short post made of aluminum or copper onto the top of
the sample and then knocking the post off in vacuum to peel off the top layers of the

sample and expose a clean surface. The vacuum is typically ~ 5 x 107! Torr.

1.4 Previous results

In this thesis, I present an ARPES study of the lineshapes and FS’s for molybdenum
bron-zes, SmTe; and TiTe;. The molybdenum bronzes are a family of quasi-low di-
mensional materials with the general formula A;Mo,0O,, where A is an alkali metal
or thallium. The work on the molybdenum bronzes and SmTe; was mainly my own
project. However, the ARPES data on Lip.gMogO;; are mainly credited to J.D. Den-
linger. The TiTe; work is mostly “owned” by R. Claessen. At the beginning of Chapter
3 a short account of the TiTez history within this group is presented. The TiTez work re-
ported in this thesis comprises my contributions in this field. I also collaborated in the
work on the inorganic quasi-1D CDW compound TazSegl [21], carried out mostly by R.
Claessen and co-workers, by performing ARPES experiments. The results of this work,
not presented here, differ in significant ways from the results [22] of a previous study.
In the following, I discuss briefly the previous experimental work that motivated this
thesis work. In chapter 2, I present the various conceptual issues in full detail.

The seminal work of Olson ef al. [20] on BisSroCaCuy,0Og has had a great influence
on high resolution photoemission research. The data in Fig. 1.5 show dispersions along

the I'Y ((0,0) — (m,m)) direction as a peak crosses Fr. Anderson [23] and Varma
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Figure 1.5: The ARPES data on BiySryCaCuyOg by Olson et al. [20].

19



CHAPTER 1. INTRODUCTION: EXPERIMENT

et al.[24] noted that the highly asymmetric non-Lorentzian lineshapes are incompatible
with the Landau Fermi liquid. A great deal of work has been done on this material since
Olson’s work and many ARPES facts have been compiled concerning, e.g. the FS, the
superconducting gap anisotropy, the existence of shadow bands and pseudo-gaps and
most recently the controversial charge ordered stripes. However, a firm understanding
of the lineshapes is still lacking [25, 26].

For a many body theoretical understanding of ARPES lineshapes, an examination of
an established Fermi liquid compound is necessary. Work on TiTe; [27] provided such
an example. Fig. 1.6 shows fits of the TiTea ARPES data with a Fermi liquid spectral
function (Eq. 2.13). Subsequently, the Fermi liquid model to be used for such analysis
has been refined (section 2.2), and an attempt was made to relate ARPES findings to
transport properties such as resistivity.

Several quasi-1D compounds including K, sMoO3 [28], TasSegI [28, 29] show greatly
suppressed density of states at Er. Fig. 1.7 shows angle integrated spectra from these
materials. In contrast to quasi-2D TaSe; and 3D Rh metal showing a clear Fermi edge,
these materials show anomalous behavior. As carefully discussed in Ref. [28], several
mechanisms can possibly lead to a low density of states at E', including 1 dimensional
CDW fluctuations and LL behavior. In this thesis, we systematically study quasi-1D
and quasi-2D bronzes using ARPES and angle integrated PES to gain an insight into
the cause of the Er weight suppression and the interesting interplay between elec-

tronic properties and dimensionality.
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Figure 1.6: Fermi liquid fit of TiTey lineshape by Claessen et al. [27].
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Figure 1.7: High resolution angle integrated photoemission spectra on quasi-low di-
mensional materials by Dardel et al. [28].

22



Chapter 2

Introduction: Theory

The Green’s function is of central importance in interpreting ARPES. Therefore, its gen-
eral properties are summarized here. I then discuss the theory of the FL, of CDW’s and

of the LL, with emphasis on spectral functions.

2.1 Green’s function

The Green’s function!, or propagator, measures the probability amplitude for a particle
to propagate from one point in space-time to another point. As a convention, we will

use the advanced Green’s function, defined as follows,
Glk,t) = i6(—t) {ax(t),al (0)}), 2.1)

where 0 is the step function, ay(t) (aL(t)) is an electron annihilation (creation) operator
in the Heisenberg representation, k is the (crystal) momentum label, {} means anti-
commutator, and () means thermal average. The spin quantum number is omitted for
simplicity. By definition, Eq. 2.1 is a sum of two probability amplitudes. The first is the
complex conjugate of the probability that an electron with momentum k added to the
system at time ¢(< 0) propagates to the same momentum state at ¢ = 0. The second
is the probability amplitude that a hole with momentum —k added at time ¢(< 0)
propagates to the same momentum state at £ = 0. For any N electron eigenstate, the
addition of an electron or hole make the resulting state behave in a complicated way
because it is no longer an eigenstate. In other words, the time evolution of such states

involves a continuum of the energies for NV +1 (N — 1) eigenstates. More precisely, the

!The adjective phrase “single particle” is implied in the term Green’s function. The same is implied for
a spectral function.

23



CHAPTER 2. INTRODUCTION: THEORY

Fourier transform of Eq. 2.1 yields information on the spectral distributions of N + 1

and N — 1 electron eigenstates:

Gkw) = / di 0D G 1)
_ w—i0t) 41 ¥
= / dt et (agax (t) + a(t)ay)

-BK,
= ZZ/ dte il
ZZ/ dt

= G (k,w)+ G+(k,w),

(n, N|ake(w T H=En )t g |n, N) +

_/BKnN . ot
(n,N| ay (@ 10"— Ht By )t a;r{ In, N)

1
- _ i)
G (k7 LU) - <a’k w—i0t+ H — En,N ak>7 (22)
1
+ — T
G (k7w) - <a’k w — ZO+ _ H + En,N a’k>' (2‘3)

Here, 07 is inserted to make the ¢-integral well-behaved, 8 = 1/ (kgT), K,y = Enn —
pN, where E, v is the energy for N particle eigenstate |n, V), u is the chemical poten-
tial, and Za = -, v e PEnN is the grand-canonical partition function. Operators with
no explicit time argument are meant to be evaluated at ¢ = 0. If an identity operator
S In', N') (!, N'| is inserted before and after the operator WH:FEW’ then it is
readily noted that the last two equations (2.2 and 2.3) represents a sum of (infinitely)
many poles at energies E,, y — E,, y_1 + 0" and E, y11 — E,, y + i0". This is called

the Lehman representation [30].

The strengths of these poles are given by the imaginary part of the Green’s function,

which is called the spectral function:

Ak w) = %Im Gk, w) (2.4)
= A (kw) + At (k,w)
A (kw) = (a 6w+ H— Eyy)ax), (2.5)

At(kw) = (axd(w — H+ E,x)al). (2.6)

By inserting the identity 3, ys [n', N')(n', N'| before and after the delta functions in the
last two equations, and then noting thatfor N > 1, (n/, N+1|ak|n, N) = (n/, N|ax|n, N—
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2.1. GREEN’S FUNCTION
1), it is easy to see that
At(kw) = YA (kw).
From this, it follows immediately that

A™(kw) = flw—p)Ak, w), (2.7)

ATkw) = (1-flw-p)Akw),

where f(w — pu) = 1/(1 4 e#“~#) is the Fermi-Dirac distribution function. A~ (k, w) is
the probability distribution for removing an electron with momentum k and energy w,
and A™(k,w) is the probability distribution for adding an electron with momentum k
and energy w. As explained in Section 1.1, A~ (k,w) is directly related to the photoe-

mission?. The spectral function satisfies a sum rule [30]
/ dwAk,w) = L 2.8)

In the expressions for the spectral function, the chemical potential i plays the role of
the most natural origin of the energy axis. Therefore, we will take y = 0 throughout this
thesis, unless otherwise noted. Also, it will often be identified with the Fermi energy,
Er. This is strictly true only for T' = 0, as the chemical potential at finite temperature
differs slightly [2] from its T = 0 value. The difference, which is of order (kgT/Er)?, is
negligible for a typical value of Ep ~ 1 eV and kT < 300 K =25 meV.

Noting from Eq. 2.2 that G(k,w) is analytic in the lower half plane?®, by contour

integration, we get

IS Gk, ')
moo_ ! )
G(k7w ) - 2772/;00 dw wll_wl )

Taking " = w — 0", with real w, we get

Gk, ')
w—uw’

1
Gmw):<fp/ dw
T —00

where P means the Cauchy principal value. This equation implies the Kramers-Kronig

relation for the real part and the imaginary part of the Green’s function, and leads to

G(k,w) = ReGk,w)+iIlmGk,w)

2Similarly, At (k,w) is directly related to the inverse-photoemission .
>The Green'’s function has a branch cut just above the real axis, arising from (infinitely) many poles
easily recognizable in the Lehman representation.
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- /OO 0/ (P—— 4 i (e — o)) IO

w — (AJ T
Ak o)
_ /OO w—w'—z0+ 2.9)

This last equation is a continuum version of the Lehman representation.

= —P/ dw%w)—i-zlmG(kw)

Another way of representing the Green'’s function is the Dyson equation [30],

1
Chw) = T (210

where (k) is one electron energy for the state created by aL, and Y (k,w) is the self-
energy term which contains all interaction effects. It can be shown [31] that the self
energy also satisfies the Kramers-Kronig relation. The density of states is obtained by

simply summing the spectral function over momenta,
S Ak w). @.11)
k

This quantity is related to angle integrated photoemission. An interesting relation* ex-
ists between X (k,w) and N (w): if X(k,w) is k-independent and vanishes at y, then N ( 1)
is unchanged with or without ¥(k, w). Conversely, if one finds that N (x) changes dra-
matically due to interactions, as happens for CDW pseudo-gaps and the LL, then one
must conclude that Y (k, w) is either k-dependent or finite at w = p, or both. Another

quantity of interest is the electron occupation number

/_ Y dw A (k, w), (2.12)

which gives the total probability to remove an electron with momentum k. For non-
interacting electrons, n(k) is either 1 or 0 at 7' = 0 K, and the sharp boundary between

the region where n (k) =1 and the region where n (k) = 0 defines the FS.

2.2 Fermi liquid

One of the most basic questions for a condensed matter physicist is “how can a system

having a macroscopic number of electrons interacting with each other be described in

*Sometimes this relation is called “no-go” theorem [32].
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2.2. FERMI LIQUID

a sensible way?.” The answer from the Fermi liquid theory, or rather the Fermi lig-
uid postulate, due to Landau [3], is surprisingly simple. In this theory, an interacting
system is essentially the same as a non-interacting system and the low energy excita-
tions of the system can be described as though the system consists of non-interacting
electron-like particles — so called quasi-electrons, but with certain parameters like the
mass having renormalized values. A quasi-electron can be visualized [33] as an elec-
tron moving in a cloud of other electrons, somewhat slowed down (heavier mass) but

still retaining its identity as a Fermionic particle and also its charge and spin.

The quasi-particle concept can be brought into a mathematical formalism using the
self-energy. For interacting electrons in 3-dimensions (3D), it was shown by Luttinger
[31] that if perturbation theory in interaction strength is valid, then the lowest order
term in an w expansion of the imaginary part of the self energy is given to all orders in
perturbation theory by a quadratic function of (w — ). By a Kramers-Kronig transforma-

tion, it then follows that the self-energy can be written as
S(k,w) = aw+ifw?, a<0,8>0 (2.13)

tolowest order in w. As often demonstrated [34], the quadratic dependence of Im>(k, w)
can be already seen in the 2nd order perturbation, and comes from the fact that the
phase space volume available for the scattering of a quasi-particle decreases quadrati-
cally as a function of its energy, due to the Pauli exclusion principle and energy conser-

vation.

Inserting Eq. 2.13 into Eq. 2.10, we have

1
w—e(k) — aw — ifw?
Z

T w—ek) —ifw? 2.14)

Gk,w) =

where Z = 1/(1 — «), e(k)’ = Ze(k) and ' = Z 3. For w = ¢(k)’, one can approximate

this expression as

Z
Gllow) ~ =i (2.15)

This equation has the same form as that of the free electron Green’s function,

w—elk) —i0t
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A Z

Figure 2.1: A generic Fermi liquid spectral function at Fermi wavevector. It consists of a
quasi-particle peak at the chemical potential with weight Z and a smooth background
function carrying the rest of the weight. Only the low energy part of the background
function is drawn here, which carries weight @Q — Z. The remaining weight 1 — @ is
assumed to exist in higher energy structure, e.g. Hubbard satellite, not shown here.

except that the pole of the Green’s function is shifted from e(k) to (k) + i8'e(k)'?, and
its residue is reduced from 1 to Z. The finite imaginary part in the pole energy means
a finite lifetime. As |e(k)’| approaches 0, the pole approaches infinitesimally close to
the real axis, signifying that the pole becomes a true eigenstate. This eigenstate is the
quasi-particle state, whose dispersion relation e(k)’ is renormalized by Z < 1 relative to
that of free electron, or equivalently whose mass is renormalized by Z ~! > 1 relative to
that of free electron. Z is also the weight of the quasi-particle Green’s function, i.e. the
square of the overlap between the free electron and the quasi particle wave functions.
I call the FL theory of Eq. 2.13 or Eq. 2.14 the “Taylor FL model”, because it is a theory
based on the lowest order Taylor series expansion in w of the self energy.

The self energy of Eq. 2.13 shows pathological behaviors if it is used uncondition-
ally. The form of Eq. 2.13 suggests that it is valid only for w < 1/4', and therefore
we define the Fermi liquid coherence energy scale A* = 1/4’. The pathology that
occurs when this self energy is used for large energies on the order of A* is easily no-
ticed as follows. At the FS (e(k) = 0) the Green’s function of Eq. 2.14 has two poles
w = 10", —iA*. Note that one is in the upper half plane while the other is below. By
construction, our Green’s function cannot have a pole in the lower half plane®. There-
fore, the theory signals that it cannot be extended to the energy scale of A*, because

then the theory breaks the analytic property of the Green’s function — in other words,

50n the other hand, in the upper plane poles are allowed. Note that the poles in the upper half plane
appear only through an analytic continuation across the real axis. From the last section, we know that a
branch cut exists along the real axis, so that the Green’s function is well defined only in the lower half
plane.

28



2.2. FERMI LIQUID

it breaks the causality principle.

In photoemission, however, we need a theory valid not only for the low energy
scale but also for intermediate and high energy scales. How this can be done systemat-
ically was discussed by K. Matho [35], who proposed terminating a continued fraction
expansion of the Green’s function to obtain a Padé approximant. The underlying idea
is that instead of expanding the self energy in w, one considers a moment expansion
of the spectral function. It is assumed that the spectral function at k = k consists of
a delta function at the chemical potential (the quasi-particle part of the spectral func-
tion) and a smooth function carrying the rest of the weight (the background spectral
function), as shown in Fig. 2.1. Successive approximation of the true Green’s function
consists of taking more and more moments to describe the background spectral func-
tion better and better. Because one starts from a spectral function and gets the Green’s
function through the use of Eq. 2.9, the correct analytic property of the Green’s function

is automatically guaranteed.

The connection of a generic FL spectral function to the usual low energy expansion
of the self energy is as follows. For a spectral function like that shown in Fig. 2.1, the

Green’s function is given by

VA
Gkr,w) = o — 0" + Gy(kF,w), where

Gb(kaw) = TrAb(kFaw)7

and the subscript b stands for background. The self energy for this Green’s function is

easily obtained by inverting the Dyson’s equation,

ReX(kp,w) = w|l-— Z + wReG(kp, w) , and
1Z + wGy (kp,w)|?
ImGy(kr, w)

|Z + wGb(kr,w) |2

ImX(kp,w) = w?

These equations imply that as long as w Gy (k,w) — 0as w — 0,° we get

1
ReX(kr,w) = (1 — Z) w, and
w A (0
ImY(kp,w) = Zb?( )wz.

%This is a perfectly reasonable condition, that the background spectral function is less singular than the
quasi-particle spectral function.
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Therefore, the quasi-particle part of the spectral function gives a linear Re¥, regardless
of the background spectral function. On the other hand, the background spectral func-
tion is directly related to the quadratic term of Im>. As long as A;(0) is neither 0 nor
infinite, the usual FL self energy is recovered, with the FL coherence energy scale given

by

A* = 5 = A0 (2.16)

The simplest model in the spirit of the spectral moment expansions of the back-
ground spectral function is the 2nd moment approximation, which gives the Green’s

function for k = kp,

Gkp,w) = Q( G 1_Z>. 2.17)

w—10t  w—Q,

Here @ < 1 is the total weight in the energy range of interest, z = Z/Q, and €2} is a
complex number describing the position of the “background pole.” In this approxima-
tion, the background function is assumed to be a Lorentzian function, Re({},) describes
the position of the background spectral function and Im((2;) describes the width of
the background spectral function. By construction, this approximation firmly links the
high energy behavior of A;(k,w), i.e. the coefficient of the quadratically falling tail, to

the low energy behavior, i.e. the value of A(kg,0).

The self energy for this Green’s function follows easily from the Dyson equation,

Skpw) = L [@- 1w - (z- o, - 22 DA

5 o | (2.18)

The linear term arises because < 1. It is a general property of the self energy that as
w — oo it should fall off faster than w.” The linear term in the current self energy arises
because we have ignored the high energy component of A,(kr,w), and therefore this
self energy is invalid as w — co. The next two terms give a self energy of Lorentzian
shape.

We will call the Fermi liquid model defined by Eq. 2.17 the “Matho Fermi liquid
model.” This is a slight misnomer because Matho’s theory [35] is not restricted to the

2nd moment expansion at all. However, in this thesis we will not concern ourselves

"This follows from the fact that G(k,w — 0020_> 1/w, the property which can be seen by taking the
w — oo limit of Eq. 2.9 and using the sumrule [~ A(k,w) = 1.
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Figure 2.2: Self-energies (a and b) and poles (c and d) of FL model Green’s functions.
The imaginary part of the self energy of the Matho FL model is an inverted Lorentzian
function.
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Figure 2.3: Spectral-functions (a and b) and electron occupation numbers (c and d) for
FL models. Insets show a detailed view of an expanded scale.
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with higher order theory. The Green’s function can be extended to the case where

k # kp, e.g. by assuming a k-independent self energy.

Fig.’s 2.2 and 2.3 show various quantities calculated within the Matho FL model.
Also, we calculate the same quantities using the Taylor FL model of Eq. 2.14. In the
Matho FL model, we used Im{2, = 0 which gives an electron-hole symmetric model
and ) = 1. Fig. 2.2 (a) and (b) show self energies. The imaginary part of the self energy
of the Matho FL model is an inverted Lorentzian shape, behaving quadratically near
w = 0 and approaching constant as w — oo. The real part behaves linearly near w = 0
and falls off as 1/w as w — oo. The self energy for the Taylor model is quadratic in
the imaginary part and linear in the real part. Therefore, in contrast to the Matho FL
self energy, the Taylor FL self energy does not satisfy the general property that the self
energy must decay faster than w as w — oo. Fig. 2.2 (c) and (d) show the positions of
the poles of the Green’s function. The poles in the Matho FL. model appear in the upper
half plane. In contrast, the poles in the Taylor FL. model appear in the upper and lower
half planes, making the model analytically incorrect. Note also that for the ¢ (k) value
different from 0, the real parts of the two poles of the Matho FL model have the same
sign, while those of the Taylor FL. model have opposite signs. Additionally, one pole for
the Matho FL model bends back as |e(k)| value increases and stays close to the Im(w)
axis indefinitely. These two aspects are important in the lineshape study of Chapter 3.
Fig. 2.3 (a) and (b) show spectral functions. For small values of |e(k)| the lineshapes
dominated by quasi-particle peak are rather similar for the two models, as shown in
the insets. For a large value of |e(k)|, it can be shown that the spectral function for a
large value of |e(k)| has the center of mass at €(k). This property is demonstrated well
by the Matho FL spectral function for Ze(k)/A* = =3, i.e. e(k)/A* = -5, showing a
symmetric peak centered at w/A* = —5. In contrast this property is poorly satisfied
by the equivalent spectral function of the Taylor FL model. Fig. 2.3 (c) and (d) show
the electron occupation numbers for the two models. Both of them show a step of
height Z at the FS (e(k) = 0). The origin of this step is the quasi-particle peak that
passes through the chemical potential as the e(k) value changes from —0 to +0. For
large negative values of €(k), n(k) for the Matho FL model nicely approaches 1, while
that for the Taylor FL model is abnormally small. It can be shown that the origin of
this problematic behavior is the breakdown of the sum rule of Eq. 2.8 in the Taylor FL
model. Overall, the Taylor FL. model shows many pathological behaviors, which are

nicely fixed by the Matho FL model.
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21a,
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2K 2K
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Figure 2.4: Examples of nesting FS’s. For illustration a two spatial dimensional world
is considered. (a) A 1 dimensional FS which is nested by an infinite number of vectors
(2kr, z) for any value of z. (b) A small amount of modulation picks out the unique
nesting vector (2kp, ﬂ), where a | is the unit cell distance along the easy conducting
direction. (c) A fully 2-dimensional FS with alternative partial nesting vectors. The
states at corners are never nested in any case.

2.3 Charge density wave

Peierls [36] considered a system of independent electrons in one dimension and argued
that there cannot be any metallic state at 77 = 0. He reasoned that any amount of
electron-phonon interaction will gap the one dimensional FS, in much the same way as
Bragg scattering gaps the electron bands at the zone boundaries. The new state is called
a charge density wave (CDW) state. A similar argument was also made by Frolich [37].

At the heart of the CDW phenomenon is the Lindhard electric susceptibility [2],

xp(aT) = zk: { Et)) - f((: : (;1)) 7 (2.19)

where f (k) is the Fermi-Dirac distribution function and e(k) is one electron band en-
ergy. xL gives the electron density modulation, dp(q), due to an electro-static pertur-

bation V(q)

op(a) = xr(q)V(q).

Under certain circumstances xr(q,7" — 0) diverges at a certain wave-vector. A
common example is when the FS has a “nesting” property, i.e. when part of the FS
is related to another part of the FS by a constant wave-vector. Typical examples are
shown in Fig. 2.4. Another possibility [38] for a diverging Lindhard susceptibility is to
have a diverging density of states (van-Hove singularity) at two k points connected by
gc pw, a mechanism which was recently supported by ARPES [39]. In this thesis, we

are concerned only with the nesting mechanism.
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Wk, T = 100 X, (q,T)

0 1 2
q/2k_

Figure 2.5: Lindhard susceptibility of one dimensional free electron gas as a function of
temperature. Taken from Ref. [40].

The physics of the CDW transition can be summarized as follows. Let us assume
thatatq = qecpw and 1" = 0 x, diverges. At finite temperature, thermal broadening
weakens the divergence but y is still large for low T' (Fig. 2.5). A large xr means that
electrons can easily form the q¢pyy density wave, either by the electron-phonon inter-
action or the electron-electron interaction. From the viewpoint of the lattice, this means
that the lattice oscillation with q = qcpw is made easier because easy formation of
electron density waves means good screening of lattice oscillations by electrons. As T’
is lowered, the screening by electrons becomes more and more effective, and therefore
the phonon frequency at qcpw becomes less and less (phonon softening). When the
phonon frequency goes to 0, the crystal “freezes” into a new periodicity qcpw (Peierls
distortion) and a CDW phase transition occurs.

From the standpoint of electron spectroscopy, the electronic structure under the
influence of the CDW is particularly interesting. The canonical Hamiltonian to describe

CDW physics is the Frolich Hamiltonian [37],

H = Z (k) azak + Z hw, b;bq + Z 9q a£+qak(bT_q+ bq),
k q k,q
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where €(k) is the one electron band energy, aL(a k) is the electron creation (annihilation)
operator, w, is the phonon dispersion relation, b;(bq) is the phonon creation (annihila-
tion) operator, and g, is the electron-phonon interaction strength.

The mean-field theory solution for the Frolich Hamiltonian is obtained by decou-
pling the electron and phonon degrees of freedom. The electronic part of the Hamilto-
nian is given by

H=> ¢k a,tak +> 9, anak(bJﬂq +by).
k k,q

The expectation value, which is proportional to the permanent distortion of the lattice
with wave-vector ¢, is zero for ¢ # gc pw. For ¢ = q¢pw it defines the order parameter

of the CDW phase transition:

V' = g4 pw <bJLLICDW + bocpw)-
This order parameter is complex:
U = A exp(ig).

For an incommensurate CDW, for which ¢ pyy is incommensurate with undistorted
lattice periodicity, the mean field Hamiltonian approximately describes two states cou-
pled by +¢cpw for each k. This problem is trivial to solve, and yields a new band
dispersion relation (Fig. 2.6 (a)) given by:

B, - e(k) +e(l<:2i geow) | V() — €k i2QCDW))2 a7

The modification of the band energy can be thought of as arising from the self energy
A2
w — e(k £ qcpw) — 0t

Spr(k,w) = (2.20)

The order parameter is of course temperature dependent. The temperature depen-
dence can be calculated [40] in the weak coupling limit, and yields exactly the same
form (Fig. 2.6 (b)) as the BCS gap of superconductivity. In particular, the same energy
gap expression

2A(0) = 3.52kp T (2.21)
holds. In addition, note that the self energy of Eq. 2.20 is also the same form as the BCS
self energy. The temperature dependent spectral function, A(k, w), is shown in Fig.’s
2.6 (c) and (d).

Although this simple mean field theory provides a qualitative picture for a CDW

transition, in reality it does not work well, because of the strong thermal fluctuation
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Figure 2.6: Mean field theory solution for the Frolich Hamiltonian. To demonstration
the essential features of an incommensurate CDW, non-interacting band is taken to
be a free electron band. (a) Gap opening in the energy dispersion. (b) Temperature
dependence of the energy gap parameter A, calculated in the weak coupling limit. (c)
Temperature-dependent spectral function A(k,w) for k = 0.9 kp. (d) Same as (c), but
for k = k. The vertical bars in (c) and (d) depict delta functions whose strengths are
proportional to the bar heights.
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effect in 1D. For example, the ratio of the transition temperature and the 2A gap often
exceeds 3.52 greatly. This is because the transition is delayed as 7' is lowered through
Trr- It is well-known that thermal fluctuations prevent long range order in 1D [41, 42].
Breaking up long range order into many short range orders is always preferable in 1D
because the entropy increase always over-compensates the energy increase. For exam-
ple, the correlation length calculated for a Landau-Ginzburg theory of the CDW [43]
remains finite at any finite temperature. However, real materials are seldom strictly
one dimensional. There are weak but finite 3D couplings, an interchain hopping or a
Coulomb interaction. As a result, phase transitions do occur for quasi-1D systems and
they have full 3D character. A qualitative picture of the phase transition in a quasi-1D
system can be described [40] in terms of the intrachain correlation length £ and the
interchain correlation length £ . As Ty/r is approached from above, one dimensional
fluctuations develop in each chain. They cannot form long range order, so ¢ is finite.
For sufficiently weak interchain coupling, & | is negligible. As T is lowered, both corre-
lation lengths increase, and & | becomes on the order of the interchain distance at a 1D
to 3D crossover temperature T < Ty, . At transition temperature T, < 7", the system
develops full 3D order, and | and £ | both become infinite.

Several authors have studied the CDW fluctuation problem theoretically. Lee, Rice
and Anderson [44] applied 2nd order perturbation theory to obtain the Green’s func-

tion in the presence of fluctuations. Their self energy is

2
Sprea (b, w) = WD) (2.22)

w — e(k + gepw) —ivp/E(T)

where ¢ (T)? is the mean-square fluctuation of the order parameter and ¢(7T) is the

correlation length of the fluctuation. Comparing £, g 4(k,w) with ¥y, (k, w), one finds
that X7, pa (k, w) has the same form if 4(T")? is identified with A2, except that the Lorentzian
self energy has a finite width vg /£(T') for finite £ (T'). It should be noted that this theory
is still strictly 1 dimensional, and therefore, the correlation length £(7') remains finite
for any finite temperature, as in the work of Scalapino, Sears and Ferrel [43]. However,
for a real order parameter, the thermal fluctuations require a finite amount of energy,
and the correlation length becomes exponentially large at low temperature. Using this
result, Lee, Rice and Anderson identified a phase transition at ~ Ty /4. It is note-
worthy that in general the CDW order parameter is not real, but complex. One way of
characterizing this work is that it concerns amplitude fluctuation only, while neglecting
phase fluctuations.

Rice and Stréssler [45] studied CDW fluctuations and 3 dimensional coupling. Their
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(/¥ (-p)/W¥

Figure 2.7: CDW pseudogap spectral function following the theory of Rice and Strédssler
[45]. (a) Density of states relative to the non-interacting density of states Ny, for o = 0.1
and varying f. (b) k-resolved spectral function at kr. (c) Real and imaginary parts
of the self energy. (d),(e) and (f) are exactly the same as (a), (b) and (c) respectively,
except that now f =1 and « is varying. « is proportional to inverse correlation length
and thus is a measure of the proximity to the phase transition. Bigger f means more 3
dimensionality.
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results can be summarized by the self energy,

WD i F(T)(T)
Zasthos) = 17y 08 (14 G T o) i) 229

where

a(T) = vp [(E(T)P(T)). (2.24)

The new parameter f(1') represents 3 dimensional coupling. As f — 0, this self energy

reduces to X1 g a(k, w). The 3 dimensional transition temperature is given in this theory
by
Te = 0.26 f(Te) *Tarp. (2.25)

For a typical value of order 1 for f, this equation gives T, < Tj/F, as qualitatively
discussed above. At T, the correlation length £(7T') becomes infinite, and therefore,
a(T) — 0. The spectral lineshapes and the self energies are shown in Fig. 2.7. Note that
the real part of the self energy shows a positive slope at w = €(k), in contrast to the the
negative slope for a Fermi liquid (Fig. 2.2). Thus this system exhibits NFL behavior.
Sadovskii [46] considered a model in which the electron phonon interaction term in

the Frolich Hamiltonian is modeled as a Gaussian random field, ¥(z) with correlation
(T(2)U(2") = 9® exp(=|z — 2|¢7") cos(2kp(z —a')).

The solution of Lee, Rice and Anderson follows exactly from the 2nd order perturba-
tion theory of this model. Furthermore, Sadovskii showed that this model is exactly
solvable and gave the solution in continued fraction form. McKenzie [47] noted that
the solutions of this model contain many interesting properties, such as a pseudogap
and non-FL behavior in the real part of the self energy, i.e. the positive slope. These
features are actually already present in Rice and Strassler results (Fig. 2.7), although
the origins are quite different. Relative to the theory of Lee, Rice and Anderson, the
theory of Rice and Strassler represents inclusion of 3 D coupling, while the theory of
Sadovskii represents an exact treatment of the fluctuation potential. It is quite inter-
esting that the two results give apparently similar self energies and spectral functions.
From a practical point of view, the theory of Rice and Strassler is more convenient to
comparing to experiment because its solution is in a simpler form. Furthermore, it was
recently claimed [48] that the solution of Sadovskii is flawed.

Finally, it is noted that the fluctuation theories outlined above apply to near the
transition, where the expectation value of the order parameter is 0. The theory of fluc-

tuations at low temperature, far away from the critical region, was also studied [49].
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The result is interesting. Due to thermal fluctuations and zero point motion of the lat-
tice the mean field theory gap is smeared out. That is, the density of states shows an

intensity tail within the mean field gap region, extending all the way to EF.

2.4 Luttinger liquid

In the previous section, we have left out the electron-electron interaction without any
explanation. As a result, the system behaves as a collection of free electrons at tempera-
tures well above the transition. What is implicitly assumed is not so much that electrons
are literally free in the normal state, but rather that the normal state is described as a
FL which is essentially like a free electron gas. An important question nowadays is “is
there any normal state above the transition other than the FL?”

The answer is yes! The argument for a non-FL normal state is two-fold. First, it is
noted [50] that FL theory is not in general provable. Only in the low density or weak
interaction limit, can FL theory be proved rigorously. Second, theoretical studies show
that many non-FL normal states [51, 52] do exist. In particular, in 1 dimension any
amount of electron electron interaction gives rise to a LL, a term coined by Haldane
[51] to designate a universality class of 1 dimensional systems which are characterized
by gapless bosons. The fixed point Hamiltonian for the LL is the Tomonaga Luttinger
(TL) model [53] just as that for the FL is the Fermi gas model. We now review some key
features of the TL model in this section.

Before, delving into the TL model, it is helpful to get some hint of what is so special
about 1 dimension. For this purpose, let us consider the energy diagram for general
excitations of the free electron system, as Haldane does [51]. As shown in Fig. 2.8 (b),
the one particle-hole excitation spectrum has a gap for momentum ¢ # 0,2kp. The
many particle-hole excitation diagram is similarly obtained as in Fig. 2.8 (c), where the
low energy excitations near 2k n (n =integer) are bounded by two curves which can be
approximated as two lines £vr(q—2kpn) atlow energies. This diagram is more general
than it might seem because an excitation diagram for a state with a net electron added
to the system, for example, is simply obtained by shifting this diagram by kr along the
momentum axis. The low energy excitation diagram at each point v (g — kpm) (m =
integer) is reminiscent of the low energy diagram of bosons with dispersion relation
vpg, hinting at a possible bosonic description of the free electron system in 1 dimension.
As we will discuss shortly, this is actually correct, and by close inspection of the energy

diagrams in Fig. 2.8 (c) and the energy diagram with odd number of added electrons
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one can write down the Hamiltonian for this system as follows,
17
H=uvr)Y |qlblbg + EZ[UF(AN)Z +opJ?, (2.26)
q

where ¢ = 2rn/L, n = £1,£2, ..., AN and J are integers with the selection rule
(=1)7 = —(=1)»N. Here AN is the change of the total number of electrons, and .J
is the difference between the number of the right moving electrons and that of the left
moving ones. b, and bg are standard boson operators, whose details cannot be known
just by the inspection of Fig. 2.8.

The bosonization [54, 55] of fermion operators in 1 dimension, as just described, is
possible due to the following important, and highly nontrivial, property. In 1 dimen-
sion any electron-hole excitation near the FS can be described in terms of charge/spin
density wave bosons. In other words, any state of the form a,tzakl |NYo, where |N)g is
Fermi sea, can be expressed as f (b})|N)o where b} is an operator oc 3 Ll 440 and fis
some function. Here, spin indices (+1/2) in the summand a}rC ¢k are suppressed, but
they are implied to be parallel for charge density and anti-parallel for spin density. It
is not difficult to see that repeated application of b} on |N)¢ can give some a}; ak,|N)o
state, but what is nontrivial is that one can generate all such states. This property leads
immediately to the result that any fermionic excitation can be expressed by density wave
bosons. For example, consider an electron with momentum % added to an N particle
state. Relative to the N + 1 particle Fermi sea |N + 1), the resulting state can be de-
scribed totally in terms of electron-hole excitations, which by the property stated above
can be described fully in density wave bosons. It is stressed [55] that this bosonization
holds regardless of Hamiltonian and one electron band dispersion ¢(k), as long as € (k)
defines the FS.

Now we give the definition of the TL model. The TL model is defined as a one
dimensional electron system with one electron band linearized at kr and extended to
—oo energy and with forward scattering electron-electron interactions. These condi-
tions imposed on the model make it possible to solve this model exactly, as we will
describe in the next 2 paragraphs. The point is that these conditions modify only the
high energy scale physics of a particular physical system and therefore the TL model is
well-suited for describing low energy processes. The form of the one electron energy
band and its excitation energy diagram are shown in Fig. 2.9.

The density wave operators within the TL model are defined as

. o)
to_ 1
bq,r T m Z At qrOk,r
9 k=—o0
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Figure 2.8: Excitation energies of a 1 dimensional free electron band. (a) Dispersion

relation. (b) Single particle hole energy continuum. (c) Multiple particle hole energy
continuum.

lal 0 % o

Figure 2.9: Excitation energies of a 1 dimensional Tomonaga-Luttinger electron band.

(a) Dispersion relation. (b) Single particle hole energy continuum. (c) Multiple particle
hole energy continuum.
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Figure 2.10: Electron electron interactions in 1 dimension (g-ology).

where ¢ = ¥ng, ng > 0, L = system length, and spin is ignored for the time being.
Here the one electron band is divided into two branches, left-movers (»r = —1) and
right-movers (r = 1), and k stands for the magnitude of the momentum. The extension
of the one electron band to —occ makes the following standard bosonic commutation

rules become exact.
[bq, b;] = bgats [Dasby] = [b}b}] o

In the so-called “g-ology”, the general low-energy electron-electron interactions in
1 dimension are classified into 4 types as pictured in Fig. 2.10. The interactions are g;:
2k back scattering, go: inter-branch forward scattering, ¢g3: Umklapp scattering, and
g4: intra-branch forward scattering. The Umklapp term is important only for special
band fillings such as half filling. In the TL model, only the forward scatterings (g2
and g,) are kept. These terms have a simple property that they can be expressed as a

quadratic form of density wave operators. So the TL Hamiltonian reads
H=vr), |k|a;27rak,r + > gobl b + > gabl b_gr, (2.27)

,b .7 ar

where r = %1 is the branch index as before. Due to the linear dispersion, the first term

of the Hamiltonian, which we call Hy, has a simple commutation relation,
[Ho, bg] = vr|q| b.
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This suggests that Hy =>_ v F|q|b:5bq + h, where h is a term that commutes with all b,.
By the completeness of the b,’s, h must be a function of global quantum numbers AN
and J. In fact, Hy becomes exactly the same form as Eq. 2.26. The bilinear forms of the
density operators are trivially diagonalized to give the TL Hamiltonian in a compact
form:

1r

57 [N (AN) + 0,07, (2.28)

H=uw)_ |qbfb, +
q

where
ovN = /K, vy =v,K.

In other words, the TL model is an exactly solvable interacting electron model! Note
that two interaction parameters g, and g, have renormalized three velocities vy, vy
and vy, resulting in a constraint that vy v; = v}. Instead of g, and g4, two equivalent

parameters can be introduced

/8 = Ub/UFa

K = on/ve=wvs/vs.

Now we discuss electron spin, which has been ignored so far. In the g-ology, the
terms that involve spin excitations are those that pull out an electron and flip its spin
before inserting it into some unoccupied orbital. When the spin dependent interac-
tion giving rise to such term is spin reversal invariant, the spin and charge degrees
of freedom decouple, because then there cannot be any interaction term involving a
product of spin density and charge density. This is the phenomenon of spin and charge
separation. The TL Hamiltonian then becomes a simple sum of spin and charge Hamil-
tonians, each of which is of the same form as Eq. 2.27. The system is then characterized
by four parameters — LL parameters — K., 3., K, 35 with obvious notation. The spin
parameters are determined by spin-dependent interactions and the charge parameters
by spin-independent interactions. Therefore the spin and the charge bosons propagate
with different velocities v; and v.. In addition to the spin charge separation, another

key characteristics of LL is the so-called anomalous dimension, «, which is defined by

a = Q.+ Qg

1 -1 -1
= Z(KC+K5+KC + K, —4).
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Before discussing the meaning of «, a few special cases of electron-electron interac-
tion are worth noting in relation to the LL parameters. First, if the interaction is spin
rotation invariant (SU(2)), then Ks = 1. This is the case for the Hubbard model for
example. Second, if the interaction is spin independent, then K, = 3, = 1. Third, if
g2 = g4, as would happen for a screened Coulomb interaction, then Ky = s = 1 and

¢ = Be, resulting in the following simple connection between « and f,:
1
a= (5 + ' -2, (2.29)

Now we discuss the meaning of «. The name “anomalous dimension” means that
it enters into a scaling dimension which is different from physical dimension, e.g. for

the Green’s function,

G\, A\w) = Gk, w), (2.30)

)\afl

for small k = k — kj and w. By taking A = 1/w, one obtains

Gk, w) = ™" f(k/w).
Using Eq. 2.4, we have

Ak, w) = w1 g (k/w). (2.31)
Integrating this in & leads to the low energy behavior of the density of states,

N(w) o w®. (2.32)

Therefore, density of states vanishes as w approaches the chemical potential! The mean-
ing of this is the absence of a quasi-particle (Z = 0), because if there were quasi-
particles, then there would be delta function peaks dispersing near the chemical po-
tential which would give rise to a finite density of states at the chemical potential. The
absence of quasi-particles also means that n(k) no longer has a finite step at the FS in
contrast to that of the FL (Fig. 2.3 (c) and (d)). Instead, the leading singularity of n (k) is
given by

n(k) o |k — kgl (2.33)

This power law behavior can be obtained by inserting A = 1/k in Eq. 2.30 and integrat-
ing over w.

In Anderson’s theory of high temperature superconductivity [50], the anomalous
dimension « plays a crucial role. In his viewpoint, non-zero « arises from finite scatter-
ing phase shifts at k. In much the same way as in the Anderson orthogonality catas-

trophe problem [56] of X-ray absorption, the finite phase shifts mean that the overlap
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Figure 2.11: Spectral functions for spin-independent repulsive TL model.

between the many body wave functions before and after interactions are turned on is 0.
This overlap is precisely the Z factor of FL theory. Anderson further notes that forward
scatterings (and Cooper pair scatterings) are always the most important in any dimen-
sion and in particular it is singularly important [57] for a 2D Hubbard model which
he argues to be a LL system and on which he bases his theory of high temperature
superconductivity.

Fig. 2.11 shows spectral functions of the TL model [58, 59]. The integral of Eq. 45 in
Ref. [58] is calculated to give these curves. Here the parameter . is the screening length
of the two body potential [60], and defines the energy scale v /7. over which the low
energy LL behavior [58, 61], as described here, is valid. Differences of the TL lineshapes
from FL lineshapes are obvious. First, there are two peaks dispersing instead of one
peak®, with different velocities. This is the phenomenon of spin and charge separation.
Second, the peaks show power law divergences instead of the delta function singularity

or Lorentzian lineshape of the Fermi liquid. There are three singularities:

(w — vgk)os/2tee=1/2 (g — g ) ostee/2212 (4 4y )@s/2Hae, (2.34)

8In the Matho Fermi liquid lineshape also, a two-peak structure can be observed for a particular pa-
rameter set (Section. 3.3). But this is not the underlying generic character of the FL model.
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Here v; = vp and oy = 0, due to the spin independent interaction assumed for Fig. 2.11.
However, these expressions are valid even for spin dependent interaction. When the
interaction is spin dependent, there is an additional singularity which is like that of the
third term but with the roles of the spin and the charge exchanged. Third, there is a
gap between w = v,k and w = —v,k.

Some of these features — the positions of the singularities and the gap — can be
qualitatively understood from simple kinematic considerations. This can be illustrated
by considering the spectral function for the right moving (r = 1) branch, and positive
k. First, let us consider adding an electron and no inter-branch coupling (g, = 0). By
bosonization, the ground state is a state that is annihilated by spin or charge density
excitations, which we may call spinons and holons. To add an electron at k and w is
therefore to add an electron at k£ = kr and w = ;1 and add spinons and holons. The
total momentum of the spinons and holons must be & and the total energy must be w.
From the linear dispersions of spinons and holons, it is easily seen that for given k the
minimum energy cost is v ¢k, and the maximum energy cost is vk (v, > v is assumed).
These two are the singularity positions for g, = 0, whose singularity indices are given
as above and the spectral function is confined within v,k and v.k. A special property
of g = 0 model is that o, = a; = 0 so that the two singularity indices are -1/2. Now,

if g9 is allowed to be finite, aL . 18 still bosonized by bjkvr, but the boson operator that

diagonalizes the Hamiltonian is Abj€~ + BbJr c where A > B for weak interaction.
77. b
Therefore, the ground state is now annihilated by Ab- + Bb ; , notby b . In other
ks ,—T ,T
words, the ground state has a small amount of b%r bosons. This means that now one
can remove some electrons with positive k. There is still a minimum energy cost for
this process, which is min(vs, vc)kv . However, note that when the interaction is spin
independent this minimum energy is always v.k, because in this case the spin boson

has zero B, i.e. no inter-branch mixing occurs for spin bosons’

. Therefore, the gap
feature in the spectral function is explained.

Various thermodynamic and transport properties of the TL model are renormalized
[62] relative to those of free electrons. The specific heat for 1D bosons is linear and is

given by

C(T) = 5 (vp/vs +vp/v.) wT, (2.35)

1
2

where 7 is the free electron value 27k%/(3vr). The spin susceptibility and compress-

°0r in other words, no anomalous dimension in the spin channel.
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ibility are renormalized as

U

X = X0, (2.36)
UN,s
U

Kk = KO- (2.37)
UN,c

The conductivity o(w) is again given by a Drude peak, but, as might be guessed, v is

replaced by vy :
o(w) =2010(w). (2.38)

So far, the pure TL model has been considered. It is interesting to comment on
the results for the 1D Hubbard model, another exactly solvable model. The Hubbard
model is defined by two parameters characterizing a tight binding band: the one elec-
tron hopping matrix element ¢ to the nearest neighbors and Coulomb interaction U for
two electrons occupying the same site. The 1D Hubbard model is an example of the LL
because even though the model does not literally satisfy the conditions of the TL model,
e.g. it has g; as big as g2 and g4, its low energy behavior is known [63] to be mapped
to the TL model. Due to the SU(2) symmetry in the spin space, K; = 1, and the low
energy physics of the 1D Hubbard model is governed by three LL parameters K, .
and ;. Using renormalization group theory, these quantities have been calculated [63]
as a function of U. In the large U limit, K, — 1/2, 8. — O(1) and 8, — O(t/U). The
limiting value of K. means that « approaches its maximum value of 1/8 as U — .
Another interesting property of the 1D Hubbard model is that the LL energy scale is
given by ~ 2/ U for large U, which vanishes as U — oo! It is calculated [64] that due to
the vanishing of the LL energy scale the density of states diverges rather than vanishes
asw — 0.

So far, strictly 1D theories have been discussed. However, real materials are al-
most never strictly 1D, but only quasi-1D. Therefore, it is important to consider 1D
chains [60, 65, 66] coupled by Coulomb interaction and interchain hopping. The re-
sults of Ref. [60] are particularly enlightening, which we discuss now. In this work,
the starting point for the electron-electron interaction is the bare Coulomb interaction,
and the screened Coulomb interaction, which is regular at ¢ = 0 and which is usually
the starting point for a 1D LL theory, is calculated using the random phase approxima-
tion (RPA). The input parameters for the theory are a dimensionless coupling constant
g = €?/(whvr), interchain lattice spacing a; and interchain hopping matrix element ¢ .

When ¢, = 0, the system of coupled chains behaves as a LL, and its parameters o and
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. can be calculated from g and a . It is especially notable that the anomalous dimen-
sion « can be as large as 1 or more. This is an important result that shows a way to
get o larger than the 1D Hubbard model upper bound of 1/8 as mentioned above. The
screening length r,. can also be calculated by the theory. In the limit g| log(a, /ag)| < 1,
where q is a decay length of one-electron wave function perpendicular to the chains,
it is given by the Thomas-Fermi wave vector x = a7'/8mg. Even when g|log(a.1 /a)|
is not small x gives a rough estimate of r.. With a finite ¢, , the system loses the LL
character in low energy below the energy scale ¢ but above this energy scale remains

to show the LL behavior — anomalous dimension and spin-charge separation.
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Chapter 3
TiTesy: Fermi liquid

The section 3.3 of this chapter essentially reproduces the TiTes part of the journal article:
“Fermi liquids and non-Fermi liquids — the view from photoemission”, ] W. Allen, G.-
H. Gweon, R. Claessen and K. Matho, J. Phys. Chem. Solids 56, 1849 (1995).

The history of the study on TiTez in this group may be helpful. In 1992, a post-
doc in our group, R. Claessen took ARPES data on this material and analyzed Ti 3d
ARPES band lineshape with the Taylor FL. model lineshapes, as explained in the pre-
vious chapter. In reaction to the publication of this work, K. Matho soon pointed out
that the Taylor FL model is not analytically correct over the entire energy range used
and proposed a simple fix, which is the Matho FL model that I summarized in the pre-
vious chapter. After I joined the group, I was introduced to this problem, and I did
lineshape fitting of the Ti 3d band with the new model. Also, I collaborated in tak-
ing more data on TiTe; with R. Claessen, who had by then taken a new position in
Germany, to explore its complete band structure. The next project of R. Claessen on
TiTe; in collaboration with us, was to write a paper discussing the many body char-
acteristics of TiTe, spectra without heavily replying on lineshape fitting but only with
a semi-quantitative analysis. During this collaboration, the importance of the existing
set of temperature dependent data of the Ti 3d band was recognized with respect to
determining an experimental k value. I then proposed to take a more complete set of
data at room temperature and low temperature, and I did the proposed experiments in
collaboration with C. Olson at the SRC.

In this chapter, I present ARPES lineshape studies of the Ti 3d band of TiTes. I report
temperature dependent ARPES measurement on the Ti 3d band of TiTe;. The room
temperature data shows a peak dispersing to well above Er before losing amplitude,

a very non-intuitive and surprising phenomenon in ARPES. I argue that the origin
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of this phenomenon is the small Fermi velocity. I also show a detailed lineshape fit
analysis using the Matho FL model. The lineshape fit is both a conceptual and practical
improvement over the original Taylor FL model fit. However, the Fermi wave vector
determined by these lineshape fits is in disagreement with that determined from this
dispersing peak at room temperature. Currently, this discrepancy remains a problem.

I discuss a modified lineshape fitting method and some new results.

3.1 Introduction

TiTe; is a layered compound which is a semi-metal due to a small energetic overlap of
a set of nominally Te 5p bands and one orbitally non-degenerate Ti 3d band [67]. Its
transport properties give no indication of any behavior lying outside of the FL frame-
work [68, 69]. Previously (Fig. 1.6) a set of high resolution data was obtained by our
group to show the Ti 3d band as it crosses Er. Because this band is well isolated from
other bands and because TiTe; is quasi-2 dimensional, the situation is very favorable
for studying the ARPES lineshape as an ARPES paradigm of FL behavior. In addi-
tion, the spectra are exceptionally clean, almost entirely free of an inelastic background
signal. The overall band structure of this material is now well understood [67] both the-
oretically and experimentally. There is good agreement between the band calculation
and the experiment regarding the number of bands and the character and the shape of
the FS’s, which have also been measured by a map method [70]. In this chapter, we
concentrate on the high resolution data of the Ti 3d band.

A goal of ARPES research is the extraction of many body physics from measured
lineshapes. Due to the simple FL properties and exceptionally clean ARPES data of
TiTey, studying its lineshapes provides a very valuable opportunity to ask such basic
questions about ARPES as “how do we define a Fermi wave vector from ARPES?” or
“to what extent many body ground state properties can be extracted from ARPES?.”
In this chapter, answers to these questions are sought in the temperature dependent

ARPES measurement and detailed lineshape fittings.

3.2 Temperature dependence

One of the most basic pieces of information that ARPES offers is the existence and
the shape of the FS. A possibly optimum procedure for obtaining a FS from ARPES

is as follows. First, a Fermi energy intensity map is taken to give a global view of a
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possible FS. Not all the patterns in a Fermi energy intensity map represent real FS, as
we will see in Chapter 4. Second, EDC’s are taken along representative directions in k
space to allow judgment as to whether a specific part of the Fermi energy intensity map
pattern really represents FS. Third, the exact locations of FS crossings are determined
by examinations of EDC’s or maps or both. Of these three steps, the last step is the

most non-trivial, and no universal solution exists.

Ideally, one would like to find the best theory that fits the ARPES data and as a
by-product one would be able to get k values. However, this is a difficult approach in
general. We will see in this chapter the difficulty even for such a “simple” Fermi liquid
case as TiTes. In practice, determination of k values relies on using some aspect of
the data that the researcher deems to be most relevant. Examples of kr criteria are the
minimum peak binding energy [67, 71], the minimum peak width [27], the mid-point,
or fixed point of the electron occupation number n(k) [72] as a function of temperature,

or the maximum derivative of -n(k) [70, 73].

Each of these different criteria can be related to a certain aspect of a peak crossing
Er, where the peak is assumed to behave like a quasi particle peak. By definition, the
peak for k=kp has the minimum binding energy, 0. The “lifetime” due to electron-
electron interactions is minimum for k=kz because of phase space restrictions. The
occupation number n(kyr) = 1/2 if A(kp,w) = A(kp, —w), i.e. it is electron-hole sym-
metric. Lastly, the presence of the FS means that there is a peak that passes Er at
k = ky, which means that n (k) decreases the most steeply at kp. However, these crite-
ria must be implemented with proper considerations of the Fermi-Dirac cutoff function
and the experimental resolutions. Especially, the apparent binding energy and peak
width can be affected by these additional factors. The criteria based on n(k) do not
suffer from distorting effects of the Fermi-Dirac distribution function or finite energy
resolution. However, obtaining accurate n(k) values can be problematic if multiple
peaks are overlapping. The property that n(kr) = 1/2 is unaffected by finite angle
resolution if the electron-hole symmetry condition is modified to mean that for any k
belonging to the k resolution window there is a unique partner k' in the same window
that satisfies A(k,w) = A(K, —w). We further note that when this strong electron-
hole symmetry condition is satisfied, n(kr) is invariant as a function of 7. Both the
n(kp) = 1/2 condition and the —n(k) derivative criterion are in principle susceptible
to effects of matrix element variation, i.e. the lineshape area can vary also because the

ARPES matrix element varies with k.
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Usually, the Fermi-Dirac distribution function plays the role of cutting the spectral
function and putting the apparent ARPES peak positions below E. This is especially
true because data for lineshape analysis are typically taken at the lowest temperature
possible to avoid thermal broadening. However, a very favorable condition for kg
determination can occur if the Fermi-Dirac distribution function is wide enough to
expose the dispersing peak both below and above the chemical potential. The possibility
that this can happen can be seen as follows. Let us recall from section. 1.2 that the

photoemission intensity with perfect energy resolution is given by
Ikw) = M f(w) Y Wik)A(k, w).
k

We consider perfect energy resolution because finite energy resolution does not affect
the argument. For k outside the FS, the term _, Wj(k)A(k,w) has a peak above Ep.
The condition for observing a peak above Er in I (k,w) is then that the peak is narrow
enough and/or the Fermi-Dirac function is varying slowly enough (i.e. the temperature
is high enough) so that the product of the two still has a maximum above Ep.. Iillustrate
this scenario in Fig. 3.1, where F represents f(w) and G represents > Wi(k)A(k, w).
As noted in the figure, the width of the peak G is given by ~ vr Ak where Ak is the
momentum width due to experimental angle resolution and the width of the Fermi-
Dirac distribution function is ~ 4kpT. The intrinsic lifetime broadening due to the
electron self energy is assumed to be much smaller than the width due to the angle
resolution, because we are considering k near ky. For a Gaussian peak G centered at
kpT, the condition for the product of F and G to show a peak above Ef is roughly
vrAk < 4kpT.

Before showing our new temperature dependent data set, let us look at the previ-
ously obtained data at 25 K, because we will need this set for comparison with the new
set. Fig. 3.2 (a) shows the data in Fig. 1.6, normalized to the photon flux. The exact k
path arc tracked by these angles with hv = 21.2 eV is explained in Ref. [67], but is not
our major concern here. It is sufficient to note that 27.5° and 0° correspond to points
somewhere along the vertical LM axis of the hexagonal Brillouin zone boundary and
along the vertical I'A axis at the zone center, respectively. For convenience, we will
sometimes call 0° the I' point and 27.5° the M point, but it should be born in mind
these designations are only approximate. The Ti 3d band shown in Fig. 3.2 (a) forms
small electron pockets near the zone boundaries. These electron pockets are compen-

sated by the hole pockets at the zone center arising from Te 5p bands. A small amount
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4k T

Figure 3.1: Scenario for a peak above chemical potential in photoemission. F = Fermi-
Dirac function. G = momentum-summed spectral function. See text for discussion.

of uprising Te 5p emission is visible in the lower left corner of Fig. 3.2 (a).

The ARPES data in Fig. 3.2 (a) shows a shallow band with complex lineshapes. At
the band bottom (M) the broad lineshape implies a two peak structure, one at ~ 40meV
and the other at 100 ~ 150meV. As the band disperses towards Er the lineshape devel-
ops into a single peak which sharpens up, crosses Er and decreases rapidly in intensity.
As shown in Fig. 1.6 the change in the spectral intensity after crossing is non-trivial, and
shows a small peak dispersing backwards. So far, this data set is the best data obtained
for TiTez, based on the sharpness of the peaks and the peak to background intensity
ratio. The observed minimum peak width ~ 45 meV is significantly larger than the
energy resolution 35 meV. Successful fits of the lineshapes [27, 74] attributed the extra

broadening to the effective energy broadening due to the finite angular resolution.

Fig. 3.3 shows new data of TiTe; taken at two different temperatures and with other
conditions the same as in Fig. 3.2. It was already noted previously [67] that a peak does
occur above Ep for TiTe, for the spectrum at § = 15° at room temperature. This finding
is nicely reproduced by this new measurement. In addition, the new data show the

full dispersion at room temperature. Between 25 K and 300 K, the data show quite a
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Figure 3.2: (a) High resolution ARPES data of the Ti 3d band of TiTe, at T=25K,
hy=21.2eV, AE=35meV FWHM and full angular acceptance 2°. The data are the same
as those in Fig. 1.6. (b) Peak positions and widths extracted from the data.

dramatic temperature dependence, which we will argue below comes from the tem-
perature dependence of the Fermi-Dirac distribution function. The data at T = 25 K are
consistent with the previous data of Fig. 3.2, and show a minimum in binding energy
and peak width at § = 14.5°. In contrast, at T = 300 K peak widths show a minimum
at 0 = 15 ~ 16 and the peak position varies linearly across Er for angles down to
6 = 14° and then turns back. The vr value measured from the peak dispersion is
~ 0.5eVA, which implies that vp Ak ~ 35meV for the given total angular resolution
of 2° and kinetic energy of ~ 16.8 eV. On the other hand, room temperature gives
4kpT = 100meV, much larger than vrpAk. Therefore, the condition for a peak above
Ey discussed in the previous paragraph is indeed satisfied.

The quantity n (k) as a function of temperature is plotted in Fig. 3.3 (d). To compare
the two temperatures, each n(k) curve was normalized to its area. This normalization
also makes the n(k) values near the band minimum for the two temperatures agree
well with each other. A fixed point occurs at & = 15.5° where the n(k) value is about
0.4 of the value near the band minimum. Near this fixed point, the slope of n(k) is
observed to decrease at high temperature.

To determine the Fermi level crossing point at 300K, we choose the peak position
as the best criterion, because peak positions are determined with higher accuracy than

intensities and are not influenced by the photoemission matrix element. In Fig. 3.3 (c),
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Figure 3.3: TiTe; ARPES data at 25 K and 300 K and peak positions, widths and areas
derived from them.
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the peak position determined from the peak maximum is observed to pass through Er
between 16° and 15.5°. Noting that the high but still finite temperature means that the
Fermi-Dirac function gives slightly more weight to low binding energy, as is confirmed
by the simulation to be discussed in the next paragraph, the best estimate of the Fermi
level crossing point is 16°. An important fact to notice regarding the ky determina-
tion is that multiplication by the Fermi-Dirac distribution function never shifts a peak
position to a lower binding energy. This means that the angles at which the peak is

observed above F  cannot correspond to kp.

Fig. 3.4 shows a simple theoretical simulation of the temperature dependent data.
The electron-hole symmetric Matho FL model as described in section. 2.2 is used for
the calculation. In principle, the spectral function A(k, w) can be strongly temperature
dependent. An example is the charge density wave spectral function presented in Sec-
tion. 2.3. Another typical example is the spectral function of the Kondo model [75].
These systems are characterized by phase transition or cross-over phenomenon. For
TiTe,, there is no known phase transition or cross-over behavior. Therefore, we assume
that A(k, w) is temperature independent!. The temperature dependence in Fig. 3.4 then
comes entirely from the Fermi-Dirac distribution function in Eq. 1.9. Also, a Gaussian
(k) profile function W, and a Gaussian w profile function W, are used in Eq. 1.9 to

take the experimental resolutions into account.

The model parameters for the theoretical curves are chosen so as to approximately
account for the dispersions and the peak widths near 16° in Fig. 3.3. Major aspects of
the temperature dependence, i.e. the back-bending dispersion at 25K below Er and the
linear dispersion extending to above Er at 300K, is reproduced well. Within the current
theory, this is entirely due to the Fermi-Dirac distribution function. The maximum of
the kg peak at 7" = 300 K has its energy just slightly below EF, in good agreement with
our experimental determination of ky at 16°. Apart from these main features, there
are noticeable differences between the model calculation and the experiment. They are
the structured lineshape in Fig. 3.4 (b) for k > kg, not observed in Fig. 3.3 (b), and
the positions of the minima in the peak position curve and the peak width curve at
25 K which differ by 1° and 1.5° respectively. The origins for these differences are not

clear at the moment. Another noticeable difference is the small difference of the fixed

! A moderate temperature dependence in the self energy is actually expected to exist, but it is neglected
here. In the low energy and temperature scales the FL self energy is written as Im¥ = g(w” + (7k5T)?)
[77]. In this form, the temperature dependent part broadens A(k,w) uniformly, and will not alter the
discussion presented below in any essential way. The assumption is that this remains true even at high
temperatures and with the presence of electron-phonon interactions.
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Figure 3.4: Theoretical modeling of Fermi liquid lineshapes at 25 K and 300 K with
linear dispersion. The increment of k values is 1/4 of Ak, the width due to the angle
resolution, and corresponds to 0.5°. See text for more discussion.
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point position of n(k), 15.5%, and kp, 16.0°. A possible explanation for this is a slight
electron-hole asymmetry.

We now discuss various criteria for the kr determination, applied to the current
data. The dispersion at 300 K assigns k to angle 16°. The ky angle determined by the
minimum peak width or the minimum binding energy at 25 K is 14.5°, substantially
different from 16°. However, at 300 K, the 16° spectrum is one of the spectra that give
the minimum peak width, whereas 14.5° has a bigger width. The n(k) = 1/2 criterion
assigns the kr angle to ~16°. As noted above, the fixed point of n (k) assigns kr to
~15.5°. The —n(k) derivative criterion is not ideal due to the small number of data
points, but when it is applied it assigns kz to ~15.5° at 25 K and ~16.5° at 300 K.
Therefore, except for the peak width/energy criterion at 25 K, all other criteria give,
or are not contradictory with, kp ~ 16°. The general agreement of kx determined by
the criteria based on n (k) with that determined by the 300 K dispersion means that the

overall ARPES matrix element variation with k is rather weak.

3.3 Lineshape fit

In this section, our goal is now to fit the lineshape with the Matho FL model as dis-
cussed in section 2.2. It is important to make clear the philosophy of the fit efforts
described here. First of all, the current fit is not intended to prove FL physics for TiTes.
Such a proof, if it is to be made using photoemission alone, must prove that the FL
fit is superior to non-FL fits. This was actually done early in Ref. [27]. There, it was
shown that the marginal FL gives a noticeably worse fit than the FL fit. Second, the fits
described here are fits over a large energy scale and a large momentum scale. Binding
energies up to 250 meV and momentum values from the band minimum up to those
past the Fermi level crossing are included in the fits. This means that the fits do not
necessarily concentrate on the low energy features of the spectra, which are crucial in
view of the low energy Fermi liquid parameters. In fact, the ARPES spectra reveal the
high energy tails and the peak shapes better than the low energy lineshapes which are
almost entirely obscured by the finite energy /momentum resolutions. The accuracy to
which the low energy Fermi liquid parameters in Eq. 2.13 are obtained from these fit
efforts is determined precisely by the extent to which the Matho Green’s function ap-
proximation is good. Therefore, we here have two objectives, which are closely related
in fact. First, we would like to see how well the Matho Fermi liquid theory describes

the ARPES spectra. Second, we would like to see how well the resultant parameters
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describe the transport properties of TiTes.

In this section, we summarize the fits that were reported in Ref. [74]. The theory
used for the fits is the electron-hole symmetric Matho FL model of Eq. 2.17. The the-
oretical parameters are Z/Q, Qe(k), and A, where we write 2, = A (electron-hole
symmetry). Additional experimental broadening effects were included by using a
Gaussian energy broadening function and an elliptical momentum broadening func-
tion in Eq. 1.9. Using Eq. 2.16, the relation between A and the Fermi liquid coherence
energy A* is easily found: A* = %ATI. In the original fit [27] using the Taylor series
FL model of Eq. 2.14, the fit parameters were Ze(k) and A*. The fit was made with
A* =25meV for all k and varying only Ze(k). Good fits can be found only near the £
crossing (Fig. 1.6). In the current effort, a similar fit was tried first. Fig. 3.5 show the fit
made with a k-independent self energy, optimized to fit the 14.75° spectrum best. The
k-independent parameters are Z/Q) = 0.44 and A* = 36 meV. The fit of Fig. 3.5 is quite
similar to that of Fig. 1.6. It gives a good fit near the 14.75° spectrum, but near the zone

boundary, 27.5°, the fit fails to produce the qualitative features of the lineshape at all.

Unlike the Taylor FL model, Matho FL model has an inherent capability to fit the
structured lineshape for k far from k. This was demonstrated previously by Harm et
al. [76], without further elucidation of how it is possible. Fig. 3.6 shows our fit result
and Fig. 3.7 summarizes the fit parameters. In these fits, the fit parameters are now al-
lowed to vary as a function of k. Overall, excellent fits are obtained for all the spectra.
The fit procedure was as follows. First, the entire fit parameter space was explored by
choosing randomly selected initial fit parameters within the expected parameter ranges
and then letting a non-linear least square fit program using the Levenberg-Marquardt
algorithm find its solution. The range for A was 10 ~ 100 meV and that for Z/Q was
0.1 ~ 0.9. The range of Qe(k) was chosen depending on the angle. In particular it
was chosen to be —20 ~ 20 meV for the 14.75° spectrum and —60 ~ —10 meV for the
16° spectrum. When ~ 100 random fit results were collected for each angle, they de-
fined unique optimum values of A, Z/Q and Qe(k), and these optimum values were
well within the prescribed ranges, showing no sign of a x? minimum point lying out-
side. Using these fit results as a starting point, several iterations were performed until
convergence in Qe(k) was obtained. This is necessary because each spectrum is indi-
vidually fitted and thus, to find an optimum value of Q¢ (k) for the spectrum itself, one
needs to know the range of Q¢(k) to include to account for finite angle resolution before

the fit is made. The input for the range of Qe(k) was determined by Qe(k) parameters
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Figure 3.5: Matho FL model fit with momentum independent fit parameters.
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for the adjacent angles in the previous iteration. Note that in Fig. 3.7 the LDA band
calculation [67] is plotted with Qe(k) parameter values. The shape of the fit parameter
Qe(k) is in excellent agreement with the theory, and the bandwidth is about 75% of
the theoretical bandwidth. The spectra for angles 13.0° and 14.0° had enough noise to
randomize the fit results. In order to fix this problem, Z/ (@ values for these angles were

equalized with the value for 14.75°.

Note that when Z/(@) = 0.5 the Matho FL theory and the Taylor FL theory give ex-
actly the same spectral functions at k=kx. But as soon as k departs from kr, the two
theories produce different lineshapes. The fit parameters tend to show some similarity
to those of the Taylor FL model fit in the sense that the fit produces a Z/ (@ value some-
what smaller than, but close to, 0.5 in the vicinity of 14.75° and A* ~20 meV for most
angles except 14.75°. However, occasional irregularities in Z/() and A* values make
the comparison difficult. It is noticeable that Z/@Q tends to decrease and A tends to
increase as the angle increases. These trends are closely related to the structured line-
shape observed for large angles. The origin of the structured lineshape is as follows.
As shown in Fig. 2.2, as e(k) changes from 0 the poles of G(k, w) move in an interesting
way with one of the poles? remaining close to the Im(w) axis. Because in addition, the
residues become complex, there is interference between the contributions to A(k,w)
from each pole, with the details depending mostly on Z/Q. For Z/Q roughly in the
range of that for the fit near the 14.75° spectrum, one finds that as |e(k)| increases from
zero, the moment of the poles and the effect of interference in the weights conspire so
that there is a single peak moving away from Er and broadening. However, for small
Z/Q one finds a sharing of weight between the two poles so as to produce a two-peak
lineshape having considerable weight near Er even for k far away from kg, just as
occurs in the data. Varying A tunes the separation of the two structures to produce a

good fit.

Another non-trivial aspect of the data as pointed out in the last section is the back
bending of the residual weight after the peak has crossed Fr. This feature is well
reproduced by the fit. The residual weight is a direct consequence of correlated electron
states in the model. Due to electron-electron interactions the ground state has many
electron-hole excitations relative to the non-interacting ground state. Therefore, from k
outside FS, an electron can be removed, and therefore there exists a small weight in the

electron removal spectrum.

When Z/Q < 0.5, this pole is the pole evolving from the quasi-particle pole.
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Having obtained good fits, one can then extract information such as the normalized
occupation number n(k)/Q and the matrix element |Mx|?>Q. The result for n(k)/Q is
plotted as the solid line in the lower panel. Also plotted are the actual measured areas
of the spectra. The difference reveals the fact that the data fitting requires also an overall
scale factor which, in this ansatz, must be attributed to the normalized ARPES matrix
element | My |?Q, plotted in the upper panel. This is the effect on n (k) of the ARPES
matrix element mentioned above.

In principle an energy dependence of Im3 implies a temperature dependence of the
dc resistivity p(T). For the case Im¥ = Sw?, FL arguments lead to p = (1/ne?)(m* /1)
with m* = m/Z and (1/7) = 2ZIm¥ = 28Z[w? + (7kpT)?]. Then one has p(T) =
2(m/ne?)(wkp)?BT?. The authors of [77] have calculated p(T) for TiTez, assuming our
Taylor FL model self energy Y1 applies to the entire FS, computing from an LDA band
structure the average Fermi velocity which gives n/m, and taking for § our experi-
mental 3. They compared their result with experimental data [68] and found a large
disagreement at high T, a result reproduced in Fig. 3.9(a). Fig. 3.9(b) shows the large
difference at large w between the purely w?-dependence of ImX7 from [27] and that of
the Matho self energy 3 obtained above. Fig. 3.9(a) also shows the p(T') obtained if the
Matho self energy ¥ is used in place of ¥, again taking § = /' for a consistent compar-
ison, if one is willing to speculate that the w-dependence of Im¥ can be a guide to the
T dependence of p(T') even away from the w? regime. The Matho self energy X essen-
tially eliminates the large disagreement with experiment implied by ¥7. However, the
numerical agreement should not be taken too seriously because a detailed treatment
should account for the probably different lifetimes on the Te p and Ti d parts of the FS,

as well as for the considerable difference between 3 and f'.

3.4 Discussion

The lineshape fit results reported in the last section are in disagreement with our result
in section 3.2 regarding the ky value. In the fit, the k value lies where the n(k) value
is very small (Fig. 3.8) while the k; value determined from the 300 K dispersion is
near the midpoint of n(k) curve. The kr value away from the midpoint of the n(k)
curve implies a strong matrix element modulation (Fig. 3.8). Currently there is no clear
explanation about the disagreement of the two results. In this section, we point out

possible solutions.
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Figure 3.9: Comparison of the resistivity and the self energy for TiTes. (a) The resistiv-
ities calculated (solid lines) for TiTe, with X7 in [77] and with the Matho X, compared
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One possibility is that there is non-trivial temperature dependence so that the ky
value is temperature dependent. One obvious candidate is that the chemical potential
changes so that the band effectively moves up or down with respect to the chemical
potential. That this does not happen can be seen from Fig. 3.3 (c), where the peak
positions for the two temperatures agree well for angles >18°.

Another possibility is that the model used in the last section is insufficient. Possible
extensions of the theory are the following. We call the new model the “extended Matho

FL model.”

¢ k mass In the fit of the previous section, the fit parameters were QIMy|?, Z/Q,
A* and Qe (k). In addition to the k dependence of the Matho FL model parame-
ters, there can be additional k dependence in the self energy. Following Ref. [78],
we assume an additional term in the self energy »(k,0) = ve(k). This in effect
introduces an additional renormalization factor for e (k) in the Green’s function.
Therefore, the previous fit parameter Qe(k) becomes Q(1 + y)e(k). Actually, the
addition of v does not add a new fit parameter. It only means that the previously
called Qe(k) should be reinterpreted. The term m;, = (1 + ) ! defines the so-
called “k-mass” [79, 80]. As described below, the new test fit used the LDA band
calculation as a reference for determining €(k) and its width due to the angu-
lar resolution. Despite the fact that conceptually no new fit parameter has been
added, the procedural differences in determining e(k) do seem to impart some
importance to the k-mass parameter (1 + ). This means that the exact role of
this term in the new fit scheme may not be purely that of the k-mass and has to

be investigated carefully.

e electron hole asymmetry In the previous section, electron-hole symmetry was
assumed. As we discussed above, some electron hole asymmetry is implied by
Fig. 3.3 (d). Therefore, we assume that the background pole 2, is fully complex,
given by

W = 1AY(Q/Z — L)cos()exp(iv))

where 9 is the electron asymmetry parameter, —7/2 ~ 7 /2.

e impurity scattering Impurity scattering certainly exists in this material, as seen

for example in the T = 0 value of the resistivity [68]. The effect of impurity
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what range
Ql+7y) | 01~2
Z/Q 0.05 ~ 0.95
A* 0 ~ 300meV

oL 1 ~ 20meV
P —7[2 ~ /2
Er -5~ bmeV

M?Q 20 ~ 1500

Table 3.1: Fit parameters and ranges for an extended Matho FL model fit.

scattering in the Green’s function was discussed by Lloyd [81], who showed that
the net effect is to replace w by w —id, in the Green’s function. By this replacement,
the Matho FL self energy acquires a constant term in the imaginary part, of the
order of ¢6r/Z. Assuming that the lifetime 7iransport = Tspectroscopy, and using
the known plasma frequency [77] one gets the resistivity and self energy relation
p(ufem) = 2 x 8.56 x 10? x Im¥(eV). Using our measured value of the T = 0
resistivity of ~ 13uQcm, one obtains Im¥(0) ~ 8meV. Therefore, one estimates

01, to be on the order of a few meV.

e Fermi energy calibration In the previous fit, Er was fixed at a value taken from
a reference spectrum. However, it was found that the ? is reduced substantially

if it is varied as a free fit parameter.

As a test, the spectra for five angles, 14.75°, 15.59, 16.0°, 17.0°, 18.0°, 21.0° and 25.0°
were fitted with the parameter ranges shown in Table 3.1. The fit parameters were
selected randomly for the initial values within these ranges, and were also constrained
within these ranges during the fit. Another difference between the previous fit and the
new fit is in the determination of Q(1 ++)e(k) parameter. In the new fit, the LDA band
calculation is used as a reference during the fit. Because we do not want the LDA band
calculation to determine the k- value, the LDA band calculation is trusted only up to an
arbitrary offset along the k axis. This offset defines a fit parameter controlling e(k). The
advantage of using the LDA band in this way is that the range of ¢(k) corresponding
to the angular resolution can be also taken from the LDA band, without need of the
iteration mentioned in the previous section. This procedure then separates Q(1 + )
and e(k) in the Q(1 + ) e(k) parameter during the fit.

Fig. 3.10 shows the fits to the spectra and Fig. 3.11 shows the fit parameters. The

results are certainly encouraging in that the ¢(k) parameters determine the FS crossing
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Figure 3.10: Sample fit result for the extended Matho FL fit
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to be = 16°. The precise origin of the new finding is not known clearly at the mo-
ment. Tests of turning on only one at a time of the additional parameters relative to
the fit of the previous section imply that the separation of the k-mass term Q(1 + )
from the term (1 + v)e(k) and the Ep parameter play an important role. Fig. 3.12
shows the distribution of fit parameters determined by the random fit process for three
representative angles, 14.75°, 16° and 21°. The fit parameter distribution for the 15.5°
spectrum shows behavior similar to that for the 14.75° spectrum or the 16° spectrum,
and that for the spectrum for angle 17° or higher shows behavior similar to that for the
21° spectrum. For each angle, the frequency distribution of x? is plotted at the bottom.
By inspection, the “best group” of successful fits in the low x? region is identified and
marked with an arrow. For each fit parameter, the average and the standard deviation
within the best group is written inside the plot. Also, these numbers are used to plot
the position and error bars in Fig. 3.11. The parameter distributions indicate that more
work is needed. The number of successful fits collected so far is rather small. There are
only 29 and 17 successful fits in the best group for 14.75%, 16° and only one successful
tit for 21°. This means that as the number of parameters increases it becomes harder
to sample the “good parameter region” with the same number of trials. Also, the wide
distributions of fit parameters mean that more statistics is needed or perhaps that there

are more parameters than can be reliably determined by the data.

3.5 Conclusions

The ARPES spectra for the Ti 3d band of TiTe, were studied. At room temperature
the dispersion is observed to move across the Fermi edge, essentially due to the slow
dispersion of the Ti 3d band. The observation of a band below and above the Fermi
edge gives the most accurate criterion for the Fermi level crossing position. We find
that Matho’s FL model gives a good description of the ARPES lineshapes. However,
the kr values determined from the room temperature dispersion and from the line-
shape fit are significantly different. To find the origin of this problem, the lineshape fit
model was extended to include an electron-hole asymmetry, impurity scattering and
a possible Ey miscalibration. Inclusion of these effects gives some preliminary fit re-
sults in agreement with the room temperature dispersion data. However, more work is
needed because of the great statistical uncertainty introduced by the increased number
of fit parameters. It is clear from this work that a rather large uncertainty can exist in

a fit parameter obtained by the ARPES lineshape fit, despite the apparent small uncer-
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tainty determined by the fit process.
My role in the work described in this chapter was to measure the temperature de-
pendent ARPES data, to analyze them, to do lineshape fits of the previous ARPES spec-

tra, and to participate in the comparison of the fit results with the resistivity.
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Chapter 4

SmTes: Imperfectly nested CDW

The section 4.5 of this chapter essentially reproduces the journal article: “Direct Ob-
servation of Complete Fermi Surface, Imperfect Nesting, and Gap Anisotropy in the
High-Temperature Incommensurate Charge-Density-Wave Compound SmTe3”, G.-H.
Gweon, ].D. Denlinger, J.A. Clack, ]JW. Allen, C.G. Olson, E. DiMasi, M.C. Aronson, B.
Foran and S. Lee, Phys. Rev. Lett. 81, 886 (1998).

We report photoemission spectroscopy of SmTes, a quasi-two dimensional material
with an incommensurate high temperature charge density wave. We show by resonant
photoemission that Sm is trivalent, in a good agreement with a previous finding by
magnetic susceptibility measurement [82]. Valence band photoemission shows four-
fold symmetric bands on the energy scale of a few eV from the Fermi energy, consistent
with the near-tetragonal symmetry of the crystal. However, the electronic structure
within a few hundreds of meV of Er is found to be strongly 2 fold symmetric. We trace
this reduced symmetry to the formation of a highly anisotropic charge density wave
gap. From the FS geometry obtained in our experiment, we find an imperfect nesting
condition. We illustrate how this condition determines the periodicity of the charge

density wave in very good agreement with the observed periodicity.

4.1 Introduction

FS energy gap formation is a fundamental quantum phenomenon in solids because
thereby the system of interacting electrons can stabilize a broken symmetry ground
state. Two important examples of such ground states are the superconducting state
and the CDW [36, 40] state. In the superconducting state, the gap opens up due to

formation of Cooper pairs. In the CDW state, the gap opens up due to formation of
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Figure 4.1: Schematic diagram for the one-face centered orthorhombic unit cell of
SmTes [82]. The dimensions are a = 4.3326 A, b = 25.6970 A and ¢ = 4.3363 A.

electron-hole pairs with wave vector g, ,,,,- As discussed in section 2.3, the wave vec-
tor connects (“nests”) one large portion of FS with another and dictates a new peri-
odicity in the CDW state. In both cases the gap momentum dependence is of central

theoretical importance.

ARPES is a beautifully direct method to measure the momentum dependence of the
gap if the gap is large enough to be energy-resolved and if the material surface is stable
for a long enough time to make the measurement. For a very few of the high tempera-
ture superconducting cuprates it has been possible to measure [83] the gap momentum
anisotropy so well as to permit meaningful comparison to microscopic theories. How-
ever, in spite of continuing efforts in various materials [84, 85, 39], comparably detailed
ARPES studies of CDW gaps have not yet been made successfully. This is largely due

to the lack of a material with both a big enough gap and a sufficiently stable surface.

This chapter reports a detailed ARPES study of the valence band electronic struc-
ture and the CDW gap in SmTe;, a novel incommensurate CDW material with a large
anisotropic gap and very stable surface. We show below that the observed gap size
implies a mean field transition temperature ~ 1300 K, even larger than the melting
temperature 1096 K [86], making SmTe; truly a “high temperature CDW material.”
This is the first time that the nesting condition and the momentum-dependence of a
CDW gap have been tracked over the entire FS.

SmTes is a layered material with conductivity anisotropy as big as 5000 [82]. The

crystal structure as probed by X-ray diffraction [82] belongs to the orthorhombic group
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Cmem, and consists of alternating SmTe and double Te layers, as shown in Fig. 4.1
(a). The quasi-two dimensional metallic conduction is attributed [82] to the double Te
layers. The structural motifs of SmTe3 are practically identical with those of SmTes
and Sm,Tes, except that in SmTe, the double Te layers of SmTe; are replaced by single
Te layers, and in SmyTes by alternating single and double Te layers. Resistivity mea-
surements [82] show SmTe3 and SmsTes, which have double Te layers, to be quasi-two
dimensional conductors while SmTe, is an insulator. The magnetic susceptibility and
electric conductivity of SmTe; [82] did not show any anomaly from room temperature
down to 1.2 K, thus failing to signal the CDW transition which was expected from
a nesting FS found in a band calculation. A later transmission electron microscope
(TEM) diffraction study [87] showed that this is because the CDW is already present at
room temperature, giving rise to satellite spots! corresponding to an incommensurate
depw™ 2a* or 2¢*. The results reported below give strong evidence that the CDW is

even stable up to the crystal melting temperature.

The single crystal samples were grown in RbCI-LiCl flux by our collaborators at
the University of Michigan as described in Ref. [82]. The ARPES was performed at
the Ames-Montana beamline of the Synchrotron Radiation Center (SRC) at the Univer-
sity of Wisconsin and at beamline 5 of the Stanford Synchrotron Radiation Laboratory
(SSRL). The resonant photoemission experiment was performed at the Dragon beam-
line of Brookhaven National Laboratories (BNL) and at the Ames/Montana beamline
of the SRC. Our sample orientation by Laue diffraction did not distinguish the very
slight orthorhombicity (Fig. 4.1 caption). The sample was cleaved in situ just before the
measurement, which was done at room temperature and at pressure ~ 4 x 107! Torr
(SRC, SSRL) and =~ 2 x 10~ 1% Torr (BNL). The Fermi energy (Er) and instrumental en-
ergy resolution were calibrated with a reference spectrum taken on a freshly sputtered
surface of Pt foil (SRC) or a freshly evaporated Au surface (SSRL). At BNL, Er was self-
referenced and the energy resolution was known taken from an empirical calibration
table for the monochromator and the analyzer. The angular resolution for the ARPES
spectrometer was +1°, which amounts to £5 % of the distance from I" to X in the Bril-
louin zone. Other detailed information, such as the instrumental energy resolution, for

each data set will be reported as appropriate below.

! As often happens, the CDW satellites are too weak to be observed in X-ray diffraction, which lacks
the sensitivity that multiple scattering imparts to electron diffraction.
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4.2 Sm valency

The Sm valency in SmTes is important in understanding the valence band electronic
structure, because it determines the filling of the valence band. Previously [82], the
temperature dependent magnetic susceptibility was fitted with a theoretical equation
of a local moment magnetic susceptibility to show that Sm is nearly trivalent. We have
performed a resonant photoemission spectroscopy (RESPES) study at the Sm 4d edge
to obtain the valency information. In RESPES, the photon energy is tuned across an
atomic absorption energy to enhance the intensity of a certain atomic character. In the
current case, the absorption edge is that of the Sm 4d — 4f transition. The photoelec-
trons (e~) excited by photons near this absorption energy can be classified as coming

from two channels. One channel is direct emission from the valence band:
4d04f" + hy — 4d"04f7 1 4 e,

Another channel is the so-called Auger emission preceded by resonant absorption of

photons:

)

62 r
4104 7 4 hy — 4d94 fr+t LD gqrogpn—1 | o=

As the photon energy is swept from below the edge, the interference between these
two channels leads to a pre-edge minimum (“anti-resonance”) followed by a resonant
enhancement of the 4f photoemission signal [88]. At this resonance, the 4f component
of the photoemission is greatly enhanced compared to other features. The resonantly
enhanced 4f intensity for Sm ions shows distinct features well separated for 2+ and
3+ Sm ions, each with its own resonant energy because the 4d — 4f edge varies with
valency. These spectra are well documented for the so-called mixed-valent materials,
SmBg [89] or the Sm metal surface [89, 90], which show characteristic multiplet struc-
tures of the 2+ and 3+ Sm ions at the same time.

Fig. 4.2 shows Sm 4d resonance photoemission spectra for SmTej, obtained at BNL.
The energy resolution is 150meV FWHM. The resonant enhancement of the 4 f pho-
toemission signal which maximizes at hv = 140 eV is quite obvious. The data show
the general behavior found for RESPES, an anti-resonance minimum (hv ~ 130 eV)
followed by a resonance enhancement (hv 140 ~ 150 eV). On resonance, the spectra
show a characteristic 4 peaks [89, 90] at binding energies 6.0 eV, 7.7 €V, 8.4 eV, and 10.0
eV, which corresponds to the well known multiplet structure of the 4f* final state con-

figuration of a 4 f> Sm3* ion. The 4 f emissions from Sm?*ions of the Sm metal surface
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Figure 4.2: Resonant photoemission at Sm 4d edge for SmTes. Inset shows absorption
spectrum.

show [89, 90] strong double structure near £ and extend downward to show a small
peak which overlaps with the lowest binding energy peak of the Sm** multiplet struc-
ture. For SmBg [89], the Sm?* 4f emissions have a similar lineshape but they are farther
away from the Sm3* 4 f emissions. Current data for SmTe; do not show any emission
characteristic of the multiplet structure of Sm** 4 f emissions. The general increase of
intensity in the region of binding energy < 5 eV for hv = 140 eV is attributed to non-f

emissions, possibly emissions from Sm 5d.

Fig. 4.3 shows RESPES data obtained at the SRC. Fig. 4.3 (a) shows the constant
initial-state spectroscopy (CIS) results, obtained by monitoring the intensity at a fixed
binding energy as a function of photon energy. Fig. 4.3 (b) shows EDC’s at two repre-
sentative photon energies. The total instrumental energy resolution is 550 meV FWHM
here, and explains less well resolved f peaks in this figure compared to the data in
Fig. 4.2. The CIS spectrum of the peak at the binding energy A, shown in Fig. 4.3 (a)
shows the well-known behavior [90] for Sm3t4 f emission: the fine structure at the
anti-resonance followed by two resonance peaks. On the other hand, the CIS at peak B
shows a pattern which is quite different from the known resonance behavior of Sm?*
4f emission. For example, the CIS spectrum for Sm?* 4 f emission shows a strong peak
at hv = 135 eV followed by a weaker and broad peak at hiv = 142 eV, none of which is
observed in our CIS for the peak B.
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Figure 4.3: (a) Constant initial-state spectroscopy (CIS) at two binding energies A and
B and (b) EDC’s at two selected photon energies of 141 eV and 135 eV.

In short, we conclude that the Sm ion in SmTejs is tri-valent because Sm?* 4 f emis-
sions are simply undetectable in our data. This finding is in good agreement with the
previous estimate of Sm valency [87] obtained from magnetic susceptibility measure-

ment.

4.3 Band Structure

We summarize the band structure of the Te layer in SmTes, as calculated by an extended
Hiickel [91] tight binding model. A similar report was already made in Ref.’s [87] and
[92]. Here we discuss the bands with a little more details. As in previous reports, the
calculation is performed for Te 5sp bands in the single Te layer of the SmTes structure.
In Ref. [87] it was shown that this approximation is good enough to show the nesting
property of the calculated FS by the CDW wave-vector implied by the satellite spots in
the transmission electron microscope (TEM) diffraction pattern. In section 4.5, we will
see that this nesting scenario is confirmed by our direct FS image. We will also find that
the band splittings due to the Te layer-Te layer interaction in the double Te layer is of
little importance.

Fig. 4.4 shows the band calculation result along high symmetry directions. The cal-
culation was done using the EHMACC program [91] with extended Hiickel parameters

taken from the work on ZrTes [93]. To determine the Fermi energy, 6.5 electrons were
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Figure 4.4: Valence band structure of SmTe3 within the single Te layer approximation.
The Te layer is shown in the inset with a unit cell shown with dotted lines. High sym-
metry directions I'-X-M-T" are also shown. Bands are labeled with atomic orbital names

“” o7

where “+” means hybridization. The coordinate systems zy and z'y’ are defined in the
inset.

assigned per Te in the 5sp orbitals. This follows from having trivalent (3+) Sm as dis-
cussed in the last section and divalent (2-) Te as appropriate for insulating Te bands in

the SmTe layer.

To understand the band structure, it is helpful to note that to a very good approxi-
mation the structure of the Te layer can be viewed as a perfect square net. The unit cell
dimensions along the x and y directions (see inset of Fig. 4.4) are different only by 0.09
% and the angle between the two consecutive nearly collinear nearest neighbor Te pairs
is 179.877°, deviating only by 0.123° from a perfect plane. These slight deviations from
the square net structure are included in the calculation, but their effects are practically
invisible. Within the square net approximation, the unit cell is halved compared to the
real Te layer unit cell, and is most conveniently chosen to be the dashed square shown
in the inset of Fig. 4.4. This means that the BZ for the real Te layer is half the size of the

BZ for the square net. Therefore, the bands for the real Te layer can be obtained from
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those of square Te layer by band back-folding.

As shown in Ref. [92], group theory tells much about the sp band structure of a
square net. In Fig. 4.4, we show the atomic character deduced for each band. In ad-
dition, a few symmetry related properties are worth mentioning specifically. First, the
p . orbital does not hybridize with any other orbital because it is odd under reflection
through the plane, while other orbitals are even. For the the band filling appropriate
for SmTe;, the p, band is completely filled and therefore irrelevant for the FS. Second,
non-zero hybridization between p,» and p,, occurs only at the next nearest neighbor
and beyond. Third, non-zero hybridization between s and p,’ or p, orbitals occurs
only at the nearest neighbor pairs and beyond.

Fig. 4.5 shows the calculated FS. At the crudest level of the theory with the s-p
and p,-py hybridizations ignored, the bands that generate the FS can be thought of
as two one dimensional bands of p,’ and p,’ characters respectively. The FS for this
case is shown as dotted lines in the figure. When the equally important s-p and pg-p,
hybridizations are included, the relative positions of the bands, some of which are pre-
viously degenerate, change, and the resulting FS becomes that shown by the solid lines.
As pointed out in Ref. [94], the theoretical nesting vector can be viewed as originating
from the perfect nesting vector of the two one dimensional FS’s. In the figure, we show
the CDW obtained by TEM diffraction spots [87], ~ 0.143"Y(X). One can see that this
wavevector approximately nests the theoretical FS. This nesting vector for the final
FS is similar to the vector that nests the two one dimensional bands at the same time,
0.125I"Y(X). This idea, maximal nesting of underlying 1 dimensional bands, is exactly
that of the hidden 1 dimensionality which we will discuss in Chapter 5. Compared
to the case of the purple bronzes discussed in Chapter 5, the current case has a bigger

deviation from underlying one dimensionality.

4.4 Valence Band ARPES

Fig. 4.6 shows angle resolved photoemission EDC’s at normal emission as a function of
photon energy, obtained at the SRC. As Eq.’s 1.3 and 1.4 show, changing photon energy
corresponds to changing momentum component k£, = k| perpendicular to surface. To
know the range of k| thatis covered by our photon energy range using these equations,
we need to know the value of the inner potential V,. A common way of obtaining this
value is actually by measuring the dispersion as a function of k| and associating any

observed periodicity with the Brillouin zone size. In other words, our lack of disper-
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Figure 4.5: Theoretical FS for SmTe; shown in the first Brillouin zone. The solid lines
show the FS calculated for the single Te layer within the extended Hiickel tight binding
method. The dotted lines are the one dimensional FS’s for p,s and p,, bands and are
obtained by turning off the s-p and p,/-p,’ hybridizations. The arrow represents one of
the nesting vectors obtained by the TEM diffraction [87]. The other TEM nesting vector
is obtained by rotating the arrow by 90 degrees.
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sive features perpendicular to the surface means that we cannot determine V, using
this method. Typically V, is about 10 eV, and a conservative upper bound could be
taken as 20 eV. The size of the Brillouin zone along the surface normal is 0.244 A~L.
One finds that hv = 14eV — 18.4(25.9) eV covers the repeat distance along the nor-
mal direction for V,, = 10(20) eV. Therefore, we are probing more than one Brillouin
zone in Fig. 4.6. Within the framework of section 1.1, ARPES as a function of photon
energy probes band dispersions perpendicular to cleavage surface. Our data do not
show any dispersion, suggesting that there is no band dispersions along the surface
normal. This is consistent with the quasi-2 dimensional structure resulting from the
layered structure of SmTe;. However, one should also keep in mind that in general a
one dimensional density of states effect (section 1.2) could hide the dispersion perpen-

dicular to the surface.

Fig. 4.7 shows ARPES dispersions along the I'M direction parallel to the cleavage
plane, obtained at SSRL. The alignment was such that the I'M direction is approxi-
mately horizontal (z axis in Fig. 1.1) with ¢y (Eq. 1.11) = 11°. The small curvature
of the momentum space path for varying ¢ at ¢ = ¢ due to finite ¢y is noticeable
in the inset. In contrast to the normal emission data, this data set shows strongly dis-
persing peaks. The closest approach to Er of the dispersing ARPES peaks occurs at
0 =7°~ 9% and 55° ~ 53°, with the lowest binding energy ~ 240 meV. As the momen-
tum value moves toward the M point, these peaks flatten very quickly (6 = 13° ~ 15°
and 6§ = 51° ~ 49°) at binding energy ~ 0.67 eV, and the intensity fades away. While
this happens, another flat dispersion appears at binding energy ~ 0.96 eV. As the first
peak fades away, the second peak starts to disperse quickly to high binding energy,
merging into the region of general high intensity at binding energy 1.6 ~ 2.9 eV at the
M point.

A convenient way to represent the band dispersion information contained in ARPES
data is to make a continuous scale map. Fig. 4.8 shows a gray-scale map representation
of Fig. 4.7. Arrows point to the regions where the two flat bands exchange weights as
discussed just above. This figure suggests that these two bands originate from a single
parabolic band which is gapped at the pointed regions. We will discuss the origin of
this gap later in this section. Here we note that the map representation makes it easy to

observe the reflection symmetries with respect to the points I" and M.

Fig. 4.9 shows EDC’s along the I'M direction taken at the SRC. The sample was

oriented so that the I'X direction is parallel to the horizontal axis. The data are quite
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Figure 4.6: Normal emission spectra of SmTe; as a function of photon energy.
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Figure 4.7: EDC’s obtained for SmTe; showing dispersions along the I'M direction,
with hv = 224 eV, T = 30 K, and AF (instrumental energy resolution) = 34 meV
FWHM. The sample was aligned so that the horizontal axis (x axis in Fig. 1.1) is parallel
to I'M direction.
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Figure 4.8: Gray scale map of SmTe3 ARPES data along I'M. The data set is the same as
Fig. 4.7.
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similar to the SSRL data except for broader peak widths due to the worse energy reso-
lution, signifying no strong polarization dependence arising from the different sample
orientations. With the poorer resolution, one sees that the near Er peak has become
quite structureless and at its closest approach to Er ((0, $) = (6,10) and — (6, 2)) has
a tail extending to Er. This “leakage” of weight from a finite binding energy peak to
Er due to instrumental energy broadening is of importance in interpreting the Fermi

energy intensity map to be discussed in the next section.

Fig.’s 4.10 and 4.11 show dispersions along other symmetry directions, I'X, I'Y, XM
and YM. These data show a very similar set of spectra for the I'’X and I'Y directions, and
also for the XM and YM directions. Basically this is consistent with the near tetragonal
symmetry of the SmTej3 crystal. Fig. 4.12 summarizes the SRC data in a gray scale map.,
with an arrow pointing to the same gap feature observed in the SSRL data, pointed out

above.

We now try to compare the experimental dispersions with the band theory. We as-
sign the majority of the bands observed experimentally so far to the Te 5p bands. The
reasoning is as follows. As we showed above that Sm is trivalent, we do not expect to
see Sm 4f peaks in this binding energy range. Furthermore, at this low photon energy,
the photoemission crossection [9] of Sm 4f states is negligible compared with that of
Te 5p. Therefore, the dispersions plotted here are coming from Te 5s and 5p, with some
possible admixture of Sm 5d and 6s character. We also rule out the observation of Te
5s bands in this energy region as follows. First, the calculated atomic photoemission
crossection [9] for the Te 55 orbital is two orders of magnitude smaller than the crossec-
tion of the Te 5p orbital. Second, at higher photon energies (hv = 40 eV and 70 eV)
Te 55 bands are observed to lie at ~ 11 eV binding energy, in a good agreement with
the Te 5s band observed for TiTe; [95]. The value of 11 eV binding energy is similar in

magnitude to the binding energy value of 12.9 eV used in the band calculation.

Fig. 4.13 shows the comparison of our ARPES data with the band theory of the last
section. The theoretical Te 5p bands, the upper 6 bands in Fig. 4.4, were scaled down
by a factor of 0.28 relative to Er. This scaling factor was determined by identifying
and roughly matching a pair of a theoretical band and an experimental band. The
theoretical band is the one that has the p, character along XM and the s + p,’ character
along the MI'. This band shows a parabolic shape centered at the M point. The chosen
experimental match for this band is the one that shows a similar parabolic intensity

profile centered at the M point except for the gaps at Fr and at ~ (.8 eV binding energy
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Figure 4.9: ARPES EDC’s along I'M for SmTej taken with hv =21.2 eV, T = 25 K, and
AFE =125 meV FWHM. The surface normal direction is given by (6, ¢n) = (0°,4°).
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Figure 4.10: ARPES EDC’s along I'X and I'Y for SmTe;3. Experimental conditions other
than angles are the same as in Fig. 4.9.
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Figure 4.11: ARPES EDC’s along XM and YM for SmTe;. Experimental conditions other
than angles are the same as in Fig. 4.9.
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Figure 4.12: Gray scale map representation of ARPES along the path I'-X-M-T' for
SmTe3.
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as pointed out above. By this scaling we also associate the band thatis observed at ~ 1.8
eV binding energy at the M point with the theoretical p, band. One of the theoretical
p- bands lies in close proximity to the experimental band at binding energy ~ 1.1 eV
binding energy at I'.  Unfortunately, the spectra do not show enough continuity to
associate this experimental band with the ~ 1.8 eV binding energy peak at the M point.
It is interesting to note that near I the flat feature at ~1.1 eV is accompanied by another
feature at 1.5 eV at I.  Also, near M the flat band at ~1.8 eV is accompanied by a
band at =~ 2.1 eV. A possible scenario is that these bands originate from the theoretical
lower binding energy p. band, split by the lowered crystal symmetry of the SmTe;
unit cell. However, the overall comparison of the band theory and the experiment
is rather incomplete. Generally speaking the experimental dispersions along I'X and
MI" are much weaker than in the theory, signalling that additional mechanisms such
as symmetry lowering due to the full crystal field or CDW nesting must be invoked.
In our comparison, the bands at binding energies greater than 2.5 eV are implicitly
assumed to be the filled Te 5p bands of the SmTe layer. This could be checked by a

band calculation for a complete unit cell.

So far, no discussion has been made about the states near the Fermi level, except to
point out the gap observed along the I'M direction. This is because, due to inadequate
resolution and inadequate surface quality, most of the near E peaks are not clearly
resolved in the spectra shown so far. A better measurement of the near £y features was
made successfully, and we will show the data in the next section. However it is worth
pointing out already in this section that a Fermi energy intensity map similar to the one
in the next section was obtained at the SRC on the same sample surface that gave the
spectra shown so far. In particular, a 2 fold symmetric Er intensity distribution, which
in the next section we relate to an anisotropic CDW gap opening, is also observed.
Therefore, the inequivalence of the I'X and I'Y directions, and also of the XM and YM

directions, only shows up in the near Fr states.

From the point of view of the CDW formation, it is an interesting question whether
any band splitting at a finite binding energy relative to the simple band theory of the
last section is due to the CDW. A dramatic band splitting over the entire bandwidth
due to the CDW was observed for example in TaSz [96]. A good candidate for such an
effect in the current data set is the gap feature pointed to by an arrow in the map of
Fig.’s 4.8 and 4.12. In order to answer this question, in Fig. 4.14 we plot the theoretical

bands along the path I'-X-M-T" and along the paths that are translated by 4, ,;;, from
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Figure 4.13: Comparison of SmTe; ARPES with band theory.
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I' X M I'

-3

Figure 4.14: Comparison of SmTez ARPES with CDW band theory. Thick solid lines
are band theory along I'-X-M-T', thin solid lines are band theory along the path shifted
by 9. pw (arrow in Fig. 4.5) from I'-X-M-I" and dash-dotted lines are band theory along
the path shifted by —¢q,.,;;, from I'"X-M-I". Note that the bands for the paths shifted by
+q. py from I'-X are completely degenerate.

the path I'-X-M-I". In principle, for an incommensurate CDW, there are an infinite
number of interacting states at a given momentum. However, the strongest interaction
effect is expected to occur for the pair of states connected by 4., In this figure, we
notice that no band overlap is induced at the binding energy ~ 0.8 eV by the +q..
nesting. In fact, up to the band shifting of £3¢,,,, .there is no overlap of bands at this
energy position. Therefore, we conclude that the band splitting at ~ 0.8 eV is not due
to CDW nesting. Rather, it seems to be due to the mixing of the p,s and p,’ bands due
to the full crystal field of SmTes. A complete band calculation would be necessary for a
more detailed comparison of the experimental band structure with theory and a more

thorough discussion of possible CDW effects at finite binding energies.
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4.5 Fermi surface and CDW gaps

In this section, we present the Fermi energy intensity maps and EDC’s near Er. Data
taken in this section were obtained at the Ames/Montana beamline at the SRC, but on a
different cleavage surface than the data of the last section. Due to minimizing the time
between the cleave and the measurements of the near Er states, in order to prevent
surface degradation, and possibly also due to a better surface exposed by cleaving,
rich detail of the near EF structures were recorded. The experiment was done at room
temperature. Photon energies of 21.2 eV and 17 eV were used with total instrumental
energy resolution of 140 meV FWHM and 50 meV FWHM for the map and the EDC’s
respectively.

The FS geometry has been studied by making a momentum space Er intensity
map, a method introduced for the high temperature cuprate superconductors [97]. In
our experimental geometry, shown in Fig. 1.1, the map is obtained by sweeping angles
¢ (angle between the photoelectron momentum and its projection p.. in the xz plane)
and 6 (angle between the z axis and p,,). The FS pattern is generated because the in-
tensity at F'r reaches a local maximum when a dispersing peak passes through the FS.
However a real ARPES experiment is characterized by a window with momentum and
energy widths Ak and AE, set by instrumental angle and energy resolution, respec-
tively. A dispersing peak contributes to a local maximum in the intensity map to the
extent that the peak occupies the window, considering also the peak’s intrinsic energy
broadening and the relevant Fermi function. Depending on the specific details, a peak
dispersing near to but not crossing Er could contribute to the map, by either more or
less than a peak actually crossing Er. For the data presented below, gapped states near
Er do contribute to the intensity map, but less than the ungapped states.

Fig.’s 4.15 (a)-(c) show Ey intensity maps. The logarithm of the intensity was used
to enhance the weaker part of the image. The data are overplotted with the two-
dimensional (2-D) Brillouin zone of the crystal, labelled with notation for a 2-D rect-
angular lattice. The full map (a) was generated by xy reflections of the raw data of map
(b). The reflection symmetries, which are observed to hold in the raw data of (b), are
valid symmetry operations for the orthorhombic crystal shown in Fig. 4.1.

In Fig. 4.15 (a) we include in the lower left quadrant the theoretical FS as described
in section 4.3. We note again that the slight difference in the a and c lattice parameters
(Fig. 4.1 caption) is included in the calculation but is not visible in the results, which

appear as perfectly four-fold symmetric. A detailed comparison of the theory and the
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Figure 4.15: (a) Fermi energy intensity map of SmTes. The lengths of I'X and I'Y could
be either 7/a and 7 /c or 7/c and 7 /a. A theoretical FS is shown in the third quadrant.
(b) Raw data for the map of (b). (c) Map taken after the sample was rotated by 90
degrees in the xy plane and then re-cleaved. In maps (a) and (b), X and I'Y are parallel
to z and y in Fig. 1.1, and in map (c), I'Y and I'X are parallel to = and y. The maps of
(b) and (c) consist of 725 and 723 data points, respectively.
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experiment will be made below. For now, we simply note that there is a good gen-
eral correspondence between all theoretical and experimental features, even though
four-fold symmetry was not assumed in generating the experimental map. But, as we
remarked above, one should not unconditionally interpret the pattern as showing the
actual FS and it is noteworthy that in spite of its four-fold shape, the intensity variation

is strongly two-fold symmetric.

One could conjecture that the two-fold symmetry involves the photoemission pro-
cess in some way, e.g. selection rules involving the electron collection direction relative
to the photon polarization. To test this possibility, maps (b) and (c) were taken for two
sample orientations differing by 90°, by remounting and recleaving the same crystal. In
both cases the pattern is bright near the I'X line and dim near the I'Y line. This shows
unambiguously that the two fold symmetry is an intrinsic property of the crystal, not
an extrinsic effect due to the photoemission process. We now show valence band EDC’s

which show why this two-fold symmetry occurs.

Fig. 4.16 shows ARPES spectra taken immediately after making the map of Fig. 4.15
(a). Consistent results were obtained from a smaller set of EDC’s taken after making the
map of Fig. 4.15 (c). The k values of the EDC’s are shown as circles on the map. Along
X— I (Fig. 4.16) (a) three peaks (A,B,C) cross Ep at positions marked by the filled
circles. We attribute the A-B splitting to the coupling between the Te layers. Along
Y— T', however, the three equivalent peaks (A’,B',C’) show gaps. It might be noted
that there exists a small amount of weight, especially near 20.1 %, within the gap. We
will discuss this in the Appendix 1. The size of the gap for electron removal is about
300 meV for A’ and C'. The B’ peak tends to merge with A’ and we infer a similar
gap size for both. Except for this gap vs. crossing aspect, however, the same general
behaviors obtain for all the observed peaks in the EDC’s for the two directions. A
similar description holds along X—M and Y—M in Fig. 4.16 (b), where the gap size is
300 meV for the peak A’ and 260 meV for the peak B'. Other weakly dispersing peaks
and shoulders at ~ 500 meV to 700 meV below EF are plausibly ascribed to Te p states

in the insulating SmTe layer.

The origin of the two fold symmetric intensity variation is now clear. For example,
the large gaps along I'Y displace the dispersing peaks nearly out of the energy window
AE = 140meV so that the pattern is dim. Along I'X with no gaps the pattern is bright.
The four-fold symmetric shape of the map pattern is then interpreted as showing the

“FS” —i.e., the FS that we would have obtained if there had been no gap — which we
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Figure 4.16: Near Er ARPES spectra for various cuts in momentum space. Each circle
in the map corresponds to a spectrum in the plots below the map. The filled circles
represent Fermi energy crossing points determined from dispersions. The size of the
circles represents the size of the k resolution due to the finite angle resolution of the
spectrometer. In (a) and (b), the k value for each spectrum is given in terms of the
percentile distance along each symmetry line. In the map of (b), we show a nesting
wave vector, consistent with our experiment and the TEM result [87]. (c) shows the
gap anisotropy. The photon energy hv = 21.2 eV for all spectra except the lower stack
of (c), where hr = 17 eV to obtain adequate intensity near point d. All spectra are
normalized to the photon flux, but each panel has a different overall scale.
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Figure 4.17: Experimentally deduced FS and gap anisotropy of SmTe;. (a) Er cross-
ing points (circles) from EDC’s, experimental “FS” (white line), and nesting vectors
(arrows), g, connecting “FS” pieces plotted over the Er intensity map. (b) Electron
removal gaps on the two “FS” pieces plotted as a function of gn. The gap values are
taken from the data of Fig. 4.16 (c). Representative error bars are shown.

will give the precise shape of below. These findings connect naturally to a CDW pic-
ture, with nesting wave vector as indicated in the map of Fig. 4.16 (b), as advertised
near the end of the last section. This wave vector is precisely the g, obtained from
the TEM result [87], and gives the maximal nesting for our “FS.” Fig. 4.16 (c) shows
the gap anisotropy tracked over the two nested pieces of “FS.” Along the outer “FS,”
c—e, the emission intensity near d happens to be very weak at the photon energy used
for the map and so these EDC’s were taken instead at photon energy 17eV where the
ARPES matrix element for the states is much larger. Note that the gap vanishes at d ex-
actly where geometric nesting with the inner “FS” ceases. For the inner “FS,” a—b, the
pattern becomes bright near b as the peak moves toward Fy into the energy window
and the same would happen for the outer “FS” near b in a map taken at 17eV. In short,
our data show clearly the presence of the CDW state of SmTez. Further, the data imply
a single g pyy at least over the ARPES sampling area (~ 0.1mm?) and depth (= 15A).
One can speculate that the crystal’s slight orthorhombicity and the direction of g,
are firmly linked, but large domains with g, ,;;- along either I'X or I'Y [87] is another
possible scenario.

Fig. 4.17 (a) shows FS crossings (circles) obtained from EDC’s. Taking four-fold
symmetry as approximately correct now, these crossings can be mapped to regions with
gaps and used as anchor points to construct an experimental “FS” shown as white lines.

For simplicity, the small A-B splittings have been ignored. This “FS” then determines
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Figure 4.18: Schematic diagrams showing two band CDW mixing when (a) g5 = gcpw
and (b) gy < gcpw. A mixes two states in the unperturbed bands (straight lines) con-
nected by gy, resulting in the gapped CDW bands shown as thick lines. The CDW
bands are then folded back (not shown) according to the new periodicity.

the nesting wave vectors (arrows), q,, which are not constant along the “FS.” This
means that in general g, #4,. ,,, i-e. we have an imperfect nesting. Fig. 4.17 (b) shows
the electron removal gaps for the two paths a-b and c-d in Fig. 4.16 (c) as a function
of giy. In general the two gaps are unequal. However, they are equal when q =g pyy-
Other notable aspects of the data, as revealed by the plot of Fig. 4.17 (b), are the roughly
linear behavior of the electron removal gaps along the two paths a-a’ and ¢-, and the
sudden drop of the electron removal gaps along the two paths a’-b and ¢’-d despite the

fact that g, moves closer to g, -

4.6 CDW model

Based on our experimental observations, a minimal model of the CDW for SmTe3 can
be built as follows. The FS is taken to be the “FS” (white lines) in Fig. 4.17 (a). This
FS defines an imperfect nesting condition as discussed in the last section. For each
pair of nested FS points k and k+4 ,,;; we define a 2x2 degenerate matrix eigenvalue
problem with off diagonal matrix element Ax. For simplicity, we assume that Ay is
k-independent and that the bands are linear with slopes (i.e. Fermi velocities) different
on the different FS pieces but uniform within each FS piece.

Fig. 4.18 (a) illustrates the textbook scenario [40] of perfect nesting, as described
in section 2.3, of two bands. Because the inner FS band of Fig. 4.16 (a) nests with an
outer FS band that is the reflection, through the Y-M axis, of the one seen dispersing in
Fig. 4.16 (a), the two nesting bands have opposite slopes, as shown. Furthermore, we
take the magnitudes of the slopes to be different because along the I'-X axis they are
observed to be different, as we will discuss further below in this section, and because

the different magnitudes is an essential ingredient in comparing the model calculation
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with the data in the following. In our data, the case of Fig. 4.18 (a) is rather an exception
than a rule, because of the imperfect nesting. Fig. 4.18 (b) shows the imperfect nesting
situation where gn < gcpw -

With the imperfect nesting condition, the question of how the system would "pick"
the vector q,,,,,, becomes nontrivial. In the following, we show how an answer to this
question can be obtained and how well it explains the g, of SmTes. Let us first
examine Fig. 4.18 (b). When considered alone, the nesting in this figure would be ener-
getically unfavorable. Instead, it would be more favorable if o py =gy as in Fig. 4.18
(a) so that in the CDW state the lower CDW band is completely filled and the upper
CDW band completely empty. Because this is impossible, another mechanism has to
be invoked, namely that of the electron-hole compensation between the regions of mo-
mentum space with gy > gopw and gy < gopw. In this scenario, the number of holes
that would exist in the lower CDW band for the case ¢y < gcpw is equal to the number
of electrons that would exist in the upper CDW band for the case gy > g pw, so that the
most energetically favorable condition, i.e. a completely filled lower CDW band and a
completely empty upper CDW band, is realized across the nesting FS. For each nesting
vector 4.,y (k), the number of holes (if gy < gcpw) or electrons (if gv > gcpw) is
given by 2|gc pw—qn (k)|L/(27), where the front factor 2 stands for the spin degener-

acy and L is the system length. Therefore, the electron-hole compensation condition is

summarized as >, <o pw @opw—an (k) L/7 =30 <oopw (an(k)—gcpw)L/m, ie.

> (goow —an(k) = D (an(k) — qoow).

gN <4c pw gN<gcDw

Indeed we find that this condition is satisfied to within 4% for our nesting “FS”, as
shown in Fig. 4.19.

Now we discuss the details of our 2x2 CDW nesting model. The two linear bands
can be defined as e1(k) = —v1k and e2(k) = v2(k — gn). The origins of the momen-
tum and energy are of no consequence in the following discussion, and therefore the
chemical potential is taken to be 0 and %k for the band 1 is taken to be 0. The CDW
interaction mixes a state at band 1 with momentum £ with another at band 2 with

momentum k + ¢opw . The matrix to diagonalize is then

[—ulk A W

[ A vz(k—éq)J

where dq = gy — gcpw. The eigenvalues are

1
3 {(02 —vy)k —v9dg+ \/{(’02 +v1)k — v20q}? + 4A2] .
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Figure 4.19: Electron-hole compensation in imperfect nesting implied by our experi-
mentally determined FS (solid lines). The dotted line shows the central FS piece trans-
lated by g pyyr (arrow). The electron-hole compensation requires that the shaded area

(hole region) is equal to the hatched area (electron region). This is satisfied with a very
high accuracy (< 4%) for our FS.
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Our primary interest is in the smaller eigenvalue because it defines the electron removal
gap, and furthermore we are concerned with its values at momenta 0 and gy, i.e. at the

FS. They are obtained by inserting 0 and §¢ into &:

A, = H«)25q+ (vgéq)2+4A2], (4.1)

AQ = % |:’01(5q+ (’01(5Q)2 + 4A2:| .

where A; and A, are the photoemission gaps at the FS for the band 1 and the band 2
respectively. With v # va, A; # Ay unless dg = 0, as happens for SmTes. The size
of A is estimated to be ~ 200 meV from Fig. 4.17 (b). Taking this value to be the A
in the mean field relation 2A = 3.52k T, one obtains T, ~ 1300 K, even larger than
the melting temperature 1096 K [86], making SmTe; truly a “high temperature CDW
material.”

In the vicinity of 6q = 0, i.e. for gy ~ gqcpw,

1

A1 & A+§v25q, 4.2)
1

Ar =~ A+§v15q,

i.e.,, A; and A, are linearly dependent on d¢, as observed for SmTe;. Without an extra
source of information for determining v; and vy, these two equations enable an empir-
ical determination of Fermi velocities of the inner FS and the outer FS if we identify A,
as the PES gap for the inner FS and A, for the outer FS. Because this equation is true
only for |v1 2dg| < 2A, we first consider the range dg = —0.038 A1100.024 A1 ie. the
close vicinity of gcpw . In this range, we obtain v; ~ 5.0 eVA and vy ~ 1.3 eVA. One can
also estimate the Fermi velocities for the full range, i.e. from the a’ point to the a point,
where ¢ ranges from —0.095 A~ to 0.082 A~!, and from the ¢’ point to the ¢ point,
where dg ranges from —0.100 A~! to 0.001 A~!. In this range, we obtain v; ~ 3.5 eVA
and vy ~ 1.1 eVA. The result that the discrepancy between the two estimates is bigger
for v; than for vy reflects the fact the A; is more linear from the a’ point to the a point
than Ay is from the ¢’ point to the ¢ point. In fact, the value of v; ~ 5.0 eVA implies
|v1dq| = 0.5 eV at the ¢’ point, bigger than 2A = 0.4 eV, whereas the value of vz ~ 1.3
eVA implies |v5d¢| < 0.12 eV = 0.3(2A) from the a point to the a’ point. Therefore,
in view of the exact solution for A in Eq. 4.1, it is not surprising that as the ¢’ point is

reached A, deviates somewhat from the small §q linear behavior and flattens out. Note
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that this discussion hinges on the assumption that the Fermi velocities are constant for
each nesting piece of FS. It is difficult to judge the validity of this assumption without
more information, but at the level of the current semi-quantitative discussion in this

paragraph, there seems not be any strong motivation to question the assumption.

The behavior of the gaps for the paths a’-b and from c’-d cannot be discussed by
the FS shape alone, but also requires the knowledge of the symmetry properties of the
bands. Study of band symmetry properties in section 4.3 shows that near the point
b the character of the inner FS band crosses over from py to p, (see Fig. 4.4 for the
definitions of the z’ and the y’ axes), while near the point d the character of the outer
FS band continues to be p,,. Due to this symmetry change, we expect that from a’ to
b and from ¢’ to d, even though gy becomes constant and then increases again, the
gap will nonetheless continue to decrease before going to zero abruptly at b and d, as

occurs in Fig. 4.17 (b).

Thus this simple two-band model reproduces many of the experimental observa-
tions in Fig. 4.17 (b). However, it is not difficult to realize that a multi-band model,
including the double Te layer and the SmTe layer, is necessary for a fuller description
of the data. This can be seen by closely examining the dispersion data along I'X and
I'Y. Because of the approximate four-fold symmetry, a successful theory of the nested
bands along I'Y should start with un-nested bands deduced from our EDC’s along I'X.
Fig. 4.20 shows the dispersions along I'X and I'Y. The notations for the dispersions
along these directions are the same as in Fig. 4.16. We also show the bands along I'X
shifted in momentum space by 4, These are the bands that interact directly with
the bands along I'X via CDW matrix elements to produce the bands along I'Y. That
this interaction cannot be simplified to a 2x2 matrix problem is obvious from the fig-
ure. Specifically, the band A cannot become the band A’ just by interacting with the
band C”. Similarly, the band C cannot become the band C' just by interacting with the
band A’’. Rather, with a matrix element A ~ 200 meV between the bands A and C" and
between the bands C and A’/, the band A would become the band A’ and the band C
would become the band C'”. It therefore seems that we need some other mechanism
by which the bands A” and C"’ are pushed up by ~ 150 meV to become the bands A’
and C' respectively. How such mechanism can be derived can be known only from a
detailed band calculation, including the double Te layer and the SmTe layer, and the

calculation of CDW matrix elements.

Another piece of information that can be obtained from the dispersions along I'X
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Figure 4.20: Experimentally determined initial and final states of CDW for the bands
along I'Xand I'Y.

is the Fermi velocities. By linear fits near the chemical potential, they are estimated to
be vy ~ 3.7 eVA, v ~ 5.7 eVA and vo & 4.2 eVA. In view of Eq. 4.2, v, is identified
with v¢ and vy with v4 or vg. There are differences between the Fermi velocity for
the inner FS (v¢) and the Fermi velocity for the outer FS (va and wvg), although the
differences are smaller in magnitude than those between the velocities estimated using
Eq. 4.2 above, i.e. (v;,v5) = (3.5,1.1) (eVA, eVA) or (v1,15) = (5.0,1.3) (eVA, eVA).
Depending on whether to take v4 or vp as v1, even the sign of v; — v2 changes along
I'X. Therefore, it seems that even though we take our 2x2 matrix model seriously near
the region gn = gc pw it cannot be extended to the X(Y) point. Related to this is the fact
that the electron removal gaps are both ~ 300 meV for the inner and the outer FS pieces
along I'Y, a fact that does not compare well with the behaviors along the paths a'-a and
c’-c in Fig. 4.17 (b). A further challenge to a full theory is the apparent absence of any
emission intensity from the “back-folded” bands in the gapped EDC'’s of Fig. 4.16 (a,b).
Such intensity was identified in recent ARPES studies of superconductor gap formation

[98].

4.7 Conclusions

In conclusion, we have presented a detailed ARPES study on the FS shape and the
anisotro-pic gap of SmTes, a high temperature incommensurate CDW compound. The
experimental “FS” shows an excellent agreement in shape with an extended Hiickel

tight binding band theory and shows a nesting property consistent with the TEM
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diffraction pattern [87]. The big gap size ~ 200meV implies a high transition tem-
perature and enables a very detailed gap anisotropy study. The latter is discussed in
terms of an imperfect nesting condition and the symmetry properties of the bands. Our
results vividly illustrate how incommensurate CDW nesting occurs in a real quasi-2D
material.

My role in the work described in this chapter was to measure all the data, to ana-
lyze them, to calculate and understand the band structure, and to build the imperfect

nesting model.

Appendix 1

The gapped spectra in Fig. 4.16 display small but nonzero spectral weight near Fp.
There are many possible mechanisms that could lead to the PES peak’s linewidth tail:
thermal CDW fluctuations, simple phonon broadening, the photoelectron lifetime or
possibly some non-k-conserving scattering. We also calculate that when the gapped
state above E is at its closest approach to E, as in the 20.1 % spectrum of Fig. 4.16
(a), the thermal occupation of its tail at 300 K can produce the weak but observable PES
peak just at Er. We show this calculation here, because it is somewhat unconventional
and turns out to be closely related to the imperfect nesting picture presented in the
text. Along the I'-Y direction the electron addition gap is smaller than the electron
removal gap in our imperfect nesting picture. Therefore, the unoccupied state is close
to Ep. For the observed electron removal gap size of 300 meV for peak A’ and our
experimental value of the CDW matrix element A ~ 200 meV, we estimate the electron
addition gap size to be 2A — 300 ~ 100 meV. At 300K the Fermi-Dirac function gives
a broadening of 50 meV HWHM, a considerable fraction of this electron addition gap.
Fig. 4.21 shows our simulation for a CDW gap treated with the usual BCS-like theory,
as explained in section 2.3. We have used a non-zero linewidth roughly like that seen
in photoemission. For e(k) = —100 meV, the point of closest approach to Er, or for
e(k) = 0 meV, the small photoemission peak near Er is much like that observed in
the 20.1% spectrum. Nevertheless, we stress that this is only a qualitative plausibility
argument, and to make it more in quantitative agreement with the experiment we need

a complete multi-band imperfect nesting theory, which we lack at this stage.
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Figure 4.21: Schematic CDW lineshape for imperfect nesting situation. Theory is the
mean-field CDW theory in section 2.3, but with nesting occurring 100 meV below Er.
CDW matrix element A of 200 meV is used. Theory is broadened with Gaussian and
Lorentzian shapes of 200 meV FWHM each, to give broadened one electron spectral
functions shown as dotted lines. Multiplication of the Fermi-Dirac function for room
temperature and an additional 50 meV FWHM Gaussian broadening gives the spectra
in solid lines.
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Chapter 5

NaMogO7 and KMogO;7: Hidden

one dimensionality

This chapter is an expansion of the journal article: “Direct Fermi-surface image of hid-
den nesting for NaMogO; 7 and KMo4zO;7”, G.-H. Gweon, J.W. Allen, J.A. Clack, Y.-X.
Zhang, D.M. Poirier, PJ. Benning, C.G. Olson, J. Marcus and C. Schlenker, Phys. Rev. B
55, R13353 (1997).

We report direct FS images obtained with ARPES for NaMogO17 and KMogO: 7
above the charge density wave transition temperatures. We also report ARPES spectra
of the valence band. The images imply a FS based on three underlying quasi-one-
dimensional (quasi-1D) surfaces. Thus it agrees in detail with that expected in the
“hidden nesting,” or “hidden one dimensionality,” picture of Whangbo et al. [99], but
differs greatly from a FS deduced in a previous study by Breuer et al. [100], which found
only two underlying quasi-1D surfaces. We point out anomalous lineshapes observed

for an isolated band crossing E .

5.1 Introduction

The molybdenum bronzes are a family of quasi-low dimensional materials with the
general formula A,Mo,O,, where A is an alkali metal or thallium. As recently reviewed
[102], many of these materials display CDW formation, where the CDW wavevector q
is determined by the topology of the FS and so can be either commensurate or in-
commensurate with the underlying lattice. As described in section 2.3, the essential
requirement is for substantial portions of the FS to be separated by the same wavevec-

tor .y, @ CDW “nesting” wavevector. When the CDW forms below some transi-
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tion temperature 7,, the nested portions of the FS are destroyed by the development
of gaps in the single particle electronic structure. Depending on whether or not the
entire FS is destroyed, a metal-semiconductor or metal-metal transition occurs at Tt..

The so-called “purple bronzes”!

, NaMogO; 7 and KMogO; 7, are quasi-two dimensional
(quasi-2D) materials with metal-metal transitions and commensurate CDW formation
at T;’s of 120K and 80K, respectively.

It is apparent that determining the FS topology of these materials is central to an
understanding of their CDW'’s. If the topology is known, possible nesting vectors can
be determined and compared to the CDW vectors measured by diffraction techniques.
Ideally one wants a theoretical FS which has been directly verified experimentally. On
the theory side, the very large numbers of atoms in their unit cells have precluded
density functional calculations for the molybdenum bronzes?, but FS’s have been ob-
tained by tight binding methods [105, 99]. Experimentally, the most direct method of
determining the global FS topology important for nesting properties is that of ARPES.
Two complementary methods can be used. Either one can follow the dispersion with
wavevector k of a spectral peak in the ARPES EDC’s and observe the k value at which
it crosses Fr and then disappears, or one can directly image the FS by making a k-space
intensity map of the ARPES emission just at Er. The latter method has been useful in
studies of the superconducting cuprates [97]. In the chapter, we use both methods, but
heavily rely on the map method for the FS geometry.

Fig. 5.1 shows the schematic crystal structure of KMogO;7. The crystal symmetry
for KMosO, 7 is P3 (trigonal) [106], with an improper 6-fold rotation (Sg) symmetry
around the c axis. The figure shows the projection of the crystal structure along the a
axis of the hexagonal unit cell. The crystal symmetry of NaMogO;7 is C2 (monoclinic)
[107]. However, the crystal structure for NaMogO1 7 can be seen as that of KMogO 7
with a very small monoclinic distortion, which is of little importance for our study.
The basic ingredients of KMogO;7 is the Mo oxide slabs, whose perpendicular cuts are
shown in the figure, and K ions sandwiched between the Mo oxide slabs. These K*
ions donate conduction electrons to the Mo sites. As shown in the figure, each Mo
oxide slab has 4 layers consisting of MoOg octahedra and two outer layers consisting
of MoQOyj tetrahedra. By corner sharing, these octahedra and tetrahedra span an infinite

2 dimensional slab. However, there is no bonding between the neighboring slabs. Bond

YFor NaMogO; 7, we use the chemical formula determined by crystallographic refinement [103], but
note that the more conventional formula is Nao.oMoeO17.

?However, new techniques especially suitable for large unit cell compounds are being developed and
was applied to the blue bronze [104].
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Figure 5.1: Crystal structure of KMogO17 viewed along the crystallographic a axis. The
big circles are K™ ions, the small circles Mo ions and the vertices O ions.

Figure 5.2: Crystal structure of the conducting MoO layers of KMogO17. A, B, C,. and D
are different representations of the structure of the two innermost MoO layer of Fig. 5.1.
E shows the Mo 3, orbitals that hold the conduction electrons.
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length analysis [106] shows that the conduction electrons reside mostly in the Mo ions
in the two innermost MoOg layers: the valency for Mo ions are +5.1, +5.8 and +6.0 for
Moz, Moz and Mo in Fig. 5.1, respectively. Fig. 5.2 shows the crystal structure of the
two innermost layers, which governs the electronic properties of the crystal, viewed
here as one looks down onto the layer, i.e. viewed along the c axis of the hexagonal unit
cell. The Sg¢ symmetry of the crystal is obvious for the central object in A. The same
crystal structure is decorated differently in B, C and D to clearly show the edge-sharing
MoOg chains that are aligned along a, b, and a+b directions respectively. These three
MoOg chains are equivalent by the crystal symmetry of this substructure. In E, the

lowest lying Mo d orbitals are plotted.

The electronic structure of NaMogO;7 is expected [105] to be essentially the same
as that of KMogO17 and it is reported that [99] both give the same CDW wavevectors
in X-ray scattering studies. These materials are particularly interesting for FS imaging
studies because their quasi-2D electronic structures can usefully be regarded as being
composed of quasi-1D chains (Fig. 5.2) forming a triangular pattern. That is, in the
band theory the quasi-2D electronic structure has its origin in the three 1 dimensional
bands originating from the three ¢, orbitals of Fig. 5.2 E with hopping matrix elements

confined in the three MoOg chains of Fig. 5.2 B, C and D respectively.

The FS calculated by band theory on a MogO;7; slab is shown in Fig. 5.3. The FS
can be visualized as three pairs of parallel lines, the pairs being oriented at 120° to one
another. The connectivity and final details of the actual FS are determined by small
hybridization gaps which open at the crossing points of the lines. If long segments
of the quasi 1-D FS survive intact, the optimum nesting vector is the same as that for
no hybridization, i.e., one of the three which simultaneously connect the two lines of
two of the three pairs. The wavevector thus identified explains the experimentally
observed wavevectors [108, 99] very well. Both of our FS images are in remarkable
overall agreement with this elegant and useful visualization, a concept called “hidden
nesting,” originated by Whangbo et al.[99]. In sharp contrast, the first report [100] on
hidden nesting in NaMogzO, 7 emphasized very significant disagreements between the
observed and expected FS’s. Possible factors contributing to the large difference in the
two results are mentioned below. In our opinion the concept of “hidden nesting” could
be better called “hidden 1 dimensionality (1D),” because CDW nesting occurs on the
real 3 dimensional FS rather than on the hidden 1 dimensional FS. Therefore, our choice

of the title of this chapter.
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Figure 5.3: Hidden 1D picture of KMogO17 and NaMogO;7. The three 2D FS’s calcu-
lated for the MogO, 7 layer by extended Hiickel tight binding calculations are shown in
A, B, C, and D. For the most part, the FS can be approximated to three 1D FS’s shown in
E. The CDW nesting vector, here denoted as g,, is determined by the maximal nesting

condition shown in F. Relative to the rest of this chapter, the Brillouin zone notations
here are translated to X=M, L=K’' and Y=M'. From Ref. [99].

The calculated bands along the high symmetry directions are shown in Fig. 5.4. This
band calculation from Ref. [105] precedes that of the hidden 1D theory of Ref. [99]. In
the latter paper, only the FS calculation was given, while in the former paper, both the
band calculation and the FS calculation were reported. The two FS calculations are not
exactly the same. The difference lies in the central FS piece which is close to a circle in
the older calculation rather than to a hexagon. This means that the hidden 1D picture
is not satisfied by the original FS calculation and therefore by the band calculation
shown in Fig. 5.4. The FS piece for which the two calculations differ arises from the
most shallow band dispersion around I' which has binding energy 0.12 eV at the I
point. Note also that this band is separated by as much as 0.17 eV from the other two

degenerate bands at I, due to the interchain coupling.
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Figure 5.4: Band calculation for KMozO;7 using the extended Hiickel tight binding
model. Data digitized from Ref. [105].

5.2 Experimental

Single crystalline samples of the purple bronzes were grown by our collaborators in
Grenoble, France using the electrolytic reduction technique as described in Ref. [106].
A typical sample dimension was 1 mm x 1 mm (rectangular or triangular shape) with
thickness < 0.2 mm. In the Laue pictures that we have taken for sample orientation,
and in ARPES spectra, the monoclinic distortion for NaMogO17 is not noticeable. How-
ever, X-ray crystallography [103] on our NaMogO17 samples does show the well-known
monoclinic symmetry.

The ARPES measurements were done at the Ames—-Montana beamline of the Syn-
chrotron Radiation Center (SRC) at the University of Wisconsin, except for one set of
EDC’s (Fig. 5.9) taken at the beamline 5 of the Stanford Synchrotron Radiation Labora-
tories (SSRL). The samples were introduced into the analysis chamber, which was kept
at pressure smaller than 5 x 107! Torr. The top layers of the material were cleaved off
to expose clean surfaces by levering against a post glued onto the sample. The sample
surface was irradiated with monochromatic ultraviolet synchrotron radiation, and the
resulting photoelectrons were then energy analyzed with a 50mm radius hemispher-

ical analyzer. The photoemission data reported here are all normalized with respect
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to the photon flux, which was monitored constantly. The full angular acceptance of
the analyzer lens is 2°. The Fermi energy and the instrumental energy resolution were
determined from EDC scans on a clean Pt or Au surface. The photon energies, temper-
atures, and combined photon and analyzer resolutions are reported with each data set
below. The temperature was always kept above the CDW transition temperatures. Un-
der similar conditions, we have reproduced EDC’s on 3 cleaved surfaces of NaMogO: 7
and on 2 of KMogO;7.

In our ARPES setup, the sample orientation was fixed and different k values were
sampled by rotating the analyzer. To obtain the Fermi energy intensity map, the kinetic
energy of the analyzer was fixed to be the E value known from the Pt edge scan, and
the analyzer was rotated away from the normal in two perpendicular directions in steps
of 1° (corresponding to Ak = 0.037A~1 ~ I'M/18) while the intensity was recorded.
Our method is slightly different from the usual one [97] which involves rotating the
sample with fixed analyzer. By rotating the analyzer, the image is not modulated by
the dependence of the ARPES matrix element on photon incidence angle, which was

fixed at ~ 45° in our geometry.

5.3 Results

Fig. 5.5 shows the Fermi energy intensity maps. Using equations 1.3 and 1.4, the mo-
mentum inside the crystal parallel to the cleaved surface is easily calculated. The map
is shown in this two dimensional k space. In Fig.’s 5.5 (a) and 5.5 (b), one third of the
map, enclosed between the two white lines, represents the raw data set consisting of
783 and 445 data points respectively, and the remainder of the map was generated as
described below. To enhance the contrast, the intensity was plotted in log scale. In
the sudden approximation of photoemission theory [7] as described in Section 1.1, the
intensity is given by the product of the photoemission matrix element and the spec-
tral function. Thus we interpret the local maxima of the data as showing lines of FS,
but give no particular significance to the strong intensity variation, which arises from
the k-dependence of the matrix element and the details of which will vary with the
incident photon angle and energy.

To generate the complete maps the raw data sets must be extended by symmetry.
Therefore, three-fold rotations were applied to both data sets, and the full maps were
created, using the bilinear interpolation method, on a regular k grid, a cell of which

corresponds to approximately one data point. These rotations are symmetry opera-
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Figure 5.5: (a) Fermi energy intensity map for NaMosO17, obtained at T=300K and with
hr=22eV and total energy resolution of 150meV. The measured data are one third of
the map (enclosed in the two white lines), the rest of which was generated by three-fold
rotations. (b) Same map for KMogO;7 at T=150K and with hv=22eV and total energy
resolution of 100 meV. (c) Hidden 1D FS’s from Ref. [99] for KMogO; 7 and our data
for NaMogO;7. One of the three equivalent measured CDW wavevectors, from Ref.’s
[108,99], is shown as an arrow. (d) The FS’s from the tight binding calculation from
Ref. [99] for KMogO;7 and our data for NaMogO17.
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tions for KMogO;7, and approximately so for NaMogzO;7. The validity of their use for
NaMogOs7 is strengthened by the existence of the same motifs in the two raw data
sets, i.e. three lines of FS oriented at 120°. Furthermore, the internal consistency of the
procedure is shown by the perfect matching of different parts of the data set at the
intersections of the rotated segments. Overplotted in the figure is the quasi-2D hexag-
onal Brillouin zone, for which the I to M and T to K distances are 0.66 and 0.76 A—1,

respectively, the same for both compounds to this accuracy.

The resulting patterns for the two materials are essentially identical, and the dom-
inant feature is three pairs of lines defining a central hexagon. There are two subtle
differences. First, the intensity variations of the FS’s for the two maps show some com-
plementary differences. Namely, the central hexagon is more complete in the NaMogO; 7
map, while outer lines are more complete in the KMogO;7 map. The reason for these
differences may be the different sample orientations. The NaMogzO; ; crystal was aligned
so that K'T" was approximately vertical, i.e. normal to the photon incidence plane,
whereas for KMogO;7, KI' was vertically aligned. For NaMogO;7, one may also notice
that the weaker line of two parallel lines become very strong in the adjacent zone, form-
ing a bright image in the outer area of the map, and vice versa [12, 13]. This exchange
of intensity is reminiscent of the “photoemission structure factor effect” as found in
graphite [12,13], an effect arising from the interference of electron waves emanating
from different atoms in a unit cell. From this interchange of the intensities, again one
can be confident that both lines persist across the entire zone. The second difference
between the two maps is the size of the FS. When the centroid of the patterns is taken
to define the FS, then the FS of NaMo¢O;7 is about 10 % larger than that of KMogO;7.
The origin of this difference is an open question. The slight differences in the unit cell
dimensions are a much smaller effect and so do not account for this FS size difference.
To know the origin of the difference, more measurements on different cleave surfaces
seem to be necessary, because different cleaves may leave slightly different amounts of

Na or K on the surface, leading to the different FS sizes measured by photoemission.

From the three pairs of lines, one concludes that there are three quasi-1D bands,
each half-filled (i.e., occupying half of the first Brillouin zone), and inter-related by 3
fold rotations. This is exactly what is predicted by the hidden 1D idea for the quasi-
2D purple bronzes [99]. In Fig.’s 5.5 (c) and 5.5 (d), we compare our map with the
theoretical FS’s calculated for KMogO;7. We compare the theory with our NaMogO; 7

map, because there exists a published work [100] on this material, and in principle one
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expects a bigger discrepancy, if any, for NaMogO;7 because of its monoclinic distortion.

Fig. 5.5 (c) shows the comparison of our measured FS map with the theoretical
FS obtained by neglecting interchain hybridization. The two agree at the quantitative
level. Also shown as an arrow is the CDW wavevector measured in X-ray diffuse scat-
tering and electron diffraction studies [108, 99]. This wavevector nests “perfectly”® two
of the three pairs of 1D FS’s. In Fig. 5.5 (d) we have overplotted on our map the calcu-
lated 2D FS [99] resulting from interchain hybridization gaps. In general the agreement
is again remarkable. The gap along I'-K is resolved in the map, as shown by a slight
local minimum, visible with careful examination, at the point where the two lines cross
each other near K. It appears that the FS is slightly closer to the K point than in the cal-
culation, so that the gap is slightly under-estimated. This aspect of the data can perhaps
be better observed in the EDC’s, discussed below. Along I'-M the gap is not observed,
entirely consistent with a predicted splitting which corresponds to only 1°, less than
the resolution of the image. So far, the only obvious feature not discussed is the streak

at the K’ point. We will discuss this extrinsic feature later. Now we discuss the EDC’s.

Fig. 5.6 shows an overview of the valence band and the conduction band for near
normal emission, in general agreement with the previously reported work [109] on the
same energy scale. The spectrum is typical of all the Mo bronzes studied in this the-
sis, and consists of two parts, a region of strong intensity below binding energy ~ 2.5
eV and a small “foot” of intensity near the Fermi energy. The first has a strong O 2p
character, and the second has a strong Mo 4d character. The general characteristics of
this valence band structure reminds one of the similar situation found in high temper-
ature superconducting cuprates [110], although the atomic characters of the bands for
the two materials are different and more significantly the foot structure, which is most
interesting, is not as clearly separated from the stronger intensity region in the cuprates

as in the bronzes.

Fig. 5.7 shows the EDC’s for NaMogO17, for the same surface and conditions as for
the FS image, taken along three lines of high symmetry. Either from the band calcula-
tion or the FS map in Fig. 5.5, one expects to see three conduction bands crossing the
Fermi level. The FS map shows two unresolved crossings at ~ 55% of 'M, one crossing
at ~ 86% of MK, and three crossings at ~ 12%, ~ 29% and ~ 60% of KI'. Peak disper-

sions corresponding to these crossings can be discerned, as shown by the broken lines

3One should note however that the FS lines do not lie exactly at the centroid of the FS pattern in Fig. 5.5
(c). For KMogO17(Fig. 5.5 (b)), however, the lines, if drawn, do lie close to the centroid. In this sense, the
comparison with the theory is better for KMogO;7 than for NaMogO; 7.
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Figure 5.6: An overview scan of NaMogO17 over the valence band and the conduction
band, taken at T=300 K and with hr = 22 eV and total energy resolution of 250 meV.
Angles are near normal emission, (¢, ¢) = (—0.5, 2) relative to the normal angle.
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Figure 5.7: ARPES EDC'’s of NaMogO, 7 along the three symmetry lines, taken on the
same surface as in Fig. 5.5 (a) with the same conditions, i.e. at T = 300K and with hv =
22 eV and total energy resolution of 150 meV. The percentage denotes the relative
distance along the line in each set. Broken lines are guide to the eyes for dispersing
features which can be identified with strong input from the FS map. Underlined are
the angles closest to the Fermi level crossings.
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Figure 5.8: ARPES EDC’s for KMogO: 7 taken along the three symmetry lines, taken on
the same surface as in Fig. 5.5 (b) with the same conditions, i.e. at T = 150K and with
hy = 22 eV and total energy resolution of 100 meV.

in Fig. 5.7. Along KT, the crossing nearest I' is more easily seen in the map, while the
separation of the two crossings nearer K is more easily seen in the EDC’s. A direct com-
parison to the EDC’s shown in Ref. [100] is not possible because they are for different
parts of k space and different photon energies were used. But it can be noted that only
two bands crossing E are reported in Ref. [100].

Fig. 5.8 shows a set of EDC’s for KMogO;7. The data are quite similar to the NaMogO7
data in the sense that they show three bands crossing the Fermi level, all resolved along
the K'-T" direction, two of them degenerate along the I-M’ direction, and the third one
observed to cross singly along the M'-K' direction. Like the maps, the EDC’s show es-
sentially the same behaviors for the two materials, except for the different positions of
Fermi level crossings, most easily noticed in the M'K’ cut data, where the 76 % spec-
trum is closest to the Fermi level crossing. Having the crossings closer to I' than for

NaMogO17 means a smaller FS, in consistency with the finding based on the map above.
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In comparing Fig. 5.8 with Fig. 5.7, an assumption is made that the path I'-M-K-T'
is equivalent to the path '-M'-K’-T". This is a reasonable assumption because the 6
fold symmetry of the FS shape is reproduced remarkably well by our data. Note that
the Sg crystal symmetry implies that the k space sampled for a given photon energy in
general has only 3 fold rotational symmetry unless the photon energy was fortuitously
set to sample near k, = 0 plane, where a strict 6 fold symmetry holds. However, if the
band structure is 2 dimensional so that it does not have any &, dependence, then it will
show 6 fold symmetry independent of k,. On the other hand, it is to be noted that the
intensity of the FS pattern is not expected to, and does not, show the 6-fold symmetry
even for the 2 dimensional electronic structure of the conduction band because the
intensity also involves the photoemission final state which is fully 3 dimensional, and

thus is expected to show only 3 fold symmetry.

However, there is one feature that apparently breaks the 6 fold symmetry of the
FS shape: the streak observed for NaMogO,7 only at the K’ point but not at the K
point. This streak is inconsistent with the hexagonal symmetry of the central part of
the pattern and does not connect naturally to the rest of the pattern, suggesting it is
not intrinsic to the single crystal. Indeed, further studies for other sample surfaces,
specifically of the K’ region, repeatedly show the same pattern as for the K point, like
KMogzO; 7. We show such a study in Fig. 5.9. The data in this figure were obtained at the
beamline 5-3 of the SSRL. Here, one can easily notice the perfect agreement of the data
along the MK’ direction with those along the MK direction in Fig. 5.7. This observation
is also confirmed by a map taken at the SRC, which despite low signal/noise ratio due
to high resolution shows the same absence of any pattern at both K and K’ points. One
likely source of such an extrinsic feature is that it is a displacement of the bright parallel
image in the outermost part of the map. Because of the large analyzer angle from the
surface normal, we are most susceptible here to picking up some intensity from a part
of the surface which may have a slightly different orientation. Another point to be
made about Fig. 5.9 is that the size of the background here is much smaller than that in
Fig.’s 5.7 or 5.8. This is because the data in Fig. 5.9 were obtained right after cleave but
the data in Fig.’s 5.7 or 5.8 were obtained after the surface has degraded a little due to

the lengthy Er intensity map measurement.

In Fig.’s 5.7, 5.8, and 5.9, it is easily recognized that the lineshape at I' is progres-
sively better resolved. This is due to the progressively better total energy resolution,

which helps to resolve the doublet structure at 0.75 eV and 0.55 eV binding energies.
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Figure 5.9: ARPES EDC’s for NaMogO; ;7 along the path '-M-K' taken at T = 300 K and
with hv = 22.4 eV and total energy resolution of 43 meV.
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As discussed above, the qualitative behaviors of the three bands are quite identical
with those of the band calculation, and therefore these two peaks are identified with
the doubly degenerate bands at 0.29 eV binding energy and the non-degenerate band
at 0.12 eV binding energy in the band theory, respectively. In this comparison, two dif-
ferences are obvious. First, the overall band width is apparently underestimated in the
calculation. Taking the doublet peak as the reference, the ratio is 0.75/0.29 = 2.6. This
ratio is of importance in assessing the reliability of the extended Hiickel calculations
on other Mo bronzes, performed by the same group and used to compare with our
ARPES results in the following chapters. Second, the splitting between the two peaks
is overestimated by the calculation. The ratio between the lower binding energy and
the higher binding energy is 0.73 in the experiment in substantial disagreement with
0.41 of the theory. As discussed in section 5.1, the larger this ratio is, the closer to the
non-interacting 1D bands the band structure is. In addition, we should also remember
from the discussion above that this band calculation (Fig. 5.4) produces a central FS
piece which is quite different from a hexagon. Therefore, it is quite likely that in the
calculation of Fig. 5.4 the hybridization between the 1D bands is overestimated and as

a result the splitting between the two peaks at I' is overestimated.

The ARPES lineshapes observed along the M(M')K(K') direction is particularly in-
teresting. Here, a single band well separated from other bands crosses Fermi energy,
an ideal condition for lineshape studies in ARPES. However, the lineshapes are truly
anomalous in that there is always a significant weight at binding energy ~ 0.7 eV and
that the lineshape after the Fermi level crossing, e.g. at the K point, shows a distinct
Fermi edge and an overall “hat”-like lineshape. Apart from the intensity drop at the
high binding energy, the overall lineshape of this “foot” is actually quite similar to the
lineshape observed for the superconducting cuprates [20, 110]. As remarked earlier, an
important difference between the cuprates and the bronzes is the energy separation of
the “foot” intensity and the big valence band structure. It is this aspect that enables the
total lineshape including the eventual drop of the intensity at high binding energy to

be observed for the current sample, but not for the cuprates.

The lineshape at the K point for the purple bronzes is so abnormal in fact that in the
initial stages of the research it contributed very much to a state of confusion regarding
the mapping of the experimental dispersions to the theory. Only after the k space map
was taken, which gave confidence in the band calculation, did it became clear how

the data should be interpreted. However, further study is necessary to determine if
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the lineshapes near the K point actually represent the hole spectral function, and if so,
whether they are a clear sign of electron-electron interactions. It is an intriguing ques-
tion whether a theory similar to the two pole causal self energy theory which was used
successfully in Section 3.3 is capable of producing the anomalous lineshape here. One
cannot help but notice the apparent similarity of the anomalous lineshapes observed
for TiTe; near the M point, and for the purple bronzes near the K point, although a clear
difference is that in the former case the spectral function is for an occupied state while

for the latter it is for an unoccupied state.

The overall topology of the FS image obtained in this work differs substantially
from one published previously [100]. The comparison is shown in Fig. 5.10. The au-
thors in Ref. [100] obtained Fermi level crossing points, marked by filled circles in (a),
from EDC’s and then used operations of zy (z L 'K/, y || I'K’) reflections and trans-
lations for the hexagonal symmetry to obtain the full picture. They then deduced two
types of FS structures from the data, an elliptical piece around I' and diamond shaped
pieces along axes parallel and perpendicular to the direction of the monoclinic distor-
tion, as shown in (b). They could relate this FS to only two sets of quasi-1D FS’s, each
line of which was found to intersect edges of two adjacent diamonds at an angle of
= 6°. Though parallel, the two intersected edges are displaced by = 0.15A1, so that
the three lines being related as parts of a quasi-1D FS are not actually collinear. The
large difference from the calculated FS was attributed to the monoclinic distortion of
NaMogO;7 relative to the higher symmetry of KMosO;7 used in the calculation [99].
This reported difference is so large that the central feature of the hidden 1D concept is
lost, i.e. for the supposed FS of the actual material, best nesting between straight sec-
tions would occur not at the observed CDW wavevector, but at wavevectors parallel to the
diamond edges. Also, the reduced rotational symmetry is inconsistent with the overall
hexagonal translational symmetry. However, our image shows three sets of weakly hy-
bridized quasi-1D FS’s, implying a FS with hexagonal symmetry and collinear straight
sections, almost perfectly consistent with the theoretical one [99]. It is important to note
that the essential difference lies in the raw data which show, in our case, all three quasi-
1D FS’s at 120° to each other, but in Ref. [100], FS objects coming from only two bands.
Therefore, even the use in Ref. [100] of zy reflections to extend the data did not result
in the correct FS pattern. One could view that the large difference in the FS topologies
finally obtained by this study and by the study of Ref. [100] arises essentially from the

fact that the authors in Ref. [100] failed to observe a FS line segment, dim in our map,
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Figure 5.10: Comparison of the NaMogO17 Fermi energy intensity map with FS ob-
tained by Breuer et al. [100]. In (a), the circles correspond to the Fermi level crossing
points obtained in Ref. [100], and in (b), the lines are the FS deduced in Ref. [100].

connecting the central piece and the pattern around the K’ point.

In this work relative to that of Ref. [100], the observation of collinear straight sec-
tions arising from three quasi 1-D FS’s, one of which was previously unobserved, may
have couple of origins. (1) The photon energy used may be serendipitous for obtaining
a non-vanishing ARPES matrix element for observing all the FS features. (2) The com-
plementary use of the map method gives additional information on the locations of FS
crossings through more k sampling and a view of the overall FS pattern, the contrast

of which can be enhanced by use of a logarithmic scale.

Finally we comment on angle integrated photoemission spectra on the 2D purple
bron-zes. The data are shown in the next chapter (Fig. 6.6) with the data for the 1D
blue bronze, Ko.3M0Os3. Here, a contrast can be easily noticed between the Na purple
bronze and the blue bronze — a clear Fermi edge for the one and a smooth power-law-
like onset for the other. Looking further ahead, we also point out that the 1D purple
bronze, Lip.9MogO17, shows a power law behavior (Fig. 7.10) much like that of the blue
bronze, but qualitatively differently from that of the 2D purple bronzes. Consistent
with the Fermi edge for the 2D purple bronze, examination of the purple bronze EDC’s
shows that for the spectra of the EFr crossings, there is substantial weight at Fr. In
this respect the quasi-2D purple bronzes are like the quasi-2D high T, cuprates, even
though the two differ in that a considerable body of spectral and transport evidence

has been assembled that the latter are NFL materials.
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5.4 Conclusions

We have made Ep intensity maps of the quasi-2D purple bronzes, NaMogO;7 and
KMogOy 7. The intrinsic features of the two maps are almost identical, and imply a
FS which is substantially different from that in a previous report [100], but which is
in remarkably good agreement with nearly all aspects of the hidden 1D picture [99]
for these materials. Specifically, the image shows three quasi-1D bands with nearly
straight FS sections and only small hybridization induced splittings. The observed
nesting wavevector can be understood as the wavevector for optimal nesting of the
quasi-1D FS’s. Anomalous ARPES lineshapes are found for an isolated band crossing
Er. The novel hidden one dimensionality poses an interesting question of how the
Luttinger liquid state of 1D chains are modified by the 2D couplings. Theoretical stud-
ies [60, 65, 66] of the effects of higher dimensionality often consider weakly coupled
1D chains, although usually parallel chains rather than the more complex arrangement
here.

My role in the work described in this chapter was to measure all the data, to analyze

them and to compare them with Breuer et al.’s result.

127



CHAPTER 5. NAMOsO17 AND KMOs Oy7: HIDDEN ONE DIMENSIONALITY

128



Chapter 6

Ky 3sMoO3: CDW material with a
non-Fermi liquid CDW

This chapter is an expansion of the Ky.3MoO3 part of the journal publication: “Fermi
surfaces and single-particle spectral functions of low-dimensional inorganic non-cuprate
compounds: the molybdenum bronzes”, G.-H. Gweon, J.W. Allen, R. Claessen, J.A.
Clack, D.M. Poirier, PJ. Benning, C.G. Olson, W.P. Ellis, Y.-X. Zhang, L.F. Schneemeyer,
J. Marcus and C. Schlenker, J. Phys. Condens. Matter 8, 9923 (1996).

In this chapter, K;3MoOs3, a prototypical quasi-1D CDW material is studied with
photoemission. In the normal state above the CDW transition temperature, angle in-
tegrated photoemission spectra show an absence of the Fermi edge in contrast to the
situation with the higher dimensional bronzes. Small weight at E is also a general
feature of ARPES spectra. Nevertheless, the Er intensity map shows a FS pattern in
good agreement with the previously measured CDW wavevector. By lineshape mod-
eling of the CDW fluctuation effect, I argue that the generally weak intensity at E in
this material cannot be explained by CDW fluctuations. Rather, this aspect of the data
is better explained by a LL theory based on the spin-independent TL model. We also

discuss issues that arise when the LL theory is compared with experiment.

6.1 Introduction

Ko.3M0Os3, the so-called blue bronze, has been studied by many researchers because
of its CDW properties and the availability of large (a few mm x a few mm) single
crystalline samples. Although a great deal is known about its CDW properties, the

character of its normal state above the CDW transition is not clear. In this section, we
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(@) (b)

Figure 6.1: Crystal structure of Ky sMoQOs. (a) View of quasi-1D chains along the b axis.
From Ref. [112]. (b) Projection of the structure onto ac plane. That is, in this figure, the
b axis is perpendicular to the paper. From Ref. [113].

summarize known physical properties and previous PES measurements.

Fig. 6.1 shows the crystal structure of the blue bronze. Like the other Mo bronzes
studied in this thesis the basic building block of this material is the MoOg octahedron.
In Fig. 6.1 (a) the chain structure along the b direction is easily noticeable. The repeating
unit of the chain is Mo19Os32, consisting of 10 distorted MoOg octahedra which share
corners or edges with each other. Among the 10 octahedra, 8 make two layers of a 4
octahedra group, containing the Mo2 and Mo3 ions in Fig. 6.1 (b). The other 2, which
contains the Mol ions in Fig. 6.1 (b), are attached to the sides of the group of 8. This unit
repeats along the b direction to form a chain, as shown in Fig. 6.1 (a), and the chains
form a 2 dimensional Mo;¢O3 slab by corner sharing of the octahedra, as shown in
Fig. 6.1 (b). Between the slabs are sandwiched the K ions which play the role of gluing
the layers to form a 3 dimensional crystal structure, as well as providing electrons to
the Mo sites, the Mo2 and Mo3 ions, to make the material conducting. The unit formula
for the blue bronze is K¢Mo020Ogo. The overall crystal symmetry is C2/m (monoclinic),
and the lattice parameters are given by a = 18.249 A, b = 7.560 A, ¢ = 9.855 A, and
B =117.3° [111].

The blue bronze shows quasi-one dimensional electronic properties, as evidenced
by the resistivity [114] and the optical properties [115]. The resistivity perpendicular to
the b axis is greater than that along the b axis by a factor of 10 to 100. The blue bronze

undergoes a metal-semiconductor transition [114, 116] with a lattice modulation [117]
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at T.=180K. Its CDW wavevector, studied by X ray diffraction [117] and neutron scat-
tering [118], is unusual in that it shows a temperature dependence. Its b* axis compo-
nent gradually increases from ~0.72 b* at 180 K to ~0.75 b* near 100 K, below which
it stays nearly constant at ~0.75 b*. The CDW transition at 180 K is also seen in the
magnetic susceptibility [119, 120], which shows an abrupt decrease as the temperature
is changed from above to below the transition. Interestingly, the magnetic suscepti-
bility in the metallic phase is not constant as expected for a normal Fermi liquid, but
shows an activated behavior up to the highest measured temperature of 720 K with
an apparent gap of A~ 24 meV deduced from a fit [119] in the temperature range of
T =200 K ~ 300 K. J. Voit drew attention to this apparent spin-charge separation, i.e. a
metallic charge channel (resistivity) and a gapped spin channel (Pauli susceptibility),
was noticed by J. Voit [121], and suggested that a LL behavior is observed for the blue
bronze. However, early on, Pouget et al. [122] conjectured a flat band ~ 56 meV above
the Fermi energy to explain the temperature dependent CDW wavevector. At the same
time, they argued that this band is responsible for the abnormal spin susceptibility
in the metallic phase. This argument was also supported by a band calculation [123]
which found a band giving rise to a high density of states just above the Fermi energy.
We will discuss this band calculation result shortly. However, one should note that
this extended Hiickel tight binding band calculation was the only one available until
very recently, because of the great difficulty of performing calculations for a material
with such a large unit cell. A new first principles LDA band calculation [104] does in
fact show some substantial differences, one of which is the absence of the unoccupied
band just above Ep. Therefore, the origin of the 7" dependent CDW wavevector and

the apparent spin-charge separation is still an unresolved issue.

Fig. 6.2 shows the theoretical tight binding bands calculated for the blue bronze.
Fig. 6.2 (a) shows the hexagonal Brillouin zone for the Mo(,Oj3 layer. A more conve-
nient tetragonal unit cell is also shown in the figure. Here, I'X is parallel to the b or b*
axis, and the X point is given by (b* /2, 0). In Fig. 6.2 (b) the one dimensional bands for
the Mo,;O3, chain are shown. The calculated bands for the Mo;(Os3 slab in Fig. 6.2 (c)
show substantial amounts of dispersion perpendicular to the chain. The FS is shown in
Fig. 6.3. From the two pieces of FS and their curvatures, a nesting vector that connects
one FS to the other is identified, as shown in the figure, and is in reasonable quantita-
tive agreement with the wavevector measured by X ray diffraction [117]. It should also

be noted that if the full three dimensional structure of the blue bronze is considered
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Figure 6.2: Band calculation for Kg3MoOs3, taken from Ref. [123]. (a) Brillouin zone for
the Mo;¢Os slab. (b) Low lying d block bands for Mo;¢Os; chain. (c) Low lying d block
bands for Mo19Os slab.

() (b) (c)

Figure 6.3: FS of Ky.3Mo0QOs3, calculated for the Mo19gOs32 slab. From Ref. [123]. Shaded
regions are occupied with electrons. (c) shows nesting of the two FS’s.
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then the unit cell contains twice as many MoOg octahedra as the Mo,;O3, layer or the
Mo;¢O32 chain. Therefore, each band shown in Fig. 6.2 is expected to show a small
amount of splitting if some 3 dimensional coupling exists. Note also that Fig. 6.2 (c)
shows an unoccupied band just above Ey near the I" point — the feature discussed in

the previous paragraph.

From the PES point of view, the blue bronze is one of many quasi-1D materials
which do not show a Fermi edge in PES, while being nonetheless metallic in their
transport properties. The previous angle integrated PES data for the blue bronze were
shown in Fig. 1.7. Many quasi-1D materials which show the absence of the Fermi edge
also show CDW transitions. Examples are the blue bronze, Ta;Segl [29, 21] and TTF-
TCNQ [124]. Therefore, the electron-phonon interaction should be included in a real-
istic model of the electronic properties of these materials. As is carefully discussed in
Ref. [28], the electron-phonon interaction could lead to a suppression of spectral weight
at the Fermi energy, through pseudo-gap formation due to CDW fluctuations. The lat-
ter was the topic discussed in section 2.3. However, a generically non-FL state in 1
dimension is that of the LL, discussed in section 2.4. An experimental issue to consider
in assessing these different mechanisms is the surface degradation [125] which could
also the explanation of the vanishing Er weight. Because the k-resolved spectral func-
tion contains much more detailed information for distinguishing among these different

mechanisms, obtaining ARPES spectra for this class of materials is crucial.

Fig. 6.4 shows a previous ARPES study in the metallic state. Here, a single broad
peak is observed to disperse in the 1D direction. It shows an Er crossing with a value of
kr in good agreement with the wavevector 2k of the CDW lattice distortion as deter-
mined by the X-ray diffraction [117]. Note that the spectra have a large background in
the energy range 1 eV to 2 eV below Er. In the present study we have obtained spectra
with very low backgrounds, enabling the observation of two features which disperse
toward Er in the 1D direction. We attribute the low backgrounds in large measure to
minimizing photon induced sample damage by taking precautions based on studies by
Breuer et al [125]. Their results, reproduced in Fig. 6.5, show a defect structure growing
at ~ 2 eV binding energy and a shift towards high binding energy of the near-Er peak
as the sample is damaged by the photon.
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Figure 6.4: ARPES EDC'’s of the blue bronze by Veuillen et al [126].
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Figure 6.5: Sample damaging effect of photon irradiation on the blue bronze as reported
by Breuer et al. in Ref. [125]. (a) Cleaved. (b) 20 h exposure at hv = 18 eV. (c) 60 min
exposure at hv = 60 eV. (d) 145 min exposure at hv = 60 eV.
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Figure 6.6: Angle integrated PES spectra of Ky3Mo0O; and NaMogO;7 taken at 300K
and 140K. He I line (21.2eV) was used for the photon source. Overall instrumental
energy resolution was 33meV FWHM. Spectra for Ag are shown for comparisons. Note
the absence of a Fermi edge only for Ky 3Mo00Os5.

6.2 Experimental

ARPES data were taken at the Ames-Montana beamline of the SRC and at beamline
5-1 of the SSRL. Angle integrated PES data were taken in the home lab. Single crystal
samples were prepared by our collaborator at Bell Laboratories by electrolyzing fused-
salt mixtures [127], and were cleaved in situ in ultra-high vacuum chambers having
a base pressure better than 2.0 x10~!° Torr. The sample temperature was between
220K and 300K, well into the metallic phase. The angular resolution of the electron
spectrometers was ~ 29 full acceptance. Samples were oriented by Laue diffraction.

The cleavage plane of the blue bronze crystal is (201), i.e. parallel to the Mo;9O3p plane.
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Figure 6.7: Power law fit of the blue bronze angle integrated photoemission spectrum
shown in 6.6.
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6.3 Results

To begin, we look at the angle integrated photoemission spectrum in Fig. 6.6, taken at
300 K. For comparison, we also show spectra of the 2D Na purple bronze and Ag, taken
at T=300 K and at 140 K. The spectrum for the blue bronze is similar to that of a previous
study shown in Fig. 1.7, and shows a smooth onset of the spectral function at Er. In
contrast, the Na purple bronze, which has hidden one dimensionality but is a quasi
2D metal, shows a Fermi edge with the width scaling correctly with the temperature,
in much the same way as that for Ag. An alternative scenario for the angle integrated
photoemission spectrum is the power law behavior of the LL theory. Fig. 6.7 shows a
power law fit of the spectrum. For the binding energy range from 30 meV to 150 meV,
a linear behavior is found in the double log plot, from which we deduce a power law
behavior of o w’-7. From the data of Fig. 1.7 one obtains a similar behavior, o w®?.

Given the lack of a Fermi edge in the PES spectrum, one may wonder if a FS can
be observed. The answer is ‘yes’, as shown by the direct FS image for Ky 3sMoOj3 in
Fig. 6.8. The actual data set consists of the right half of the image and the full image
has been produced by reflection about the I'Y line. As for the purple bronze image
of Fig. 5.5, the details of the intensity distribution along its bright parts arise from the
ARPES matrix element. But one can clearly see four lines of FS, consistent with those
expected from band theory, which are shown by the dashed lines. Both of the two
experimental pieces of FS lie closer to the vertical X axis than in the theory. We interpret
the experimental feature lying essentially on the vertical X axis as the unresolved image
of the two lines symmetrically disposed on both sides of the axis, as the two lines of the
theoretical FS in the figure, and very close to it. The curvature of the lines shows the
departure from one-dimensionality and judging by their centroids, the departures of
the experimental features are less than that of the theory. That is, the experimental FS
is more 1 dimensional than the theoretical FS. The projection of the experimental CDW
wavevector onto the plane of Fig. 5.5 is shown by the arrow. The length of the arrow
is in excellent agreement with that required for good nesting, i.e. twice the distance
from I to the midpoint of the two pieces of FS in half the zone, and is longer than that
implied by the theoretical FS. As a final point concerning this figure, it appears by eye
that the FS image for the blue bronze is more diffuse than that of the purple bronze in
Fig. 5.5, which may reflect the lack of weight near Er in the PES spectrum and also in
the ARPES EDC'’s, which we discuss next.

Fig. 6.9 shows ARPES spectra along the b direction, taken at the SRC with photon
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Figure 6.8: Fermi energy intensity map for Ko.3MoO3 obtained at 300K with 17eV pho-
tons. Overall instrumental resolution was 150meV FWHM. The measured data are the
right half of the map, while the left half was obtained by reflection, a symmetry oper-
ation for the crystal. I'X is parallel to the crystallographic b axis, the easy axis. Four
almost linear FS’s are observed. The dotted lines are the FS’s shown in Fig. 6.3. The
measured CDW wavevector, from Ref. [117], is shown as an arrow.

energy 17 eV and energy resolution of 140 meV. The only hint of photon-induced sam-
ple damage [125] is a slight peak near 2 eV which appears only in spectra taken after
the sample surface has begun to age. The symmetrical dispersion of the two marked
features about the I' and X points gives confidence that they are both intrinsic. The
high binding energy feature disperses much more rapidly than the low binding energy
feature. Ep crossings after 12° (k,=0.37 A1) and 8° (k,=0.25 A1) are implied by the
two dispersions, respectively, as expected for a metallic state and consistent with the
Fermi energy intensity map. However, the carefully calibrated E position falls on the
leading edges of the spectra nearest Er such that their Er weights, although nonzero,
are anomalously smaller than usually found, e.g. in Fig. 3.3, for Er crossings.

Fig. 6.10 shows the dispersions perpendicular to the b axis, along the two directions
[102] and (201). In Fig. 6.10 (a) the total angle span of 10° encompasses the entire first
Brillouin zone in the [102] direction. We show the spectra for k, = 0.25 A1 where
both peaks are easily seen for all the angles. No dispersion can be detected in the data.
The spectra in Fig. 6.10 (b) were measured close (§ = 4°) to normal emission, with the
k-value along the (201) direction being varied by changing the photon energy. Without
knowing the inner potential V, in Eq. 1.4 we cannot determine the precise k-values

along the (201) direction but if the parameter is less than 20 eV, as is nearly always so,
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Figure 6.9: ARPES of the conduction band region for k varying along the b axis. @ is
the angle between the surface normal and the electron analyzer. The X point k; value
is 0.42 A1, with  ~ 14°. The resolution (FWHM) is 140 meV. Filled and open circles
are drawn on the peak maxima.
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Figure 6.10: ARPES of the conduction band region for k varying along directions per-
pendicular to the b-axis . (a) the [102] direction, with k, = 0.25 A1 (0 = 8°), and (b)
the (201) direction, with # = 4°. The short vertical lines are a guide to the eye.
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then the data span at least 60% of the first Brillouin zone in this direction. The small
variation of k;, arising from the slight deviation from the surface normal fully accounts
for the only hy-dependence of the line positions in the spectra, i.e. the small shift of the

high binding energy peak due to its large k; dispersion.

In Fig. 6.11 we show the dispersions along the b axis taken with 20 eV photons at
the SSRL and at the SRC with energy resolutions of 40 meV and 100 meV respectively.
First of all, one can note the exceptionally low background of this set of spectra. The
background shows no sign of sample damage of the kind reported in Ref. [125]. The
marked features in Fig. 6.11 show the same dispersions as those in Fig. 6.9, and for
k-values where the spectrum has its closest approach to Er, the weight at E is again
unusually low. One may observe that the Er weight relative to the peak height is
largest near the X point. Exactly at the X point, the fast dispersing band has already
crossed Er. However, the close proximity of this Er crossing to the X point implies

that the band is just above Er.

Fig. 6.12 shows the energies of the ARPES peak maxima from several sets of our
data. Interpreting the nearest Er peaks to obtain accurate values for kr probably re-
quires a detailed analysis with an appropriate theoretical lineshape. Important here is
the comparison with the results of a tight binding band calculation [20] over the en-
tire Brillouin zone. One sees that the high binding energy peak is about 5 times further
from EF than the calculated bands, with an absolute energy difference of up to 1eV. The
energy of the low binding energy peak is about a factor of 2 larger than the calculated
binding energies. We will discuss these findings in more detail later. Now we discuss

the general features of the ARPES lineshapes.

In order to understand the ARPES lineshapes of the blue bronze, it is important
to assess the extent of CDW fluctuations. Evidences of CDW fluctuations are easily
found for the blue bronze. For example, the gaps measured by the resistivity [40],
the optical conductivity [40] and the magnetic susceptibility [119], imply the ratio of
2A(0)/Te = 5 ~ 8, significantly higher than 3.52 for the mean field theory of Eq. 2.21.
CDW fluctuations are directly observed in the X ray diffraction experiments as dif-
fuse scattering [128]. From the widths of the diffraction intensity peaks, the correlation
lengths along the b direction, the [102] direction and the (201) direction have been de-
duced. For example, from the temperature dependence of the correlation lengths it is
found that the 3D ordering sets in at ~ 200 K, above which 2D fluctuations dominate.

This is a concrete example of the qualitative picture of dimensional cross-over in the
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Figure 6.11: ARPES of the conduction band region for k varying along the b axis. The
sample cleave, temperature, and photon energy differ from the data of Fig. 6.9. The
resolution is 100 meV. The inset shows data taken at SSRL with hv=20.2 eV and a reso-

lution of 40 meV.
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Figure 6.12: Comparsion of the ARPES peak maxima and the theoretical bands (solids
lines) calculated in Ref. [123]. Circles: SRC, hv=17 eV (data of Fig. 6.9). Crosses: SRC,
hy=20 eV (data of Fig. 6.11). Pluses: SRC, hv=17eV (same cleave as for Fig. 6.11). Boxes:
SSRL, hv=20.2 eV (big boxes, data of inset of Fig. 6.11; small boxes, data of spectra not
shown here). The gray bars at the Fermi energy show the location of the E crossings
deduced from Fig. 7. Approximate FWHM’s, parallel to I'X, of the FS “peaks” in the
image are indicated.
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fluctuation regime, as presented in section 2.3. Due to its anisotropy, both 1D to 2D
crossover and 2D to 3D crossover exists in the blue bronze. For the temperature range
of our ARPES experiment, 220 K ~ 300 K, the correlation length along the b direction
varies from ~ 50 A to ~ 30 A. An important question to ask is, how much do the

fluctuations affect the ARPES lineshapes?

Using the theory of Rice and Strdssler as described in section 2.3, we argue that the
ARPES lineshapes observed for the blue bronze cannot be ascribed to CDW fluctua-
tions (alone). In order to know the o and f for the Rice and Strassler theory of section
2.3, we need to know vr, 4, and Ty r. We estimate these parameters as follows. First,
vy is estimated from Fig. 6.12 by using the gray bars as a guide. We get, vx ~ 3 eVA for
the slowly dispersing band and = 4 eVA for the fast dispersing band. Due to the uncer-
tainty of the kr values, the uncertainties of these velocities are estimated to be ~ +0.5
eVA. Second, the mean square fluctuation of the order parameter ) is estimated to be
the " = 0 gap as measured by the optical conductivity [40], = 700 K = 60 meV. This
is an estimated conservative upper bound for 7. In reality, this value is likely to be
smaller. For example, the effective gap above 200 K, and up to 300 K, was deduced in
Ref. [119] from the activated behavior of the spin susceptibility to be about half of the
T = 0 gap. Third, TysF is obtained from the ' = 0 gap as 2 x 700 K /3.52 = 390 K,
from Eq. 2.21. To make a conservative estimate, we calculate for the smallest value of «,
which means the strongest tendency to form a pseudo-gap. Therefore, we use vp = 3
eVA, 1) = 60 meV and ¢ = 50 A, and get @ = 3/(0.06 x 50) = 1 from Eq. 2.24. For
f, the 3 dimensional coupling parameter, we get ~ 5.3 by inserting 7. = 180 K and

Ty r = 390 Kinto Eq. 2.25.

Fig. 6.13 shows the ARPES spectra calculated with these parameters, and assuming
a linearly dispersing band with vy = 3 eVA. In addition, the experimental angular res-
olution and energy resolution are taken into account by assuming Gaussian resolution
functions for W;, and W, in Eq. 1.9. The temperature was taken to be 220 K, in consis-
tency with the choice of £. In Fig. 6.13 (a), the energy resolution corresponding to the
inset of Fig. 6.11 was used, and in Fig. 6.13 (b) the energy resolution corresponding to
the main figure of Fig. 6.11 was used. Note that the only substantial difference between
the general situations of the calculation of Fig. 6.13 and the experiment of Fig. 6.11 is
the assumed linearity of the band. Because the bands near kp are expected to be linear,
we can make meaningful comparisons of the near kr spectra. If we make such a com-

parison, a large difference between the theory and the experiment is readily noticeable.
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Figure 6.13: ARPES spectra calculated with CDW fluctuations, for the blue bronze at
220 K, and with energy resolution of 40 meV FWHM ((a)) and 100 meV FWHM ((b)).
Linear dispersion is assumed, and the momentum increment for successive spectra
corresponds to the angle increment of 1°. kr spectrum is plotted as thick line. See the
text for discussion.
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Figure 6.14: k-integrated spectrum calculated with CDW fluctuations for the blue
bronze at 300 K, and with energy resolution of 33 meV. See the text for more discussion.
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Figure 6.15: ARPES spectra calculated with the TL model for the blue bronze. The
information in the caption of Fig. 6.13. For more discussion see the text.

The spectral weight at E in the inset of Fig. 6.11 is very small compared to that of the
peak. However, the Er weight at the Ef crossing in Fig. 6.13 is more than half of the
peak height. Furthermore, after the crossing, the spectral weight at Er is as much as
80 % of the peak height. In short, the relative strength of the Ef intensity to the peak
height is far too small in the experiment to be explained by the CDW fluctuation the-
ory. The conclusion is strengthened by the fact that we have been most conservative
in the selection of the theoretical parameters. It is quite likely that our estimate of « is
about a factor of 2 or more too large. If we included this correction, the comparison be-
tween the experiment and the theory would be even worse. However, in practice such
a correction is found to be irrelevant for the current parameter values. Specifically, the
doubling or halving of « or f does not change the final result substantially enough to

change the general quality of the comparison.

One can also calculate the k-integrated spectrum and compare it with the angle
integrated PES in Fig. 6.6. Fig. 6.14 shows the calculation. In this result, not only is
there a clear Fermi edge, although slightly shifted to high binding energy, but also
there is a small peak at 100 ~ 200 meV binding energy due to the pileup of intensity
following the formation of the pseudo gap. In the experiment, none of these features

are observed.

Another candidate for producing a low weight at EF is the LL. Fig. 6.15 shows
ARPES spectra calculated within the spin-independent TL model (cf. section 2.4). Specif-
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ically Eq. 45 of Ref. [58] was used to calculate the spectral function, the same as for the
Li purple bronze analysis of Chapter 7. The parameters used for this TL model are
a = 0.7, vr = 0.66 eVA, and 7. = 0.1A. The a value was taken from Fig. 6.7. The
vp value was chosen so that the final spectra show peaks which disperse with velocity
3 eVA, as in Fig. 6.13. The steps to determine this vy are the following. First, let us
remember from section 2.4 that for £ within the FS there are two singularities on the
photoemission side of the spectral function. They are at v.(k — kr) and v,(k — k) with
singularity indices c./2+as—1/2 and s /2+0a, —1/2, respectively (cf. Eq. 2.34). Noting
that as = 0 for the spin-independent interaction, one sees that the spin density singu-
larity at vs(k — k) is divergent (a peak) for a. < 1/2 but goes to 0 for o, > 1/2 (a step
singularity). Second, let us also remember that for spin-independent interactions there
is a special relationship coupling between « and £, given by Eq. 2.29. For a = 0.7,
this relation gives . = 4.6. Combining these two facts, the general description of the
spectral function for 1/2 < a < 1is a peak dispersing with velocity S.vr and a step
edge dispersing with velocity B,vr. In order to reproduce the dispersing peak with ve-
locity 3 eVA, we are therefore forced to choose vp = 0.66 eVA, which is what we used
above. Finally, the r. value was chosen so that the calculated spectral functions are well
within the validity limit of the universal LL behavior [58]. We defer the discussion of
the importance of . to the next chapter. Here we merely note that the choice of its exact
value is irrelevant as long as it gives the correct behavior in the spectral function. In
the calculation of Fig. 6.15, the same angular resolution function and energy resolution

function were used as that for Fig. 6.13.

The theoretical spectra in Fig. 6.15 are definitely an improvement over those of
Fig. 6.13 in the comparison with the experiment. The weight at Er is always less than
half the peak height. It happens that for the 100 meV energy resolution the kr spec-
trum shows an E i intensity which is almost half the peak height. Experimentally, the
spectrum at angle 8° in Fig. 6.11 does show Er weight somewhat close to half the peak
height, but not as much as in the theory. The same situation occurs if we calculate the
TL lineshapes for velocity 4 eVA, suitable for the fast dispersing band, and compared
the theoretical & = kp spectrum with the spectrum at angle 12°. One might imagine
that some combination of the two models — LL and CDW fluctuations — would coop-
eratively decrease the weights at Er to make them agree better with the experiment.
In fact, the Luther Emery model [129] may be such a possibility. This model includes

an attractive 2k scattering in addition to the interactions of TL model. As a result, the
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spin channel is gapped and the charge channel remains metallic. Such a model would
also describe the apparent spin-charge separation, as pointed out by Voit [121]. Because
removing an electron requires removing both charge and spin excitations, the spin gap
would appear as a gap in the one electron spectral function. Another possibility to

improve the agreement between the TL theory and the experiment is to increase c.

Another point of the comparison is that in the TL lineshape there is an intrinsic
asymmetry while the CDW fluctuation lineshape shows very symmetric peaks except
perhaps near the Er crossing. The reason for the latter is that the CDW fluctuation the-
ory does not have any interaction other than the electron-phonon 2k ¢ scattering, which
is strong only near &k due to the FS nesting condition. Therefore, for k away &, the
lineshape becomes practically that of the non-interacting limit, a delta function. The
Gaussian lineshapes found for most of the angles in Fig. 6.13 reflect just the convolu-
tion of the experimental Gaussian % resolution function and the experimental Gaussian
w resolution function. The experimental lineshapes in Fig. 6.11 are definitely asymmet-
ric. Therefore, also in this respect, the TL model is better. However, one should also
note that the lineshape asymmetry is a common feature of electron-electron interaction

models, including the FL model discussed in section 2.2.

It is an interesting finding that in the comparison of the LL model with the exper-
imental results we are forced to use . = 4.6, a number very close to ~ 5, the ratio of
the theoretical band and the fast dispersing band in Fig. 6.12. In fact, in early stages of
the research, we took this ratio seriously and speculated that this fast dispersing peak
is the charge peak of the TL model, and that the slowly dispersing peak is the spin
peak of the TL model. This line of thinking was abandoned after the map of Fig. 6.8
was taken, because the observation of the two clearly separated lines of FS in Fig. 6.8
is in good general correspondence to band theory and is also hard to reconcile with
the predicted behavior of the spin peak and the charge peak of the TL model, which
cross K at the same momentum value. Also, the spin singularity for « > 1/2 is not
peaky, as discussed above — another fact hard to reconcile with the data. In the current
thinking, a point of view could be taken that the two peaks in ARPES both correspond
to charge peaks of the TL model, one for each band. It could be further speculated that
the edge at vs (k — kr) is smoothed by 2D or 3D kinematics. However, it is then rather
uncertain how to explain the ratio of 2 for the dispersions of the theoretical slow band
and the experimental slow band. The situation is made worse due to the uncertainty

of the band calculation. A new band calculation [130] by the same group who reported
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the bands in Fig. 6.2 has produced bands which are only a factor of 2 narrower than
those in the experiment, both for the slow band and for the fast band. More recently, a
tirst-principle LDA calculation, done for the full 3D crystal, showed 4 fully split bands,
two of which are nearly degenerate and show about half the bandwidth of the slow
ARPES band, with the other two also being nearly degenerate and showing about the
same bandwidth as that of the fast ARPES band. Thus the uncertainty of the band cal-
culation is entangled with the issue of the relevance of LL state of the blue bronze,
from the ARPES point of view and also from the other points of view discussed in the

introduction.

6.4 Conclusions

In summary, we have measured the FS and ARPES lineshapes of K(3Mo00O3, a proto-
typical quasi-1D CDW material. We find a good agreement of the FS nesting with that
implied by the previously known CDW wavevector. The lineshapes show generally
low weight at Ex, both in angle integrated and angle resolved PES. We find that this
low weight at Er is explained better by the LL scenario than by the fluctuating CDW
scenario. However, other aspects of the TL lineshape comparison indicate that further
generalization including 3 dimensional coupling effects is necessary. Also, resolving
the differences among the available band calculations would be highly desirable. It
seems likely that a full model including both LL and CDW effects will be necessary to
describe the physics of the blue bronze.

My role in the work described in this chapter was to measure all the data, to ana-
lyze them, to interpret them and to do spectral function calculations for the Rice and

Strassler CDW fluctuations theory and the TL model.
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Chapter 7

Lij oMogO17: non-CDW non-Fermi

liquid

This chapter essentially reproduces the journal article: “Non-Fermi-Liquid Single Par-
ticle Line Shape of the Quasi-One-Dimensional Non-CDW Metal Liy ¢Mo0gO;7 : Com-
parison to the Luttinger Liquid”, J.D. Denlinger, G.-H. Gweon, J.W. Allen, C.G. Olson,
J. Marcus, C. Schlenker and L.S. Hsu, Phys. Rev. Lett. 82, 2540 (1999).

Unlike the other bronzes studied in the previous 2 chapters, the existence of a
charge density wave in Lip gMog O~ is precluded by its the known properties. By angle
resolved photoemission spectroscopy, we show that its electronic properties are near
perfect one dimensionality, in a good agreement with band theory. The non-Fermi
liquid lineshapes obtained for Liy gMogO;7 are a unique example so far that can be
meaningfully compared with known non-Fermi liquid metal models in 1 dimension.
Without concern about competing CDW effects, we point out strong similarities of the
lineshapes with predictions of the Tomonaga-Luttinger model, but also significant dif-

ferences.

7.1 Introduction

The so-called Li purple bronze, Liy Moz O; 7, is a material with a quasi-one-dimensional
(quasi-1D) electronic property like the blue bronze. Its composition is much like the
quasi-2-dimensional (quasi-2D) purple bronzes, NaMogO17 and KMogO:7. However,
there are several distinguishing physical properties that make Liy9MogO;7 more in-
teresting. First of all, its electronic structure is the most one dimensional. Second, it

is superconducting below =~ 1.9 K. Superconductivity is not found for other bronzes.
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Third, its higher temperature phase transition at ~ 24 K cannot be classified as a CDW
transition. The absence of a CDW means that the 2kr electron-phonon interaction is
not important. Regardless of the origin of the transition, its temperature is still much
less than the CDW temperatures of the blue bronze or the quasi-2D purple bronzes,
allowing spectra to be taken much further above the transition. Fourth, it shows a dis-
tinctly linear resistivity from 24 K to room temperature, much like high temperature
superconductors, and consistent with expectation for Luttinger liquid theory.

Thus far ARPES of non-CDW quasi-1D metals has not obtained dispersing line-
shape data which could be compared meaningfully with many-body theories such as
LL theory. Most of the non-CDW quasi-1D metals are organic and for these metals
k-integrated weight suppression near Er occurs [131], but dispersing features have
not been observed [132]. Lip9MosO17 is unusual as a quasi-1D inorganic metal which
appears to be free of strong electron-phonon effects, as discussed further below, and
which shows suppressed Er photoemission weight. In this chapter, we report the de-
tailed non-Fermi liquid (NFL) lineshape of the dispersing excitation which defines the
FS for Lig gMogO;7. Obtaining the lineshape data was enabled by taking precautions to
minimize photon-induced sample damage! and by studying a region in k-space where
the near-Er ARPES intensity is especially large, as determined by first making a k-
space map of the ARPES intensity near Fr. The properties of LipgMogO;7 strongly
argue that the NFL behavior has a purely electronic origin, giving this set of data a
special current importance.

Fig. 7.1 (a) shows the crystal structure, solved by Onoda et al [107]. The space group
is P21 /m (monoclinic), and its unit cell is given by a = 12.762 A, b=5523 A, c = 9.499
A, and B = 90.6°. In this figure, the crystal structure is shown as it is projected on
the ac plane. The empty circles and hatched circles represent the atoms at y = b/4
and 3b/4 respectively. Despite the similar chemical formula, the crystal structure is
different in an essential way from the structure of the quasi-2D purple bronze (Fig. 5.1).
In contrast to the well separated Mo oxide slabs in the quasi-2D purple bronzes, the Li
purple bronze has a more three dimensional structure, composed of thinner Mo oxide
slabs connected by the Mo oxide “bridges” as well as the Li ions. The bond length
analysis [107] shows that the valencies for the Mo ions are 5.05 (Moy), 5.72 (Mo,), 5.76
(Mo3, Mos, Mog) and 5.01 (Moy). Fig. 7.1 (b) shows the same plot as Fig. 7.1 (a) with

a 90° rotation. The MoOg octahedra containing Mo, and Moy, and thus important for

!See Ref. [125]. The SRC Seya monochromator has a negligible amount of 2nd order light of energy
higher than ~ 35 eV, due to its low energy grating.
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electron transport, are marked with hatches. In this figure, the isolated group of 4
octahedra, consisting of 2 Mo;’s and 2 Moy’s, is easily recognized. Fig. 7.1 (c) shows a
three dimensional view of a Mo oxide slab of Fig. 7.1 (b). Along the b direction, each
group of 4 octahedra forms a zigzag infinite chain as shown in Fig. 7.1 (d). This chain

is essential in understanding the electronic structure of the Li purple bronze.

Fig. 7.2 shows the calculated band structure [133]. The bottom 4 Mo 4d bands are of
greatest interest. Among them, 2 bands are crossing the Fermi level along the b direc-
tion and the other 2 bands are completely filled. These bands are essentially those of
the Mo,O;g chains shown in Fig. 7.1 (d), modified somewhat by the couplings between
the adjacent Mo,O, s chains, mostly in the c direction. The calculated dispersion along

the a direction is essentially 0.

Fig. 7.3 shows the FS calculation [133]. The two pieces of FS’s come from the two
bands crossing the Fermi level in Fig. 7.2. They are practically indistinguishable. The
two crossing bands are two one dimensional bands from the upper and lower “decks”
in Fig. 7.1 (d). The band orbitals near the Fermi level crossing are the (22 —y?) orbitals in
Fig.7.1(d). Itis very important that, by symmetry, the two (22 —4?) orbitals in the upper
and the lower decks in Fig. 7.1 (d) cannot have any coupling mediated by 2p orbitals
of the O ions that bridges the two decks. For a similar reason, the coupling between
the adjacent Mo4O1s chains are nearly zero as well for the two bands. Therefore, the
calculated FS’s are perfectly degenerate and perfectly one dimensional. The FS is given

by k, = 0.45T'Y..

Not surprisingly, the resistivity of Li purple bronze [134] shows a strong one dimen-
sional anisotropy. At room temperature, the conductivity ratio is givenby o}, : 0, : 0, =
250 : 10 : 1 [134]. The temperature dependence of the resistivity is as follows. As T'is
reduced from 300 K, the resistivity decreases linearly all the way down to T'x ~ 24 K,
at which point it shows a rapid upturn. This upturn stops at ~ 1.9 K, and then the ma-
terial becomes superconducting. The two anomalies also show up in the specific heat
measurement [135], where two similarly shaped anomalies signalling broad 2nd order
phase transitions are found at these temperature values. The absence of any anomaly in
the magnetic susceptibility [134, 136] associated with the 24 K transition argues against
its possible CDW nature, although it was recognized [134] that the same absence oc-
curs for a well known CDW compound NbSe;. More definitive evidence against a
CDW comes from infrared optical spectroscopy which does not show any gap opening

[137] despite its routine capability [138] to detect CDW or spin density wave (SDW)
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Figure 7.1: Crystal structure of Lig9MogO; 7. See text for discussion. From Ref.’s [107]
and [106].
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Figure 7.2: Band calculation for the Li purple bronze in extended Hiickel approxima-
tion. I' = (0,0,0), X = (¢*/2,0,0), Y = (0,6*/2,0) and Z = (0,0,a"/2). The dotted
lines mark the Fermi energy position. From Ref. [133].
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Figure 7.3: Theoretical FS for the Li purple bronze. From Ref. [133].
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Figure 7.4: Previous ARPES studies on the Li purple bronzes. (a) ARPES EDC’s along
I'Y by K. Smith et al [139]. (b) A similar set by Grioni et al. [140], compared with a
spectrum for n—Mo,40; 1.

gaps. The minimum energy down to which the measurement was made, 1 meV, sets
an upper limit of (11.6/3.52)~3K for a mean field CDW or SDW transition tempera-
ture. Therefore, it is likely that electron-phonon interactions are of less importance in
this material than in other bronzes. Related to this observation is the aforementioned
T-linear resistivity down to 24 K. Although electron-phonon interactions do imply [2]
linear resistivity, it is only for temperatures above ~ © p, the Debye temperature, which
is estimated to be 365 K [135] or 410 K [136] for the Li purple bronze. Therefore, it is
likely that the electron-electron interaction is important to interpret the 7' dependence
of the resistivity. An important thing to remember, regardless of the origin of the 24
K phase transition, is that its low transition temperature means that one can study the
lineshape at a temperature more than 10 times the transition temperature at room tem-
perature, a very favorable condition to study the lineshapes in the normal metallic state
without being influenced by thermal fluctuations, strong in 1-D as discussed in section

2.3.

A FS study by photoemission has been reported [139], where the FS was deduced
from 300K EDC’s. The EDC'’s in this work are shown in Fig. 7.4 (a). The EDC’s, reported
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only for the I'Y direction, show for all k-values a broad background feature which
develops a weak shoulder that moves toward Er as one moves away from I'. In the
vicinity of the k-value (0.35 A) interpreted as the Er crossing, the weak shoulder loses
intensity, leaving again the broad background feature. This background feature can be
interpreted as an uncertain mix of a complex lineshape which reflects the total occupied
bandwidth, as seems to occur for the Na- and K-purple bronzes, and also of a peak
arising from the other bands shown in Fig. 7.2, which disperse halfway toward Ep
but do not cross it. In fact, the predicted dispersion of these other bands is roughly
consistent with the dispersion of the weak shoulder. Since there is an almost complete
absence of spectral weight at Er in all the spectra, to a degree even greater than that
seen in the blue bronze, the main evidence for an Er crossing is the intensity change of
the weak shoulder. Intensity changes of this size are known to arise from the variation
of the ARPES matrix element and so it is very difficult to be sure that a FS has actually
been observed. In Fig. 7.4 (b), we show data taken by Grioni ef al. [140]. Here, better
energy resolution and maybe a better surface exposed by the cleave result in spectra
with well-defined structures. However, the intensity near the Fermi energy is only
suggestive of a peak, and the number of spectra is too few to enable a meaningful
discussion of FS. Note the very strong suppression of weight at Er for the Li purple

bronze observed in this data set.

7.2 Experimental

Single-crystal samples were grown by our collaborators in Grenoble, France using the
electrolytic reduction technique as described in Ref. [135]. The ARPES was performed
at the Ames/Montana beamline of the Synchrotron Radiation Center (SRC) at the Uni-
versity of Wisconsin and at the beamline 5 of the Stanford Synchrotron Radiation Lab-
oratories (SSRL). Samples oriented by Laue diffraction were mounted on the tip of a
helium refrigerator and cleaved in situ at a temperature of 30K just before measure-
ment in a vacuum of ~ 4 x 10~ Torr (SRC) and 2 x 10~!* Torr (SSRL), exposing a
clean surface containing the crystallographic c- and quasi-1D b-axes. All the data are
normalized to the photon flux. The instrumental resolution AE and E were calibrated
with a reference spectrum taken on a freshly sputtered Pt foil (SRC) and evaporated Au
(SSRL). Energy resolutions ranged from 43 meV to 150 meV. The angular resolution for
the spectrometer was +1°, which amounts to +7% of the distance from I' to Y in the

Brillouin zone. The k-space near-Er intensity map was made by detecting electrons
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Figure 7.5: ARPES EDC’s along I'Y and I'X. The measurement was made at 32K with
overall instrumental energy resolution of 43meV and photon energy of 20.2eV.

over the range AE=150 meV, centered 50 meV below Er, and sweeping analyzer an-
gles along two orthogonal directions relative to the sample normal, in steps of 1° for ¢
and 2° for ¢ in Fig. 1.1. As discussed already in section 1.1, one can show from Eq.’s 1.3
and 1.4 that such sweeps move the k-vector on a spherical surface with a radius which
depends on the kinetic energy and hence on the photon energy. In an idealized geo-
metrical description, one observes the intersection of this spherical surface and the FS.
In a more realistic spectroscopic description, the FS pattern is generated because the
intensity at Fr reaches a local maximum when a dispersing peak passes sufficiently
near the angle/energy resolution window, for given temperature and peak lineshape.
The momentum inside the solid is determined by Eq.’s 1.31.4 with a nominal inner

potential (V,) value of 10 eV.
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7.3 Results

Fig. 7.5 (b) shows EDC’s we have taken for Liy ¢MogO;7, along I'X and I'Y, obtained at
the SSRL. In the hopes of observing sharper features and clearer dispersion than that
of Fig. 7.4 (a), the data were taken at a much lower temperature and with considerably
better resolution. Unfortunately, although the high binding energy onset of the back-
ground feature is indeed much sharper than in the data of Ref. [139], the dispersing
shoulder along the parallel direction is no clearer. As with the data in Fig. 7.4 (a), there
is no weight at Er, making an Er crossing for the shoulder very difficult to identify.
One can see that the spectra for the perpendicular I'X direction also show a very simi-
lar dispersing shoulder. For this direction, where an E}. crossing is not expected from
the theory, the shoulder must be interpreted as the bands which, for this direction also,
disperses halfway to Er but do not cross it. We concluded that, without having a di-
rect FS image, the primary source of confidence that the correct FS has actually been
found for this material in Ref. [139] is not the EDC’s that have been obtained, but in-
stead the general success of the tight binding theory for the Mo bronzes, and perhaps
also the simplicity of the predicted FS. In the rest of this chapter, we discuss the results
obtained at the SRC, taken subsequently to the work shown in Fig. 7.4 (b), which also
does not show the dispersive band, in spite of having sharper features.

Fig. 7.6 shows the set of data taken along the same directions as for Fig. 7.5. As in
the previous figure, it is easily noticed that the spectral features are dominated by the
bands that are not crossing the Fermi energy. However, dispersions for these bands are
observed more clearly in this data. Furthermore, along I'Y, but not along I'X, there is
a distinct low binding energy shoulder-like feature that exists for kry < 55 %. As the
momentum value moves away from I this feature branches off from the main peak to
disperse to the Fermi energy before losing intensity at > 55 %. Therefore, the current
data clearly identifies a new feature. We attribute the better quality of the current data
to the judicious selection of the photon energy, as we will discuss below, and possibly
a better surface exposed by cleaving. In the following, we will show that the new
shoulder-like feature is a band that crosses the Fermi level and contributes to the FS
formation.

Fig. 7.7 (a) shows the projection onto the k| plane of our near-Er intensity map
made at a temperature of 30K by varying both analyzer angles for fixed hv=24 eV.
Fig. 7.7 (b) shows the projection onto the k; /I'-Y plane of a map made at 200K by

fixing one analyzer angle, while varying the other angle and also the photon energy.

159



CHAPTER 7. Lly.9MOsO17: NON-CDW NON-FERMI LIQUID

1 | 1 | 1 | 1 1 | 1 1 | 1 | 1 | 1 1 | 1
| LiggMogOyy | LiggMogOyy I
-y | I'=X B
4 hv=24eV, AE=100meV L hv=24eV, AE=100meV
VS
n T=200K 1 T=50K L
e}
[ _ ’///’\\
| —— 119 % L
o —— 123% [ —— 95 %
ﬂ —— 110% 1 —2ZT
S - —— 96% —— 60 %
- —= | =
i —oon | — %
1% —— 62% 1 — 12 % |
g | ~— 55% i w/"\: 912 o
5 — 48% _J-\— —24 %}
= — 42% | ‘/\— —igz
— ~—— 35% ‘/j“\_ ~60 % |
—~— 28% A_/Nv\— 127
. —— 14% m_ 83 7%
| —— 95 %
— J’A\— ~107 %
i —— —14% | —— 119 %
T T T T T T T T | ™ T T T T T T T T | 1
-09 —-06 —-03 00 0.3 -09 -06 -03 0.0 0.3
E — EF (eV) E — EF (eV)

(a) (b)

Figure 7.6: ARPES EDC’s along I'Y and I'X.

The spherical arcs for each photon energy are easily seen, and an arrow shows the arc
corresponding to the fixed photon energy of the map of Fig. 7.7 (a). The straightness
of the FS segments in both maps shows that this material fulfills very well the band
theory prediction of being quasi-1D. The Fermi wave-vector kr defined by the center
of the left hand FS segment is 2k =~ 0.57A~!, somewhat larger than the band theory
[133] value 2 of 0.51 A~!. Most significant for the rest of this chapter is the existence of
bright spots where the ARPES matrix element for the states near £r is maximum and

where the dispersing peak lineshape can best be studied.

Fig. 7.8 (a) shows a sequence of spectra taken at 200K ~ 8T’y along a line 0.06A~"
below an X-M Brillouin zone boundary and passing through the FS at one of the bright
points, as indicated in Fig. 7.7 (a). The band calculation shown in Fig. 7.2 is juxtaposed
with the data for an easy comparison. Over the corresponding k-range along I'-Y, the
calculation of Fig. 7.8 (b) shows two bands merging and crossing Er together. We
identify the two dispersing peaks of Fig. 7.8 (a) with these two bands, since both the

Ref. 139 found larger dispersion perpendicular to the sample surface than we do and a different 2k
~ 0.7 A~!. Both differences can be attributed to our better resolution of the near-Ex peak which defines
the FS.
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OK

Figure 7.7: Near-E intensity map of Lig 9MogO17. (a) k|| plane projection for hv=24 eV
with variation of two detector angles. (b) k; /I'-Y plane projection for varying hy=15-
32 eV and one detector angle. The thick arrow in (b) indicates the arc corresponding
to hv=24 eV used in (a). In both maps, image contrast has been enhanced by dividing
the data by the data heavily smoothed to retain only slowly varying cross-sectional
dependences.
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Figure 7.8: (a) ARPES spectra showing FS crossing along the path, marked with an
arrow in Fig. 7.7 (a), that passes through a bright spot of the image. For each spec-
trum, the corresponding momentum value parallel to I'Y is given as a percentage of
the length of I'Y. Total energy resolution AE is 50 meV FWHM. (b) Tight binding band
calculation [133] showing bands along X-I'-Y. The bar shows the range of kry- explored
in (a).
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Figure 7.9: ARPES dispersions near Er crossing for Lip.9MogO17. Band theoretical cal-
culation (Fig. 7.2, scaled by 2.5) is shown for comparison. The circles correspond to
peak positions extracted from spectra 2 to 6. Thick line, to be used later for lineshape
modeling, shows a linear approximation of the dispersing feature.

calculation and our quasi-1D FS image show that the two bands disperse very weakly
along I'-X. The calculated bands which do not cross EFr are very weak for the special
path of Fig. 7.8 (a), but can still be seen as a small peak or general humping ~ 400 meV
below Ef in spectra 4 to 11. As we saw earlier in Fig. 7.6, these bands are easily seen
along I'-X and I'-Y. Thus we find a good general agreement with band theory except
that the bandwidth is about two and a half times the calculated value, as has also been

found for the other molybdenum bronzes in the previous two chapters.

Fig. 7.9 show the peak positions extracted from the spectra 2 to 6 of Fig. 7.8 (a), and
compares them with the calculated bands. In this figure, we have chosen the momen-
tum value for spectrum 6 as the Fermi level crossing point, and therefore put its peak
position at the Fermi energy. This interpretation is in large part based on the lineshape
analysis which we will describe below, and assigns the experimental value of 2k »=0.59
A1, This value is also well within the “error bar” given by the width of the pattern of
our Fermi energy intensity map. Since LL models assume linear dispersion around Ep,
it is noteworthy that this aspect of the band theory is observed over an energy range of

200 meV for one band and 500 meV for the other, as represented by the line of Fig. 7.9.

Before discussing the lineshape of the Ep-crossing peak in detail, we now look at
the angle integrated photoemission spectra taken in the home lab. Fig. 7.10 shows angle

integrated photoemission spectra taken at two different temperatures. The 300 K data
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Figure 7.10: Angle integrated photoemission spectra of Liy gMogO;7 taken at T = 300 K
and 140 K.

were taken both before and after the 140 K data, and were completely identical. There-
fore the small temperature dependence observed in this figure is an intrinsic behavior,
and is thought to arise from thermal broadening of the spectral function. The main
point of observation here is the absence of a clear Fermi edge, as in the blue bronze
but different from the quasi-2D purple bronze (Fig. 6.6). In the right panel we show
the log-log plot of the same data set. We observe a linear behavior from 25 meV up to
100 meV with slope of 0.59 for both cases. From the LL point of view, this signifies the
anomalous dimension, « of 0.59. Although the power law behavior exists down to the
chemical potential in the pure one dimensional LL theory at T = 0, in a real case it is
expected [142] to be valid only at a finite energy above an energy scale given by finite
temperature, experimental energy resolution, or small interchain hopping. We find this
energy scale to be 25 meV empirically. This energy scale is certainly the same order of
magnitude as the temperatures and the energy resolution. The interchain hopping pa-
rameter is also expected to be similar in magnitude or smaller, based on our flat FS’s.
Later in this section, we will also comment on the upper bound of the fit. We now go

back to the ARPES data.

Of greatest interest is the detailed lineshape of the dispersing peak defining the FS.
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Figure 7.11: (a) Spectra of Fig. 7.8 (a) replotted for a close examination of lineshapes.
Inset shows a detailed view of the spectral line shape approaching Er, with lines drawn
to emphasize a hint of 1D onset behavior. (b) Tomonaga-Luttinger (TL) model spectra,
calculated to be compared with (a), as described in text. Inset shows the spinon edge
singularity onsets.
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Fig. 7.11 (a) shows the spectra overplotted so as to emphasize the defining behavior of
the leading edge of the lineshape. The peaks move toward E until the leading edge
shows a point of closest approach, after which the intensity then drops. Within the
experimental resolution, very little intensity develops at E. In spectra 2 through 5 one
sees the leading edge shift toward Er up to a certain limit, “the wall,” and in spectra
5 through 10 one sees the intensity fall, first without a change in the leading edge, and
then accompanied by a shift of the leading edge away from Ef. A set of spectra taken

at 50K is identical with respect to all these features.

In the absence of any LL lineshape theory including interactions between two bands,
we apply lineshapes calculated for the one-band Tomonaga-Luttinger (TL) model, dis-
cussed in section 2.4, to the two degenerate bands crossing Er. Fig. 7.11 (b) shows
TL lineshapes for a spin independent repulsive interaction [58] and singularity index
a = 0.9. This choice of the value for « instead of 0.59 from angle integrated photoe-
mission is discussed in the next paragraph. The thick lines are spectra including our
angle and energy resolutions. The thin lines accompanying two of the spectra show the
purely theoretical curves without including the experimental resolutions. The k-values
and format are exactly the same as for Fig. 7.11 (a). Before discussing the considerable
similarity to the experimental data for the behavior of the leading edge, we first de-
scribe the generic theoretical features. As discussed already in 2.4, the LL has no single
particle excitations, and the removal or addition of an electron results entirely in the
generation of combinations of collective excitations of the spin and charge densities,
known as spinons and holons, respectively. In this TL model the spinon dispersion is
that of the underlying band, v gk with Fermi velocity v, and the holon dispersion is
Bvrk where 3 depends on « and is > 1. For the lower group of spectra, with k inside
the FS, there is an edge singularity onset at a non-zero low energy and then a rise to a
power law singularity peak at higher energies. These sharp features are greatly broad-
ened by the experimental resolutions and, except for the slight shoulder of curve 2, the
spinon features of the theory curves are simply the leading edges of the lineshapes. The
movements with k of the low energy onset and of the peak reflect the dispersions of the
spinons and holons, respectively. That the onset occurs at a non-zero energy for k#kp
is a direct consequence of the restrictive kinematics of 1 dimension (1-D). For the four
lowest members of the upper set of curves, k lies outside the FS. The k-dependence of

the non-zero singular energy onset in this case reflects the holon dispersion.

We now discuss the choice of parameters and the comparison to experiment, for
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Figure 7.12: TL model spectral functions calculated with the same parameters as
Fig. 7.11 (b), except for different values for a, vr and momentum increment. vr is
chosen for each « so that Svg is invariant. The momentum increment for successive
spectra corresponds to the angle increment of 1°. k spectrum is plotted as thick line.

which we associate the spectral peaks with the rapidly dispersing holon features and
the leading edges with the slowly dispersing spinon features. We consider a range of
a > 1/2 because for o < 1/2 the low energy edge singularity takes the form of a peak,
as shown in Fig. 2.11, which is obviously not present in the data. Each « determines a
B and v is chosen so that fvyk matches the experimental peak movements, linear to
~ 500 meV below E for one peak, but only ~ 200 meV below Ef. for the other, so that
the lowest energy peak in data curves 1 to 3 has no theoretical counterpart. One finds
that for the broadened spectra, as « increases from 1/2, (a) the peak maximum as k
approaches kr decreases more rapidly, and (b) the amount of EFr weight relative to the
spectrum maximum in the k=kg spectrum decreases. This is demonstrated in Fig. 7.12.
The « value of 0.59 from Fig. 7.10 is nicely greater than 1/2. For & = 0.59 (8 = 4) the be-
havior of (a) is similar to experiment but the value for (b) is about twice the experiment
value of ~ 16%. For a = 0.9 (8 = 5), it is noticeable that the behavior of (a) is faster
than in experiment, but the fractional amount of Er weight for the k=ky spectrum is
only slightly greater than in experiment. With the choice @ = 0.9 and Avy = 0.7 eVA, the
theory curves reproduce semiquantitatively the variation of the leading edge in spec-
tra 2 to 5, the “wall” behavior in spectra 5 to 7, the loss of a peaky upturn at £ from
spectrum 6 to 7 as k passes beyond kr, and qualitatively the movement of the leading

edge away from Er for spectra 8 to 10. The agreement of the intercepts given by the
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Figure 7.13: r, dependence of the Tomonaga-Luttinger spectral function. Other input
parameters are the same for the simulated spectrum 4 of Fig. 7.11.

straight line extrapolations shown in the two insets indicates a remnant in the data of
the theoretical onset behavior of 1-D kinematics, and even a semi-quantitative agree-
ment with the § value. The general goodness of the agreement for spectra 5 through 7
leads us to take the value of 2kz=0.59 A~ from spectrum 6 as a better determination

of 2k than the slightly smaller value deduced above from the center of the FS image.

Another parameter that is necessary for the calculation is the so-called r [58], briefly
mentioned in section 2.4. This parameter determines the momentum scale 1/, and the
energy scale v /r. below which the low energy LL lineshapes are valid. For the com-
parison in Fig. 7.11, we have chosen the parameter of 0.1 A. The justification of this
value is as follows. First, for the momentum values and the energy values covered in
Fig. 7.11, any value of r. less than 0.7 produces spectra that are substantially the same.

This point is illustrated in Fig. 7.13. Here, one sees the pathological feature of an expo-
nentially increasing high binding energy intensity for large r. and also that comparison
to the data cannot distinguish values between 0.1 A and 0.7 A. So, for Fig.7.11, we chose
the small value of r, = 0.1 A, to be conservative relative to the theory’s validity. Second,
we can estimate 7, using the interchain Thomas-Fermi screening theory of Ref. [60]. The

essential results of Ref. [60] were summarized at the end of Section 2.4. For our exper-
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imental value of vy = 0.7eVA the theory coupling parameter g = ¢?/(rhvgp) = 6.6,
and sor. = 1/k = a, [v/8%g = @, /13. The complicated array of the linear chains in
Lip9MosO17 means that an effective value of a | for a square array of linear chains has
to be evaluated for estimating r.. a; for Lij9MogO; ranges from 3.7 A t0 12.8 A. This
yields the upper and lower bounds of 7. to be 0.3 A and 1.0 A, respectively. By this
estimate r. is probably larger than the value that we chose, and could be similar to the
typical Thomas-Fermi values, e.g. 0.55 A and 0.67 A for Cu [1] and Na [2], respectively.
It is also interesting in this context to notice from Fig. 1 of Ref. [60] that this theory
gives for g = 6.6 a value of « (yq in the notation of Ref. [60]) ~ 1.2. This is even larger
than our value of 0.9. Viewed from this theory, then, the fact that our « value is much
larger than the value 1/8 for the 1-D Hubbard model is due to the long range nature
of the interaction and the 3-D coupling via Coulomb interaction [60]. The r. parameter
of 0.3~1.0 A with vy = 0.7eVA implies an energy scale of 0.7 ~ 2.3 eV and momentum
scale of 1.0 ~ 3.3 A~!, enough to cover the entire range of Fig. 7.11. The range energy
scale is much larger than the upper cutoff of the power law fit in Fig. 7.10. One should
note in this comparison that the shallower band of the two bands that cross E; shows
peaks dispersing non-linearly in the spectra 1-4, as pointed out above. Also, after the
Er crossings of the two bands, the other bands that do not cross Er disperse toward
Er and show peaks near Er, as discussed with Fig. 7.6. Because these near Er peaks,
which are not relevant to the LL analysis, are at 0.2 ~ 0.3 eV, the upper cutoff of the

power law fit of ~ 0.1 eV in Fig. 7.10 is reasonable.

Looking in more detail, differences between the theory and the experiment can be
seen. First, considering the insets of Fig. 7.11, the amount of experimental weight in the
energy range from Er to the theory onset definitely exceeds that for the corresponding
broadened theory curve. This could reflect the ultimate 3-D character of the material
relaxing the restrictive 1-D kinematics, consistent with the increasing magnitude of the
disagreement as k moves further from the FS and the available phase space increases.
We also report that the only difference between the spectra at 200K and 50K is a subtle
change at lower temperature such that the leading edge extrapolates more to Fr. At
present this small temperature dependence is a tentative finding which requires further
study, but might hint at a departure from LL behavior, perhaps an increased 3-D char-
acter, due to some lingering effects of whatever processes are important in the phase
transition at T'x. In any case, we note that this temperature dependence is opposite

to that expected [141] for the case of a pseudogap associated with gap formation (e.g.
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CDW or SDW) at T'y. Second, the magnitude of the edge movement for experimental
spectra 8 to 10 is much less than in the theory, probably due to the interfering presence
in the spectra of the contributions from the two bands further below, and not crossing,
Er. Thus the detailed differences can plausibly be attributed to the oversimplifications
of the TL model, e.g. its one-band nature and its strict 1-D character, relative to the

experimental situation.

7.4 Conclusions

In summary we have presented spectra which are currently unique in showing the
lineshape of the dispersing excitation that defines the FS for interacting electrons in
a quasi-1D non-CDW metal. We have compared the data to the lineshape in the TL
model of the LL. Although there are important differences in detail, nonetheless there
is a remarkable similarity between theory and experiment for the anomalous behavior
of the leading edge of the lineshape. In the TL model this behavior has its origin in the
underlying charge-spin separation of the LL scenario. Previous ARPES reports [143] of
charge-spin separation have been for quasi-1D materials where a Mott-Hubbard insu-
lator precludes the LL. This is the first such report for a quasi-1D metal and provides
strong motivation for further study of Lip9MosO17 using other techniques.

My role in the work described in this chapter was to measure the SSRL data, to
participate in the analysis of the SRC data, to measure the angle integrated PES data,
to calculate the TL lineshapes, and to compare them with the SRC data.
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Chapter 8

Conclusions and future directions

Conclusions

In this thesis, I presented an ARPES study of the electronic structure of various in-
organic quasi-low dimensional materials. ARPES gives a direct access to the single
particle Green’s function, a quantity of central importance in the many body theoret-
ical understanding of solids. ARPES is usually done in two modes — the EDC mode
and the map mode. In the EDC mode, energy distribution curves are obtained to give
ARPES lineshapes. In a simple view, the ARPES lineshape is proportional to the imag-
inary part of the Green’s function. In the map mode, an intensity map is measured as a
function of angles. In particular, an Er intensity map is very useful for studying the FS
geometry. A summary of the ARPES principle and previous work that prompted this
thesis work was given in Chapter 1.

From the outset, my interest was to distinguish between the normal FL and non-FL
using ARPES. Theoretically, it is well accepted that in one dimension the FL theory is
replaced by the LL theory. In PW. Anderson’s point of view, LL is not only restricted
to one dimension but also strongly possible in higher dimensions, e.g. in 2D Hubbard
model. Another state preferred in one dimension is the CDW state. It is known that
CDW fluctuations, strong because of the one dimensionality, also show non-FL behav-
iors. A summary of key concepts of FL, LL and CDW were given in Chapter 2.

My study focussed on quasi-2D and quasi-1D materials, ranging from weakly 3
dimensional samples, e.g. TiTes, to strongly 1 dimensional samples, e.g. LiggMogO17,
and aimed to discern differences between them. I studied, with collaborators, many or-
ganic and inorganic materials. The organic materials, however, were generally a failure

because the surface degraded quickly under the exposure to the synchrotron radiation.
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On the other hand, inorganic samples had more stable surfaces and produced good
ARPES data. The key results from the inorganic samples were reported in chapters 3
to 7. These chapters were organized in the order as the effective dimensionality of the

sample decreases.

In Chapter 3, I reported ARPES spectra for the Ti 3d band of TiTe;, measured at 25 K
and 300 K. The 300 K ARPES spectra are very unusual and show the Ti 3d band peak to
move across Er. This feature enables a very accurate determination of k. This value
is compared with the ky values determined by other methods that are commonly used
by ARPES researchers. The value agrees well with the values determined by the meth-
ods based on n(k), but disagrees with the values determined by the minimum peak
position or the minimum peak width of the 25 K spectra. I also report lineshape fits
on the original 25 K ARPES spectra, measured and lineshape-fitted by Claessen et al.
The new fit uses the Matho FL model which is analytically well behaved in contrast to
the original Taylor FL model. The new model gives a good fit and is also capable of
fitting the lineshapes for the entire range of k. Under certain assumptions, the energy
dependence of the self energy can be compared with the temperature dependence of
the resistivity. The Matho self energy shows much better agreement with the resistivity
than the Taylor FL self energy. The ky values found from the 300 K dispersion and the
lineshape fits of 25 K spectra are different by about 8 %. Possible origins of this discrep-
ancy include a temperature dependent ky or a missing ingredient in the fit model. A

preliminary analysis indicates the possibility of the latter.

In Chapter 4, SmTe;, a quasi-2D high temperature CDW compound, is studied.
Resonant photoemission shows no sign of the well-known Sm?* multiplet structure.
Therefore, I conclude that Sm is trivalent, in good agreement with the estimate made
from the magnetic susceptibility by E. DiMasi et al. Valence band ARPES spectra show
a quasi-2D electronic structure. The general 4 fold symmetry of this electronic struc-
ture is in agreement with the band theory on the double Te layer. However, near EF,
the electronic structure revealed by maps and EDC’s shows a reduced symmetry and a
highly anisotropic CDW gap. The big gap size ~ 200meV implies a transition temper-
ature even higher than the melting temperature. Based on the experimental FS shape
measured by the ARPES map and the group theoretical properties of the band theory,
a simple model of imperfect nesting can be built. This model qualitatively explains the
gap anisotropy and reproduces the CDW nesting wavevector measured by E. DiMasi

et al. within 4 %.

172



In Chapter 5, quasi-2D purple bronzes, NaMogO;7 and KMogO,7, were studied us-
ing Fr intensity maps and EDC’s. The intrinsic features of the two maps are almost
identical, and imply a FS which is substantially different from that in a previous report
by K. Breuer et al., but which is in remarkably good agreement with nearly all aspects of
the hidden 1D picture by M. Whangbo et al. for these materials. Specifically, the image
shows three quasi-1D bands with nearly straight FS sections and only small hybridiza-
tion induced splittings. The observed nesting wavevector can be understood as the
wavevector for optimal nesting of the quasi-1D FS’s. Anomalous ARPES lineshapes
are found for an isolated band crossing F r. Even for k outside FS, the lineshape shows
a substantial weight distribution over the entire bandwidth. Especially, the presence of
a small peak at the band minimum energy for all measured k values is a great puzzle.

In Chapter 6, I reported the FS and ARPES lineshapes of K 3M0QOs, a prototypical
quasi-1D CDW material. I find a good agreement of the FS nesting with that implied
by the previously known CDW wavevector. The lineshapes show generally low weight
at Er, both in angle integrated and angle resolved PES. I find that this low weight at
Ey is explained better by the LL scenario than by the fluctuating CDW scenario. How-
ever, other aspects of the TL lineshape comparison indicate that further generalization
including 3 dimensional coupling effects is necessary. Also, resolving the differences
among the available band calculations would be highly desirable. It seems likely that a
full model including both LL and CDW effects will be necessary to describe the physics
of the blue bronze.

In Chapter 7, I presented ARPES spectra which are currently unique in showing
the lineshape of the dispersing excitation that defines the FS for interacting electrons
in a quasi-1D non-CDW metal. I have compared the data to the lineshape in the TL
model of the LL. Although there are important differences in detail, nonetheless there
is a remarkable similarity between theory and experiment for the anomalous behavior
of the leading edge of the lineshape. In the TL model this behavior has its origin in the
underlying charge-spin separation of the LL scenario. This is the first such report for a
quasi-1D metal and provides strong motivation for further study of Liy ¢MogO;7 using

other techniques.

Future directions

Understanding of non-FL features in ARPES spectra of quasi-1D materials are only

beginning. Here are some topics that I think are worth pursuing.
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1. High resolution lineshape studies. The ARPES community is currently begin-
ning to enjoy a significant boost in the energy resolution and the angular resolu-
tion, due to the construction of high flux beamlines using insertion devices and
the progress of the electron analyzer technology. As opposed to the 2° angular
resolution and 35 meV energy resolution, which are the best resolutions utilized
in this thesis work, the angular resolution < 1/2° and the energy resolution of
< 10 meV are becoming available. With these dramatically better resolution, one
can hope to observe more lineshape details than ever before. Especially, new line-
shape data on TiTez, Kg 3M00O3 and Lig9MogO; 7 will deepen our understanding
of FL and non-FL lineshapes.

2. Density or doping dependences. For Liy 9MogO;7, I identified some features of
the TL model, i.e. spin edge singularities and charge peaks. One way to corrob-
orate this finding is to control the « value and to see if the features behave as
expected. As we make the « value smaller, we expect spin and charge features
to become sharper. If a becomes less than 1/2 then the spin feature is expected
to become a peak. At the same time we expect the spin and charge singularities
move closer to each other in energy as o gets smaller. Following the theory of
Ref. 60, one expects to be able to change a by changing the carrier density, thus
changing the screened Coulomb potential and possibly vp as well. There is a pos-
sibility in sample growth technique to make the electron density change in the Li
purple bronze. Another way to change the anomalous dimension is to introduce
impurities [144] or boundaries [145]. These two theories are equivalent in the
sense that they predict the same «p near the impurity or the boundary. Dop-
ing of the blue bronze and the Li purple bronze, either by substituting K with,
say, Rb, or by substituting Mo with W, should be quite interesting in this regard.
Possibly different behaviors with magnetic impurities and non-magnetic impuri-
ties would be very interesting in view of testing the spin and charge separation.
For the blue bronze, it is already known [146] that heavy doping with W results
in the reduction of the CDW transition temperature and the eventual quenching
of the CDW transition. Even purely from the CDW point of view, it would be

interesting to see spectroscopically how the electronic structure changes.

3. Temperature dependence. Only preliminary results have been obtained so far
for the ARPES temperature dependence on the blue bronze, quasi-2D purple
bronzes, and the Li purple bronze. A temperature dependent ARPES experiment
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is somewhat challenging, because temperature cycle accelerates surface degrada-
tion, and because often the photon spot moves to a different point of the sample
surface due to the contraction or the elongation of the sample holder. The latter
can be a problem if the sample is warped or consists of domains. Gap opening
is signaled in the blue bronze, but it also accompanies the surface degradation.
For 2D purple bronzes, interesting preliminary results indicate that temperature
dependence of the CDW gap is momentum dependent. For the Li purple bronze,
the small temperature dependence between 50 K and 200 K reported in the last
paragraph of section 7.3 needs to be reproduced. Also, our preliminary result
shows no gap opening between 20 K and 30 K. Although this is consistent with
the optical measurement, it also needs to be reproduced. In general, temperature
dependent ARPES on these materials are important to measure the CDW gaps
(blue bronze, quasi-2D purple bronzes), and to judge whether the origin of the

non-FL lineshape is thermal fluctuations or LL state.

. Lineshape analysis The Anderson-Ren [23] type lineshape analysis on the ARPES
spectra presented in this thesis is very interesting and also very intriguing. This
lineshape, characterized by a k-independent power law tail, has been suggested
to describe the ARPES spectra of high temperature superconductors. It is found
that all the bronze samples studied in this thesis show the Anderson-Ren type
lineshapes when the spectra are scaled appropriately. In contrast, TiTe; data can-
not be described by the Anderson-Ren type lineshape. One common aspect of
the bronze samples studied in this thesis is their (hidden) one dimensionality
of the electronic structure. It is then quite interesting that the Anderson-Ren
lineshape is in fact a model of a 1D LL lineshape modified by 2D kinematics,
a seemingly appropriate model for the bronzes also. Although currently there
is no microscopic understanding of the Anderson-Ren lineshape, documenting
the empirically found lineshapes and their density/doping/temperature depen-
dence would be quite interesting. A possible theoretical starting point to simulate
the Anderson-Ren lineshape is to integrate the 1D LL lineshape or to use a phe-
nomenological power law self energy [35]. It may be hoped that one can eventu-
ally understand the lineshapes of the high temperature superconductor (Fig. 1.5)

and the bronzes within a single model.

. New samples In addition to changing the properties of the existing samples, en-

tirely new kinds of samples should be tried. Candidates are carbon nanotubes
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and artificial structures on semiconductor surfaces, such as In wires grown on Si
[147]. Experimental studies of the CDW properties and LL behaviors of these ma-
terials are very scarce. Especially, carbon nanotubes are fascinating 1D materials
for which LL properties [148] and very low CDW transition temperatures [149]
are predicted. While the current sample quality is not ideal for an ARPES inves-
tigation, an angle integrated high energy resolution PES study combined with
the state-of-the-art sub-micron spatial resolution could already give a significant
amount of information. It may be hoped that the continous sample quality im-

provement leads to a successfull ARPES experiment on the nanotubes.

176



Bibliography

[1] C. Kittel, Introduction to Solid State Physics (6th ed. John Wiley and Sons, 1986).

[2] N.W. Ashcroft and N.D. Mermin, Solid State Physics (Holt, Rinehart and Winston,
1976).

[3] L.D. Landau, Sov. Phys. JETP 30, 1058 (1956); 32, 59 (1957).
[4] Photoemission in Solids, eds M. Cardona and L. Ley (Springer-Verlag, 1978).

[5] S. Hiifner, Photoelectron spectroscopy: principles and applications (2nd ed. Springer,
1996).

[6] FJ. Himpsel, Adv. Phys. 32, 1 (1983).

[7] L. Hedin and S. Lundqvist, Solid State Physics, Vol. 23, eds H. Ehrenreich, D. Turn-
bull and F. Seitz (Academic, New York) p. 1. (1969).

[8] T. Miller, W.E. McMahon, and T.-C. Chiang, Phys. Rev. Lett. 77, 1167 (1996).
[9] J. Yeh and I. Lindau, Atomic Data and Nuclear Data Tables 32, 1 (1985).
[10] E. Dietz, H. Becker and U. Gerhardt, Phys. Rev. Lett. 36, 1397 (1976).

[11] J. Hermanson, Solid State Comm. 22, 9 (1997).

[12] H. Daimon, S. Imada, H. Nishimoto and S. Suga, J. Elec. Spectro. Rel. Phenom. 76,
487 (1995).

[13] E.L. Shirley, L.J. Terminello, A. Santoni and FJ. Himpsel, Phys. Rev. B 51, 13614
(1995).

[14] D.A. Shirley, Phys. Rev. B 5, 4709 (1972).

[15] S.Tougaard and P. Sigmund, Phys. Rev. B 25, 4452 (1982); S. Tougaard, Phys. Rev. B
34, 6779 (1986).

177



BIBLIOGRAPHY

[16] N.V. Smith, Comm. Cond. Matt. Phys. 15, 263 (1992).
[17] W. Bardyszewski and L. Hedin, Physica Scripta 32, 439 (1985).
[18] N.V.Smith, P. Thiry and Y. Petroff, Phys. Rev. B 47, 15476 (1993).

[19] For example, see F. Reinert, R. Claessen, G. Nicolay, D. Ehm, S. Hiifner, W.P. Ellis,
G.-H. Gweon, ].W. Allen, B. Kindler and W. Assmus, Phys. Rev. B 58, 12808 (1998).

[20] C.G. Olson, R. Liu, D.W. Lynch, R.S. List, A.]. Arko, B.W. Veal, Y.C. Chang, P.Z.
Jiang and A.P. Paulikas, Phys. Rev. B 42, 381 (1990).

[21] R. Claessen, C. Wilde, E. Reinert, S. Hiifner, G.-H. Gweon, J.W. Allen, D.M. Poirier
and C.G. Olson, Phys. Rev. B. 56, 12643 (1997).

[22] A. Terrasi, M. Marsi, H. Berger, G. Margaritondo, R.J. Kelly and M. Onellion,
Phys. Rev. B 52, 5592 (1995).

[23] PW. Anderson and Y. Ren in High Temperature Superconductivity, eds. K.S. Bedell,
D. Coffey, D.E. Meltzer, D. Pines and J.R. Schrieffer (Addison-Wesley, Redwood City,
1990) p. 3; PW. Anderson, Physica B 199-200, 8 (1994)

[24] C.M. Varma, P.B. Littlewood, S. Schmitt-Rink, E. Abrahams and A.E. Ruckenstein,
Phys. Rev. Lett. 63, 1996 (1989).

[25] G.A. Sawatzky in High Temperature Superconductivity, eds. K.S. Bedell, D. Coffey,
D.E. Meltzer, D. Pines and J.R. Schrieffer (Addison-Wesley, Redwood City, 1990)
p- 297.

[26] L.-Z. Liu, R.O. Anderson and J.W. Allen, J. Phys. Chem. Solids 52, 1473 (1991)

[27] R. Claessen, R.O. Anderson, J.W. Allen, C.G. Olson, C. Janowitz, W.P. Ellis, S.
Harm, M. Kalning, R. Manzke and M. Skibowski, Phys. Rev. Lett. 69, 808 (1992).

[28] B. Dardel, D. Malterre, M. Grioni, P. Weibel, Y. Baer and F. Lévy, Phys. Rev. Lett. 67,
3144 (1991).

[29] Y. Hwu, P. Alméras, M. Marsi, H. Berger, F. Lévy, M. Grioni, D. Malterre and G.
Margaritondo, Phys. Rev. B 46, 13624 (1992).

[30] A.L. Fetter and ]J. D. Walecka, Quantum Theory of Many-Particle Systems (McGraw-
Hill, 1971).

178



BIBLIOGRAPHY

[31] J.M. Luttinger, Phys. Rev. 121, 942 (1961).
[32] E. Miiller-Hartman, Z. Phys. B 76, 211 (1989).

[33] R.D. Mattuck, A Guide to Feynman Diagrams in the Many-body Problem (2nd
ed. McGraw-Hill, 1976).

[34] See, e.g., ].W. Negele and H. Orland, Quantum Many Particle Systems (Addison-
Wesley, Menlo Park, 1988).

[35] K. Matho, J. Phys. Chem. Solids 56, 1735 (1995).

[36] R.E. Peierls, Quantum Theory of Solids (Oxford, 1955).

[37] ER.S. Frohlich, Proc. R. Soc. London Ser. A223, 296 (1954).

[38] T.M. Rice and G.K. Scott, Phys. Rev. Lett. 35, 120 (1975).

[39] R. Liu, C.G. Olson, W.C. Tonjes and R.F. Frindt, Phys. Rev. Lett. 80, 5762 (1998).
[40] G. Griiner, Density Waves in Solids (Addison-Wesley 1994).

[41] N.D. Mermin and H. Wagner, Phys. Rev. Lett. 28, 1133 (1966).

[42] P.C. Hohenberg, Phys. Rev. 158, 383 (1967).

[43] D.J. Scalapino, M. Sears and R.A. Ferrell, Phys. Rev. B 6, 3409 (1972).
[44] P.A. Lee, T.M. Rice and PW. Anderson, Phys. Rev. Lett. 31, 462 (1973).
[45] M.]. Rice and S. Stréssler, Solid State Comm. 13, 1389 (1973).

[46] M.V. Sadovskii, Sov. Phys. JETP 50, 989 (1979).

[47] R.H. McKenzie and D. Scarratt, Phys. Rev. B 54 R12709 (1996).

[48] O. Tchernyshyov, Phys. Rev. B 59 1358 (1999).

[49] R.H. McKenzie and J.W. Wilkins, Phys. Rev. Lett. 69, 1085 (1992).

[50] PW. Anderson, The Theory of Superconductivity in the High-T, Cuprates (Princeton
University Press, 1997).

[561] FED.M. Haldane, J. Phys. C 14, 2585 (1981).

[52] D.L. Cox, Phys. Rev. Lett. 59, 1240 (1987); P. Nozieres and A. Blandin, J.
Phys. (Paris) 41, 193 (1980).

179



BIBLIOGRAPHY

[53] ].M. Luttinger, J. Math. Phys. 4, 1154 (1963); D.C. Mattis and E.H. Lieb, ].
Math. Phys. 6, 304 (1965); A. Luther and I. Peschel, Phys. Rev. B 9, 2911 (1974).

[54] K. Schonhammer and V. Meden, Amer. J. Phys. 64, 1168 (1996); K. Schonhammer,
cond-mat/9710330.

[55] J. von Delft and H. Schoeller, Annalen der Physik 7, 225 (1998).

[56] PW. Anderson, Phys. Rev. Lett. 18, 1049 (1967).

[57] PW. Anderson, Phys. Rev. Lett. 64, 1839 (1990); Phys. Rev. Lett. 65, 2306 (1990).
[58] V. Meden and K. Schonhammer, Phys. Rev. B 46, 15753 (1992).

[59] J. Voit, Phys. Rev. B 47, 6740 (1993).

[60] P. Kopietz, V. Meden and K. Schonhammer, Phys. Rev. Lett. 74, 2997 (1995).
[61] K. Schonhammer and V. Meden, Phys. Rev. B 47, 16205 (1993).

[62] ]. Voit, Rep. Prog. Phys. 58, 977 (1995).

[63] H.]J. Schulz, Int. J. Mod. Phys. B5, 57 (1991).

[64] K. Penc, F. Mila and H. Shiba, Phys. Rev. Lett. 75, 894 (1995).

[65] H.J. Schulz, ]. Phys. C 16 6769 (1983).

[66] M. Fabrizio and A. Parola, Phys. Rev. Lett. 70, 226 (1993).

[67] R. Claessen, R.O. Anderson, G.-H. Gweon, W.P. Ellis, J.W. Allen, C. Janowitz,
C.G. Olson, Z.X. Shen, V. Eyert, M. Skibowski, K. Frimelt, E. Bucher and S. Hiifner,
Phys. Rev. B 54, 2453 (1996).

[68] K. Koike, M. Okamura, T. Nakanomyo and T. Fukase, J. Phys. Soc. Jpn. 52, 597
(1983)

[69] D.K.G. de Boer, C.F. van Bruggen, G.W. Bus, C. Coehoorn, C. Haas, G.A. Sawatzky,
H.W. Myron, D. Norman and H. Padmore, Phys. Rev. B 29, 6797 (1984).

[70] Th. Straub, R. Claessen, P. Steiner, S. Hiifner, V. Eyert, K. Frimelt and E. Bucher,
Phys. Rev. B 55, 13473 (1997).

[71] D.S. Dessau, Z.-X. Shen, D.M. King, D.S. Marshall, L.W. Lombardo, P.H.
Dickinson, J. DiCarlo, C.-H. Park, A.G. Loeser, A. Kapitulnik and W.E. Spicer,
Phys. Rev. Lett. 71, 2781 (1993).

180



BIBLIOGRAPHY

[72] M. Randeria, H. Ding, J.-C. Campuzano, A. Bellman, G. Jennings, T. Yokoya, T.
Takahashi, H. Katayama-Yoshida, T. Mochiku and K. Kadowaki, Phys. Rev. Lett. 74,
4951 (1995).

[73] M.C. Schabel, C.-H. Park, A. Matsuura, Z.-X. Shen, D.A. Bonn, R. Liang and W.N.
Hardy, Phys. Rev. B 57, 6107 (1998).

[74] J.W. Allen, G.-H. Gweon, R. Claessen and K. Matho, J. Phys. Chem. Solids 56, 1849
(1995).

[75] N.E. Bickers, D.L. Cox and J.W. Wilkins, Phys. Rev. B 28, 4315 (1983).

[76] S. Harm, R. Diirig, R. Manzke, M. Skibowski, R. Claessen and J.W. Allen,
J. Elec. Spectro. Rel. Phenom. 68, 111 (1993).

[77] P. Allen and N. Chetty, Phys. Rev. B 50, 14855 (1994).
[78] K. Matho, preprint.
[79] C.W. Greeff, H.R. Glyde and B.E. Clements, Phys. Rev. B 45, 7951 (1992).

[80] LH. Inoue, I. Hase, Y. Aiura, A. Fujimori, Y. Haruyama, T. Maruyama and Y.
Nishihara, Phys. Rev. Lett. 74, 2539 (1995); I.H. Inoue, Y. Aiura, Y. Nishihara, Y.
Haruyama, S. Nishizaki, Y. Maeno, T. Fujita, J.G. Bednorz and E. Lichtenberg, J.
Elec. Spec. Rel. Phenom. 78, 175 (1996).

[81] P. Lloyd, J. Phys. C 2, 1717 (1969).
[82] E. DiMasi, B. Foran, M.C. Aronson and S. Lee, Chem. Mater. 6, 1867 (1994).

[83] Z.-X.Shen, D.S. Dessau, B.O. Wells, D.M. King, W.E. Spicer, A.]J. Arko, D. Marshall,
L.W. Lombardo, A. Kapitulnik, P. Dickinson, S. Doniach, J. DiCarlo, T. Loeser, and
C.H. Park, Phys. Rev. Lett. 70, 1553 (1993); H. Ding, M.R. Norman, J.C. Campuzano,
M. Randeria, A.F. Bellman, T. Yokoya, T. Takahashi, T. Mochiku and K. Kadowaki,
Phys. Rev. B 54, 9678 (1996).

[84] B. Dardel, M. Grioni, D. Malterre, P. Weibel, Y. Baer, and F. Lévy, J. Phys. Con-
dens. Matter 5, 6111 (1993).

[85] A. Terrasi, M. Marsi, H. Berger, F. Gauthier, L. Forr6, G. Margaritondo, R.J. Kelley
and M. Onellion, Z. Phys. B 100, 493 (1996).

181



BIBLIOGRAPHY

[86] P.Villars and L.D. Calvert, Pearson’s Handbook of Crystallographic Data for Intermetal-
lic Phases, 2nd ed. vol. 4, ASM International (1991).

[87] E. DiMasi, M.C. Aronson, J.F. Mansfield, B. Foran and S. Lee, Phys. Rev. B 52,
14516 (1995).

[88] J.W. Allen, S.-J. Oh, O. Gunnarsson, K. Schonhammer, M.B. Maple, M.S.
Torikachvilli and I. Lindau, Adv. Phys. 35, 275 (1987), and references therein.

[89] J.W. Allen, LI Johansson, I. Lindau and S.B. Hagstrom, Phys. Rev. B 21, 1335
(1980).

[90] D.M. Wieliczka and C.G. Olson, unpublished.

[91] R. Hoffmann, J. Chem. Phys. 39, 1397 (1963); M.-H. Whangbo, R. Hoffmann and
R.B. Woodward, Proc. R. Soc. London Ser. A 366, 23 (1979). M.-H. Whangbo, M.
Evain, T. Hughbanks, M. Kertesz, S. Wijeyesekera, C. Wilker, C. Zhen and R. Hoff-

mann, EHMACC program for extended Hiickel molecular and crystal calculations.
[92] B. Foran, Ph. D. thesis, University of Michigan (1996).
[93] E. Canadell, Y. Mathey, M.-H. Whangbo, J. Amer. Chem. Soc. 110, 104 (1988).
[94] E. DiMasi, B. Foran, M.C. Aronson and S. Lee, Phys. Rev. B 54, 13587 (1996).
[95] R. Claessen, R.O. Anderson, J.W. Allen and C.G. Olson, unpublished.

[96] F. Zwick, H. Berger, I. Vobornik, G. Margaritondo, L. Forr6, C. Beeli, M. Onellion,
G. Panaccione, A. Taleb-Ibrahimi and M. Grioni, Phys. Rev. Lett. 81, 1058 (1998).

[97] P. Aebi, J. Osterwalder, P. Schwaller, L. Schlapbach, M. Shimoda, T. Mochiku and
K. Kadowaki, Phys. Rev. Lett. 72, 2757 (1994).

[98] J.C. Campuzano, H. Ding, M.R. Norman, M. Randeria, A.F. Bellman, T. Yokoya,
T. Takahashi, H. Katayama-Yoshida, T. Mochiku and K. Kadowaki, Phys. Rev. B 53,
R14737 (1996).

[99] M.-H. Whangbo, E. Canadell, P. Foury and J.-P. Pouget, Science 252, 96 (1991).

[100] K. Breuer, C. Stagerescu, K.E. Smith, M. Greenblatt and K. Ramanujachary,
Phys. Rev. Lett. 76, 3172 (1996).

[101] Low-Dimensional Electronic Properties of Molybdenum Bronzes and Oxides, ed. C.
Schlenker (Kluwer Academic Publishers, 1989).

182



BIBLIOGRAPHY

[102] J. Dumas and C. Schlenker, Int. J. Mod. Phys. B 7, 4045 (1993).
[103] J.L. de Boer and A. Meetsma, private communication.
[104] H. Kim, U.V. Waghmare, E. Kaxiras, Bull. Amer. Phys. Soc. 44, 526 (1999).

[105] M.-H. Whangbo, E. Canadell and C. Schlenker, J. Am. Chem. Soc. 109, 6308
2]
(1987).

[106] H. Vincent, M. Ghedira, J. Marcus, J. Mercier and C. Schlenker, J. Sol. State
Chem. 47, 113 (1983).

[107] M. Onoda, Y. Matsuda and M. Sato, J. Sol. State Chem. 69, 67 (1987).

[108] C. Escribe-Filippini, K. Konaté, J. Marcus, C. Schlenker, R. Almairac, R. Ayroles
and C. Roucau, Phil. Mag. B 50, 321 (1984).

[109] K. Terashima, H. Matsuoka, K. Soda, S. Suga, R. Yamamoto and M. Doyama, ]J.
Phys. Soc. Japan 57, 2557 (1988).

[110] Z.-X. Shen and D.S. Dessau, Phys. Rep. 253, 1 (1995).
[111] J. Graham and A.D. Wadsley, Acta Crystallogr. 20, 93 (1966).

[112] M. Ghedira, J. Chenavas, M. Marezio and J. Marcus, J. Solid State Chem. 57, 300
(1985).

[113] J.P. Pouget in Ref. [101].

[114] R. Brusetti, B.K. Chakraverty, J. Devenyi, J]. Dumas, J. Marcus and C. Schlenker in
Recent Developments in Condensed Matter Physics, Vol 2, edited by ].T. Devreese, L.F.
Lemmens, V.E. Van Doren and J. Van Royen (Plenum, New York, 1981) p. 181.

[115] G. Travaglini, P. Wachter, ]J. Marcus and C. Schlenker, Solid State Comm. 37, 599
(1981).

[116] W. Fogle and J.H. Perlstein, Phys. Rev. B 6, 1412 (1972).

[117] J.P. Pouget, S. Kagoshima, C. Schlenker and J. Marcus, ]. Physique 44, L-113
(1983).

[118] C. Escribe-Filippini, J.P. Pouget, R. Currat, B. Hennion and ]. Marcus, Lecture
Notes in Physics 217 (Springer Verlag) p. 71 (1985).

183



BIBLIOGRAPHY

[119] D.C. Johnston, Phys. Rev. Lett. 52, 2049 (1984).
[120] R.S. Kwok, G. Griiner and S.E. Brown, Phys. Rev. Lett. 65, 365 (1990).
[121] J. Voit, J. Phys. (Cond. Matt.) 5, 8305 (1993); and private communication.

[122] ]J.P. Pouget, C. Noguera, A.H. Moudden and R. Moret, ]J. de Physique 46, 1731
(1985).

[123] M.H. Whangbo and L.F. Schneemeyer, Inorg. Chem. 25, 2424 (1986).

[124] F. Zwick, D. Jérome, G. Margaritondo, M. Onellion, J. Voit and M. Grioni,
Phys. Rev. Lett. 81, 2974 (1998).

[125] K. Breuer, K.E. Smith, M. Greenblatt and W. McCarroll, J. Vac. Sci. Tech. A 12,
2196 (1994); and private communication with K.E. Smith.

[126] ].Y. Veuillen, R.C. Cinti and E. Al Khoury Nemeh, Europhys. Lett. 3, 355 (1987).
[127] A. Wold, W. Kunnmann, R.J. Arnott and A. Ferretti, Inorg. Chem. 3, 545 (1964).

[128] S. Girault, A.H. Moudden and ].P. Pouget, Phys. Rev. B 39, 4430 (1989); J.P.
Pouget, B. Hennion, C. Escribe-Fillippini and M. Sato, Phys. Rev. B 43 8421 (1991).

[129] A. Luther and V.J. Emery, Phys. Rev. Lett. 33, 589 (1974).

[130] M.H. Whangbo, private communication.

[131] B. Dardel, D. Malterre, M. Grioni, . Weibel, Y. Baer, . Voit and D. Jérome, Euro-
phys. Lett. 24, 687 (1993).

[132] F. Zwick, S. Brown, G. Margaritondo, C. Merlic, M. Onellion, J. Voit and M. Gri-
oni, Phys. Rev. Lett. 79, 3982 (1997).

[133] M.-H. Whangbo and E. Canadell, ]. Am. Chem. Soc. 110, 358 (1988).

[134] M. Greenblatt, W.H. McCarroll, R. Neifeld, M. Croft and J.V. Waszczak, Solid
State Comm. 51, 671 (1984).

[135] C. Schlenker, H. Schwenk, C. Escribe-Filippini and J. Marcus, Physica 135B, 511
(1985).

[136] Y. Matsuda, M. Sato, M. Onoda and K. Nakao, J. Phys. C 19, 6039 (1986).

184



BIBLIOGRAPHY

[137] L. Degiorgi, P. Wachter, M. Greenblatt, W.H. McCarroll, K.V. Ramanujachary, J.
Marcus and C. Schlenker, Phys. Rev. B 38, 5821 (1988).

[138] For examples, see G. Travaglini and P. Wachter, Phys. Rev. B 30, 1971
(1984) (CDW) or L. Degiorgi, M. Dressel, A. Schwartz, B. Alavi and G. Griiner,
Phys. Rev. Lett. 76, 3838 (1996) (SDW).

[139] K.E. Smith, K. Breuer, M. Greenblatt and W. McCarroll, Phys. Rev. Lett. 70, 3772
(1993).

[140] M. Grioni, H. Berger, M. Garnier, F. Bommeli, L. Degiorgi and C. Schlenker,
Phys. Scripta T66, 172 (1996).

[141] R.H. McKenzie, Phys. Rev. B 52, 16428 (1995).
[142] K. Schonhammer, private communication.

[143] C. Kim, A.Y. Matsuura, Z.-X. Shen, N. Motoyama, H. Eisaki, S. Uchida, T. To-
hyama and S. Maekawa, Phys. Rev. Lett. 77, 4054 (1996); H. Fujisawa, T. Yokoya and
T. Takahashi, Solid State Comm. 106, 543 (1998).

[144] C.L. Kane and M.P.A. Fisher, Phys. Rev. B 46, 15233 (1992).
[145] S. Eggert, H. Johannesson and A. Mattsson, Phys. Rev. Lett. 76, 1505 (1996).

[146] L.E. Schneemeyer, FJ. DiSalvo, S.E. Spengler and ].V. Waszczak, Phys. Rev. B 30,
4297 (1984).

[147] T. Abukawa, M. Sasaki, F. Hisamatsu, T. Goto, T. Kinoshita, A. Kakizaki and S.
Kono, Surf. Sci. 325, 33 (1995).

[148] R. Egger and A.O. Gogolin, Phys. Rev. Lett. 79, 5082 (1997); C. Kane, L. Balents
and M.P.A. Fisher, Phys. Rev. Lett. 79, 5086 (1997).

[149] ]J.W. Mintmire, B.I. Dunlap and C.T. White, Phys. Rev. Lett. 68, 631 (1992).

185



