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(ABSTRACT) 

A high energy resolution transmission electron energy loss spectrometer was reas- 

sembled for this research project. The vacuum system, electron optical lenses, electronic 

control elements, and high voltage system were reconditioned. A CAMAC interface 

system was installed into the spectrometer, and a data collecting software package was 

developed which included a direct convolution method for removing the contributions 

of multiple scattering from the data. The spectrometer is running very well. Samples 

can be changed routinely without disturbing the performance of the spectrometer. 

The research conducted for this thesis was an investigation of the optical properties 

of the high temperature superconductors of Bi,Sr,Ca,_,Cu,O,(n = 1,2) by transmission 

electron energy loss spectroscopy. A thin film of Bi,Sr,CaCu,O, was prepared by the 

flux method. A single crystal of Bi,Sr,CuO, also was grown from which a self- 

supporting thin film was prepared. 

The energy loss spectra of Bi,Sr,CaCu,O, and Bi,Sr,CuO, materials were investi- 

gated, and the dielectric functions of these materials were derived by Kramers-Kronig 

analysis. A broad excitation centered at 2.7eV was identified as associated with the 

Cu — O, layer by comparing the spectrum of Bi,Sr,CaCu,O, with that of Bi,Sr,CuO,.



A pseudo gap of 1.2eV in the spectrum of Bi,Sr,CuO, suggests that the one electron 

approximation for states derived from the hybridization of O 2p, and Cu3d,_,2 orbital 

might not be valid. Two excitations at 3.6eV and 4.6eV were observed in both spectra. 

Comparing the spectrum of Bi,Sr,CaCu,O, with that of Bi,Sr,CuO, suggests that the 

3.6eV excitation is associated with the Bi—O layer. It was concluded that the 3.6eV 

and 4.6eV excitation are a spin-orbit doublet derived from the atomic bismuth 6p level. 

This identification is based on a comparison of Bi core level excitations from electron 

energy loss spectroscopy with X-ray photoemission measurements. A simplified atomic 

energy level picture of Bi in BiSr,Ca,_,Cu,0,(m = 1, 2) is presented. A 1.0eV excitation 

in the energy loss spectrum of Bi,Sr,CaCu,O, was observed, and its dispersion relation- 

ship with the momentum transfer qg is presented. A Drude model was used to describe 

this controversial excitation.
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Chapter I 

Introduction 

Transmission electron energy loss spectroscopy in solids consists of measuring ine- 

lastic scattering of high energy electrons (~ 100keV ) transmitted through a thin film. 

The energy lost and the momentum transferred to the solid by the scattered electron is 

measured accurately. The scattering process is shown in figure 1.1. The first electron 

energy loss experiment was carried out by Rutheman in 1941. It was not until the 1960s 

that electron energy loss techniques to probe the properties of solid state material were 

fully developed. Although, due to the difficulty of sample preparation, this technique 1s 

not as widely used as optical techniques to study the properties of materials, it has some 

advantages over optical methods. First of all, this technique can be used to study optical 

properties of materials from near infrared all the way to soft X-rays. Unlike the optical 

reflectance measurement which is very sensitive to the surface condition of the sample 

especially in the far-ultraviolet region, the electron energy loss spectrum represents the 

bulk properties of the material. Second, the electron energy loss spectrum can be 

measured with certain momentum transfer and can be used to study the momentum 
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Figure 1.1. Electron scattering in solid state thin film. 
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dispersion of plasmas, excitons and other excitations, as well as to give limited informa- 

tion regarding the band structure of materials. The capability of probing the electronic 

structure at finite momentum transfer also allows one to observe monopole and 

quadrupole transitions which are forbidden in optical measurements. Third, it is far 

easier to study the anisotropic properties of a single crystal by measuring the electron 

energy loss spectrum than by using the optical method. 

The cross section for electron scattering in the forward direction is directly propor- 

tional to the loss function, Im[ — 1/e], where ¢ is the complex dielectric function. The 

strongest features in the energy loss function are typically plasmon (free and bound) 

which are associated with the real part of the dielectric function, ¢,, going through zero 

and the imaginary part, ¢,, being small. The real and the imaginary part of the dielectric 

function can be obtained from the loss function by a Kramers-Kronig analysis. Com- 

bining optical measurements, which generally have better resolution, with energy loss 

studies will give a much better view of the electronic structure of solid state materials. 

The type of electron energy loss spectrometer which was used in this thesis project 

was developed by S.E. Schnatterly, J.J. Ritsko (Ph.D. student), and their colleagues in 

the early 1970s. It is basically a high energy electron transmission instrument. It has 

high energy resolution (about 0.1eV) and high momentum resolution (about 0.04A-!) 

with a relatively high intensity electron beam. It isa very unique small electron linear 

accelerator. The transmission electron spectrometer provides a reliable and unique way 

to study the dielectric function of solid state thin films (thickness $1000A) as a function 

of momentum transfer (0< q<6A-!). One can measure surface excitation at small 

momentum transfer ( gS0.1A-! ). At larger momentum transfer, the spectrum is domi- 

nated by bulk properties of the film. The spectrometer currently housed in the Physics 
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Department at Virginia Tech, was originally built by J.J.Ritsko when he was at the 

Xerox Webster Research Center in late 1970s and was kindly donated to Virginia Tech 

by Xerox Webster Research Center in 1985. 

In recent years, a family of high-T, copper oxide superconductor materials has been 

discovered. There are two interesting puzzles in the materials which are fascinating the 

solid state physics community all over the world. One puzzle is that the transition 

temperature of superconductivity in these materials appears to be well beyond the limit 

of conventional BCS superconductivity theory which successfully explains supercon- 

ducting phenomena in normal metals. This phenomenon raises the question of the 

mechanism of superconductivity in these materials. In just a few years, a number of 

models of superconductivity in the new materials have been suggested. These newly 

proposed mechanisms can be divided into two classes. The first one would be a modified 

BCS theory which means that the superconductivity in the new class of materials can 

be described by a conventional BCS theory except that instead of phonons there is an- 

other kind of boson such as an exciton, acoustic plasmon, and so on, to mediate the 

coupling of electrons into Cooper pairs. The other class of theory proposes a totally new 

revolutionary mechanism, such as a spin liquid theory. So far, which approach, if either, 

is correct is still not known. Since the electron Fermi liquid assumption is the corner- 

stone of BCS theory or modified BCS theory, it is very important to see if the carriers 

in the new materials act like a conventional electron gas. One of the best places to look 

for evidence of an electron gas is the free-carrier plasmon and its dispersion with mo- 

mentum q. The other interesting feature which puzzles most solid state physicists is 

that the electronic structure of these new materials apparently cannot be described by a 

conventional band structure calculation from the one electron approximation. There- 

fore, it is very important to provide experimental data for people to understand the 
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normal state of these materials. It is difficult to measure the optical spectrum from in- 

frared all the way to far-ultraviolet due to the uncertain surface quality of the sample. 

The electron energy loss provides an alternative way to study the optical properties of 

these materials. Of course, the preparation of a 500A thick film, which electron energy 

loss measurements require, is an extremely difficult step in the experiment. 

This thesis is separated into two parts. The first part of the thesis discusses the 

general technique of electron energy loss spectroscopy and instrumentation of the ex- 

periment. The second part discusses the electron energy loss spectra of Bi,CaSr,Cu,O, 

and Bi,Sr,CuO, in detail and draws conclusions regarding the electronic structure of 

Bi,Sr,Ca,_,Cu,O,(n = 1,2) from the energy loss spectrum. 

Chapter 2 describes the basic theory of electron energy loss scattering in solid state 

materials and the way in which the dielectric function can be derived from the energy 

loss spectrum as an introduction to our experiment. 

Chapter 3 describes the spectrometer and the sample preparations. The 

spectrometer, which was originally built by J.J. Ritsko, was rebuilt during the period of 

this research project. The computer interface was installed into the spectrometer, and 

the software package for the data collection was developed. The vacuum, and the high 

voltage systems were reassembled and the electron optics lenses and electronic control 

elements were reconditioned. The spectrometer is running in a very stable condition, 

and the sample can be routinely changed without disturbing the performance of the 

spectrometer. 
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Chapter 4 describes a direct convolution method to correct the the energy loss 

spectrum for multiple scattering. The procedure is applied to the spectra taken on an 

amorphous carbon film in order to demonstrate its application. 

The second part of this thesis appears in chapter 5. Section 5.1 and section 5.2 de- 

scribe the structure and the problem of the electronic structure of high — 7, materials 

as an introduction to the main topic of this thesis. In order to clarify the nature of the 

excitations in multicomponent high—T, materials, the dielectric functions of two mate- 

rials differing only in the number of Cu—O, planes contained in their respective unit 

cells are studied by electron energy loss spectroscopy. The reflectance spectra are also 

discussed. 

Section 5.3 discusses the controversial excitation seen in the near infrared region by 

optical and energy loss measurements. The dispersion of this excitation with momentum 

transfer was measured. A comparison between our energy loss experiment and our op- 

tical measurements concludes that this excitation is described well by the Drude model. 

But this model is inconsistent with optical measurements in the far infrared made in 

other investigations. 

In section 5.4, the energy loss spectrum of Bi,Sr,CaCu,O, and Bi,Sr,CuO, are pre- 

sented. The dielectric functions of both materials are derived from the energy loss 

spectrum. The reliability of the data was checked by comparing the dielectric function 

derived from energy loss measurements with the dielectric function derived from fitting | 

reflectance measurement data. Two excitations at 3.6eV and 4.6eV were observed. A 

comparison between the spectrum of Bi,Sr,CaCu,O, and of Bi,Sr,CuO, indicates that 

a broad excitation centered at 2.7eV is from the Cu—O, plane. A 1.2eV pseudo gap 

is observed in the Bi,Sr,CuO, spectrum. The 3.6eV excitation and 4.6eV excitation are 
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assigned to the Bi—O plane by comparing the spectrum of Bi,Sr,CaCu,O, with that 

of Bi,Sr,CuO, and by comparing the core level excitations in the energy loss spectrum 

with the photoemission experiment. A simplified picture of the Bi atomic levels in 

Bi,Sr,Ca,_,;Cu,O, is presented from these investigations. 
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Chapter II 

Electron Energy Loss Theory and Dielectric 

Function 

2.1 Electron Scattering Theory 

An electron with high energy £, and momentum hk, is scattered by a thin film to 

the state of energy E, and momentum hk,. The energy loss and momentum transfer 

from the incoming electron to the sample are (shown in figure 1.1), 

b [2.1] 

bo
ty
 

lo
ot
 

o
b
 

im
 | im
 

where typically in transmission electron energy loss spectroscopy, |q| << |&,| and 

E<<&,. Even with core level excitation of order 10?eV, the energy loss is still small 
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compared with the energy of the incoming electron which is 10°eV. By using equations 

2.1, one obtains 

  

G=q,+q [2.2] 

where, 

4 “Bae [2.3] 

qi = ko sin OxkyO, 

~~ and where fis —. The q\ is in the direction of the electron beam, and q|_ is per- 

pendicular to the direction of the incoming electron beam. 

Through the coulomb interaction between an incoming electron and electrons in the 

solid state material, the incoming electron excites the sample from the ground state into 

an excited state and imparts momentum to the excitation. At the same time the in- 

coming electron changes its direction and energy. By measuring the change of the probe 

electron after it is scattered in the material, one can study the properties of the solid state 

material including plasmons, interband transitions, and excitons. In the experiment, the 

  partial differential cross section is measured. The partial differential cross 
ao 

dEdQ 

section is proportional to the probability of an incoming electron scattered by an angle 

@ into an element of solid angle dQ with an energy loss between EandE+dE. The 

coulomb interaction between a probe electron and the electrons in the material is 

N 

v=) [2.4] 
ix] lr —7,| 
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where 7, and ¢ are the positions of the electrons in the sample and that of the probe 

electron, respectively. The wavefunction of the probe electron before and after it is 

scattered by the sample is, 

  ly > =e elt? [2.5] 
WV 

and, 

7 l ik, oF 
lk, >=——e™ 2.6 W [2.6]   

respectively. V is a normalization volume for the free electron wavefunction. The initial 

and final state of the sample can be assumed as ln> and |0>, respectively. In the 

Born approximation, the cross section for the interaction can be written 

da v2 ky m2 7 ; 2 
—————_—_. = ——_ — ( —— <n,k,|U|k,,O> |“6(E-—E, +h 2.7 dEdQ N, ho Dep? ? | A, 1| | Os | (E- 0+ w) [ ] 

where WN, is the number of atoms in the sample. Assuming the probe and target states 

are weakly coupled, then |n,k >~|n>|k > and the space integral of the initial state 

and final state free electron wavefunction with coulomb interaction in between can be 

  

written 

7 e” , Ane? -~ = 
< k,| ~—— | > = > explig °7;] [2.8] 

lr —7,| Vq 

where, 

q=ky-k, [2.9] 
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Equation 2.8 is equivalent to the Fourier component of the potential at the point 7 due 

to the point charge distribution at 7, in space with density é(r —7,). 

sumption of |k,|~|&,| and calculations above, equation 2.7 becomes, 

d’a _ a 4 
dEdQ ON, (ga) 
  

where a is the Bohr radius. By using the definition of the 6 — function as, 

5(w) = — | ear, 

one can write equation(2.10) as, 

    

  

2 
d’s 4a - 

where, 

S(q, w) = sy [erat < oln_g(e)ng(0) 10> 
a 

and, 

N N 

n_ —(t) = ye qr) _ [area °r > 6¢ _ 7) 

i=1 i=] 

| <nl) e@*"|0> |*5(Ey — E;— ho), 
i 

Under the as- 

[2.10] 

[2.11] 

[2.13] 

[2.14] 

[2.15] 

where N is the number of electrons in the sample. S(q,) is a well-known function-- 

the Fourier transformation of the charge density-density correlation function. Equation 
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2.13 illustrates that the energy dissipation of the probe electron in the sample is directly 

proportional to the charge density fluctuations which was first derived by Van Hove in 

1954. The function S(g,w) is a bridge between experiment and theory. 

The Feymann diagram for the electron energy loss scattering is presented in figure 

2.1, in which the incoming electron emits a virtual photon with a propagator as 

2 

= and the electron in the solid material absorbs it and is excited from the ground 

state. Due to the total energy and momentum conservation in the scattering process, 

the transition of the probe electron represents the electronic properties of the solid state 

material. 

In equation 2.10, the exponential term can be expanded as, 

~ = 

eT abi eF +L Ge7) +: [2.16] 

The first term contribution to the cross section is zero due to the orthogonality of initial 

and final states. The second term, which dominates the contributions at very small 

momentum gq, contributes to the cross section as a dipole transition. This is equivalent 

to an optical transition in the limit ¢g—0O and obeys dipole selection rules. For large 

momentum transfer (gr,~ 1), the contribution of the second term to the cross section 

would be comparable or even larger than that of the second term. This term causes a 

monopole or a quadrupole transition which is described in optical spectra as a forbidden 

transition. The electric monopole transition in solid state materials was first observed 

in tetracyanoquinodimethane in 1976 by J.J. Ritsko, et al. measuring the electron energy 

loss spectrum at a high momentum transfer. However, the forbidden transitions had 

been well known for a long time among atomic physicists and chemists who used ine- 

lastic electron scattering to study individual atoms and molecules in the gaseous state. 
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Figure 2.1. Electron scattering process in solid state materials. 
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2.2 Energy Loss Function and Kramers-Kronig Analysis 

Although equation 2.13 gives a relationship between the cross section and the 

density-density correlation function, the dielectric function is often of more interest. 

Using the definition of the dielectric function and the perturbation theory of quantum 

mechanics, the energy loss function can be derived as, 

1 _ 4n*e’N, 

e(q, @) q° V 
  Im[ — I <nl) ec "10> [75(E,— Eo + ho) [2.17] 

i 

Therefore, the electron energy loss probability P, at a certain angle and a certain energy 

iS, 

d°P Na a t I = se = (ae) al - I 
dEdg? Vk? GEdQ ° npc” g e(q, @) 

  [2.18] 

where ¢ is the thickness of the sample, f 1s > , in which v is the velocity of the in- 

coming electron beam. 

The dielectric function changes slowly with momentum g and in most cases can 

be assumed independent of g. Thus the cross section of inelastic scattering decreases 

as 7 As shown by equation 2.2 and equation 2.3 the momentum transfer not only 

depends on the scattering angle but also on the energy loss of the probe electron, which 

might complicate the energy loss function measurement. Fortunately, q| is very small 

for the energy loss range of 0 to 100eV. For example, 4 is 0.02A-! for energy loss 

of 20eV when the incident electron energy is 80keV. For measurements in the limit 
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q—0, we generally take g=0.1A~ so that contributions to the cross section from 

Cerenkov losses and surface excitations are negligible and g, is much larger than qi: 

The dielectric function in equation 2.18 is the longitudinal field response of the 

materials. The longitudinal field response means that the direction of the electric field 

which is produced by a probe electron is parallel to the momentum g. This is contrary 

to the optical dielectric function in which the direction of the electric field produced by 

a photon is perpendicular to the direction of momentum gq. Needless to say, as 

qg—0, the two dielectric functions should be equivalent. This is what the electron en- 

ergy loss and optical experiments indicate within experimental error. 

Equation 2.18 is only for the single scattering cross section. It is unavoidable that 

the measurement of energy loss spectra involves not only single scattering, but also 

double, triple and even higher order scattering, which are not welcome in the spectra. 

Multiple scattering will be discussed in a later section of this thesis. For the time being, 

we will only discuss the single scattering process. 

According to equation 2.18, by measuring the absolute scattering cross section and 

the thickness of the sample, we can obtain the absolute value of Im[ — Go? but 
é(q, @ 

it is usually not feasible to do so experimentally. Practically, only a relative value for 

Imp -—— 
e(7, w) 

nary part of the reciprocal of the dielectric function, the optical dielectric function at one 

] can be measured. In order to obtain the absolute value of the imagi- 

point is needed. For metal, we usually use the dielectric function at E=0 asa reference 

point, since the imaginary part of the dielectric function, ¢, is infinity at E =0, which 

means that Re[ 4) =(. For semiconductor materials, sometimes the index of refrac- 

tion at E=0 can be used. Due to the lack of interband transitions in the far-infrared 
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region for insulator material, the dielectric function has a simple relationship with the 

index of refraction, that is n? = ¢,. 

Usually, the real and imaginary parts of the dielectric function are more interesting 

than the loss function, since the peak in the imaginary part of the dielectric function can 

be directly associated with the interband transition energy, while the peak in the loss 

function is displaced from the transition energy. The real and imaginary parts of the 

dielectric function are obtained from the loss function by Kramers-Kronig analysis. 

Unlike optical measurements, in which the use of Kramers-Kronig analysis is often lim- 

ited due to the narrow energy range of the measurement, the energy loss measurement 

can be made over a wide range which makes the Kramers-Kronig analysis more accu- 

rate, 

The real and imaginary parts of the dielectric function are linked by the Kramers- 

Kronig relation because the complex dielectric function, ¢, 1s a causal quantity. The 

loss function is also causal so that a Kramers-Kronig transformation between 

Im[ — + J and Rel 4) exists 

    

  

1 2 °° l E'dE’ 
Re -1-2p| Imf — - 2.19 (yy la i— Pim - Tey la [2.19] 

In the limit as E-0, one obtains, 

lL yy 2 pl pr 1 EE Re[ (0) jJ=1-F Pf Im[ AE) 1 EB [2.20] 
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According to equation 2.20, one can normalize the energy loss function, by using the 

| 1 1 , , 
=Q for metals and Ref ——]=-——— for insulators, includin =(0) 9 10) g 

semiconductors. The normalization of the energy loss spectrum by equation 2.20 is 

  value, Ref 

sensitive to the spectrum of the low energy range and less sensitive to that of the high 

energy range due to the weighting factor + in the integrand. 

From Rel 4) and Im[ — + ], one can calculate the complex dielectric constants 

as, 

e(£) = €,(E) + ie,(E) 

_ Re[ +] + ‘imp — + [2.21] 

(Ret +3)? + mp-+)7 
  

2.3 Optical Constants and f-sum Rule | 

From equation 2.21, one can calculate the dielectric function from the energy loss 

function. The comparison between the dielectric function from optical measurements 

and from electron energy scattering measurements would be very helpful in analyzing the 

electronic properties of materials and in assessing the reliability of the optical and energy 

loss data. In this section, we list several useful formulas which can be used to calculate 

the optical constants from the dielectric function. 

The refractive index, in which n and&k are both positive, is defined as, 
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N= Ey + 1E> =nA+ ik [2.22] 

and real and imaginary parts of the dielectric function can be derived as, 

  

2 2 —_ke= 
" “I [2.23] 

2nk = €, 

From equation 2.23, one can calculate, 

1 
n= > (Ver +e +) 

[2.24]   

l 7) 
k= / 4 e; + &) — &)) =a 

The optical normal reflectance of materials is often measured. The reflectance can be 

written 

—1° +h? pao 125 
(n+l) +k 

The absorption coefficient «, which is usually associated with optical transmission 

measurements, is, 

2E E 
= he = The & eee) 

where E is the energy of the photon. The transmission of a sample for which the 

thickness d is larger larger than the wavelength of the light is 

l _ R 2 _—ad 

area ean _ é 
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where R is the normal reflectance of the material. If the sample thickness d is com- 

parable with or smaller than the wavelength of the light, the interference between two 

surfaces of the sample should be considered and the transmittance is then, 

  

  

l1—7?|? 2E 
= expl — —— kd], [2.28] 

|1 — ’expf —278]|° he 

where, 

o~ 

p=-> nd, 

yatol [2.29] 
n+1 

n =n — ik, 

The other useful quantity is the frequency dependent conductivity a, 

W Es, 
o=—eE 

An 2” Anh’ 
  [2.30] 

This quantity, which is also called the optical conductivity, can be directly associated 

with the f— sum rule and is proportional to the transition matrix. The f— sum rule is, 

| ¢, EdE = > (hw,)’, [2.31] 
0 

where, 

2 Anne’ [2.32] 
pT Mm ? ° 
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and n is the charge density. The total integral of Ee, is proportional to the number 

of electrons which are involved in the transition process. By integrating from Oto E, 

we can obtain the energy dependent function as, 

m* Soap 
Nord E) = | EE dE’ ; [2.33] 

2n eh” “0 

which indicates the effective number of electrons contributing to the optical transition 

up to the energy E. There is also an f— sum rule for the energy loss function, 

* a — = (hy) | Im[ AB JEdE = 5 (hw,)’, [2.34] 

which is usually used to check the multiple scattering correction of the energy loss 

function and Kramers-Kronig analysis. The factor E in the integrand makes equation 

2.34 an ideal tool to check the multiple scattering correction since the multiple scattering 

events contribute most to the spectrum in the high energy region. 
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2.4 Drude-Lorentz Model and Plasmon of Free Electron 

Gas 

In most cases, the dielectric function of a material can be phenomenologically de- 

scribed by a classical model which is known as the Lorentz model, even though quantum 

mechanics plays a very important role in the dielectric function of solid state materials. 

It is assumed that the excitations of the electron can be expressed by a sum of oscillators 

which satisfy the equation of motion, 

a a 2.35 i + Yi + wr] = eE(t) [2.35]   

mi 

where m, y, andq@, are the masses, the damping constants, and eigenfrequencies, re- 

spectively, of the oscillators. By solving that equation and using the definition of the 

dielectric function, we obtain, 

2 

e(@) = 1 — » + [2.36] 2,. 
7 WO —@; + yw 

where, 

2 Anne’ 
i = 7; [2.37]   

Writing equation 2.36 in terms of f? makes clear the dimensionless character of the 

dielectric function. The Lorentz model is very useful as a crude first approximation for 

the dielectric function of solids, but significant differences exist between the experimental 
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data and predictions based on the Lorentz model because of the width and overlap of 

energy bands. 

If the material has a metallic behavior, the dielectric function can be described by 

letting the center frequency of one oscillator go to zero, 

2 
w fi 

e(w) = | -——+—- [2.38] 
wo + To » w* — w; + iyo 

For w<<q@,and w<< I1/y, 

w? 

e(w) = &,, — 2 7 
oO +u@ [2.39] 

i i 

Arne? 
where w?= me? in which n is the carrier density and m* is the effective mass of 

the carrier. This is well known as the Drude model. ¢e,, includes contributions from all 

the Lorentz oscillators to the real part of the dielectric function in the low energy limit. 

The damping constant [" is usually believed to be governed by the scattering rates be- 

tween carriers and phonons and impurities. However, during the 1970s, it was discov- 

ered that the band structure dominates the damping constant. This feature can only be 

explained by quantum mechanics (Sturm, 1976 and Gibbons and Schnatterly, 1977). 

From equation 2.39, the loss function, Im[ — + J, can be calculated as, 

  Im[ ---]= [2.40] 
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w, 
where w’, = Tee . There is a peak at w’, in the energy loss spectrum for metal. This 

Eo, 

  

is known as plasmon excitation, which is a collective longitudinal excitation of the con- 

duction electron gas. For simple metals like Al, the plasmon excitation can be well de- 

scribed by equation 2.40, but for a metal like Ag which has d electron transitions, the 

plasmon peak is strongly distorted by additional oscillators. 

According to the random phase approximation, the plasmon frequency disperses 

with momentum transfer as, 

2 
_, 3 YY 2 

o(g) =o’ (O)[1 +5 >—y aq +e], [2.41] 10 wo" 

where w’,(0) is the screened plasmon frequency at g=0 and vy, is the fermi velocity 

of the electron gas. Although the random phase approximation describes the plasmon 

frequency very well for many metals, there is substantial disagreement between the sec- 

ond term and the measured dispersion coefficient, even in simple metals (Raether, 1980). 
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Chapter III 

Instrumentation 

The energy loss spectrometer system used in this experiment was developed by 

Schnatterly and his collaborators (Gibbons, et al., 1975) in the early 1970s at Princeton 

University and is now located at the University of Virginia, Charlottesville. In the early 

1980s, J.Fink’s group (Fink, 1989) in Germany built a similar spectrometer with more 

computer control and a different high voltage design. This spectrometer is referred to 

as the Karlsruhe Spectrometer. The spectrometer at the Physics Department of Virginia 

Polytechnic Institute and State University was originally built in 1977 by J.J.Ritsko, who 

worked with Schnatterly as a Ph.D. student at Princeton, at the Xerox Webster Research 

Center near Rochester, New York. This spectrometer is very similar to the 

Charlottesville spectrometer except that its accelerating high voltage is lower, by a factor 

of three, than that of the Charlottesville spectrometer. 

This chapter describes the basic components of the spectrometer and the computer 

interface installation and development. For more detailed information on the design of 
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the electron optics, it is recommended that the reader refer to the Ph.D. thesis of 

J.J.Ritsko (1974) and the Ph.D. thesis of J.Fields (1975). In addition the method of 

sample preparation will also be discussed. 

3.1 General Description of the Spectrometer 

Figure 3.1 shows a block diagram of the spectrometer. The spectrometer can be 

classified in three divisions. One is the monochromator, which is a narrow energy width 

electron beam source, the second is the sample chamber, where the scattering between 

electron and sample takes place, and the third is the analyzer, which is the electron en- 

ergy loss detector. There are zoom lenses, acceleration regions, and deceleration regions 

as bridges between these three elements. 

The electron beam is generated from a tungsten dispenser cathode with an energy 

distribution width of about 1.0eV. After being filtered by a hemispherical analyzer in the 

monochromator, the electron beam has a width about 0.leV. This monochromator was 

originally designed by Kuyatt and Simpson in 1967 and is a high intensity narrow energy 

width electron gun. Following the monochromator, a zoom lens focuses the image of 

the electron beam from the monochromator into the sample chamber with variable 

magnification. The beam diameter at the target is inversely proportional to the angular 

distribution of electron trajectories through the sample. The zoom lens allows one to 

change the angular distribution of the electron beam which is equivalent to varying the 
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momentum transfer resolution. After passing through the zoom lens, the electron beam 

is accelerated to 80keV and focused on the target in the sample chamber. In order to 

observe those events in which the electron scatters by an angle 0, the beam 1s deflected 

upward in front of the target by an angle 6/2. In the target, it scatters downward 

through an angle @. After leaving the target, the beam is deflected upward again by 

6/2 so that those electrons which have scattered by @ in the target can pass through 

the decelerator to the analyzer. The rest of the spectrometer after the target chamber 

is a mirror image of the monochromator side with a deceleration region to slow down 

the electron beam and a zoom lens to transfer the image of the electron beam from the 

sample chamber to the analyzer. The hemispherical energy filter in the analyzer rejects 

all electrons except those which have correct energy. The electrons then reach the 

electron multiplier, where they are multiplied into a detectable electronic signal. 

The electron energy loss spectra are measured in the following steps. The 

monochromator and analyzer act as energy filters. If both sides have the same potential 

energy, the electron which passes through the sample without gaining or losing any en- 

ergy reaches the electron multiplier because the energy which is added to the electron to 

accelerate it to high speed is subtracted from the electron by the same amount in the 

deceleration region. Although the high voltage power supply has several hundreds volts 

ripple on the top of the high acceleration voltage, the electron travels so fast that it ex- 

periences an essentially constant high voltage while it travels from the monochromator 

side to the analyzer side (about several nanoseconds). This trick allows us to obtain a 

high energy resolution spectrometer in spite of a poorly regulated high voltage power 

supply. 
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By adding a negative voltage — E/e on the monochromator side, we give the 

electrons leaving the monochromator additional energy E. Then only electrons which 

lose energy E in the sample will have correct energy to pass through the analyzer and 

subsequently be counted in the electron multiplier. By changing the voltage — Efe on 

the monochromator side we obtain the electron energy loss spectrum. 

3.2 Vacuum and High Voltage System 

The electron scattering experiment needs high vacuum in order to avoid any un- 

necessary scattering between electrons and gas molecules and to prevent contamination 

of the sample surface. Usually, the pressure 10-°torr is good enough for this kind of 

electron spectrometer. These vacuum pressures can be easily achieved with an ion 

pump. In our system, we have three ion pumps, one for the sample chamber, one for 

the monochromator chamber and one for the analyzer chamber. Between each chamber, 

there is a vacuum valve which can supposedly stand the pressure difference between 

10-torr and atmospheric pressure. The two valves between the sample chamber and 

the monochromator chamber and between the analyzer and the sample chamber in the- 

ory allow us to keep the analyzer and the monochromator at high vacuum while opening 

the sample chamber and changing the sample. At the present time, for various reasons, 

one of the valves leaks. The operating procedure for high vacuum is as follows. Due 

to the small volume of the spectrometer, the whole system can be pumped at the same 

time, although it can also be pumped separately by closing the valves between different 
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sections. First an absorption pump ts used to slowly pump the gas out by slowly open- 

ing the valve of the system. In this way any strong turbulence in the vacuum system 

which might destroy the thin film of the sample due to sudden pumping of the vacuum 

system is avoided. It usually takes one hour to obtain a pressure of 10-*torr. In order 

to get rid of outgassing, mainly water molecules, from the inner wall and electron optics 

elements, the system is baked at 100°C overnight, and the absorption pump is again 

used to pump the system. The absorption pump ts shut off overnight; and if there is no 

leak in the vacuum system, the pressure will increases from ~ 10-torr to ~ Itorr. 

After the second pumping by the absorption pump, which usually takes two hours to 

get to equilibrium due to the long mean free path of gas molecules at high vacuum 

pressure, the ion pumps are started with the ion pump power supplies switch in the start 

position. The valve between the absorption pump and the system is closed by 20ft-lb 

torque. At the same time, the temperature of the ion pumps must be closely observed. 

If the ion pumps become too hot due to the larger pumping current, they should be shut 

off for a while to permit cooling. If the vacuum system is exposed to air for long, this 

procedure must be repeated several times before a good vacuum is obtained. Once the 

pressure in the system reaches 10-‘torr, the ion pumps can be placed in the protection 

mode. In order to pump down faster, the baking temperature can be increased to 

150°C. Baking temperatures over 200°C may result in a broken vacuum seal between 

the acceleration tube and the monochromator tube. It usually takes several days to 

pump down the system to 10-’torr, with baking tapes on. Turning off the baking 

tapes, we obtain 10“torr pressure, which is good enough for the electron scattering 

experiment. 
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The high voltage system is a crucial part of the spectrometer because of the nature 

of the electron transmission experiment. In order to carry out the transmission exper- 

iment, we have to avoid multiple scattering as much as possible, which means that the 

sample thickness should be comparable to the mean free path of the electron in the 

material. For characteristic excitation in aluminum, the inelastic mean free path of a 

20keV electron is 300A, whereas for a 300keV electron, the mean free path is 

2200A (Heinz Reather, 1980). The inelastic mean free path for an electron passing 

fo 
In(E/ho) 

relativistic limit at an acceleration voltage of about 1200keV. Considering economic 

through a free electron gas is proportional to but it saturates in the 

factors and the relativistic saturation of the mean free path, the best high voltage value 

is ~300KeV. The Charlottesville Spectrometer is operated at 300keV and the 

Karlsuhe Spectrometer is operated at 170keV. The spectrometer used here was ori- 

ginally designed for a 100keV high voltage system, but due to sparking problems, is 

usually operated at 80keV. It can be pushed to 95keV. The lower high voltage requires 

a thinner sample. For our spectrometer the sample needs to be thinner than 1000A. 

The high voltage is supplied by an Universal Voltronics system. The sample chamber 

sits on the 80keV high voltage. The voltage is then divided by a string of high impedance 

resistances of about 20MQ in order to distribute the high intensity static electric field 

evenly from the sample chamber to the ground voltage. The high voltage has to be 

slowly increased to a desirable value. Incidental sparking at the very beginning should 

not be a worry because dust in the high voltage region is burned off by the sparking. 

The high voltage usually drifts about 2kV during the first several hours. It takes one 

day for the high voltage power supply to become stable. 
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3.3 Electronic System 

There are two types of electronic systems in this spectrometer. The first is the 

electron beam control system, and the second is the data handling system. In the 

monochromator and analyzer, the electron beam is controlled by highly regulated volt- 

age power supplies with potentiometers controlling about fifty electron optical lenses 

and deflector plates. Each zoom lens is controlled separately by a high voltage power 

supply. On the monochromator side all power supplies, including zoom lens power 

supplies, are floated on a negative voltage power supply which determines the energy 

loss to be observed. On the analyzer side all power supplies are grounded. The accel- 

eration high voltage, as we mentioned in a previous section, is supplied by a Universal 

Voltronics power supply. In the sample chamber, the deflector plates which control the 

scattering angle of the electron beam are controlled by a fiber optic link from the ground 

voltage environment to the ultra high voltage environment. The second type of elec- 

tronic system is the data handling. The data handling consists of three quantities in this 

experiment, the scattering angle, the energy loss, and the energy loss intensity. 

Fiber Optics 

There are two scattering directions, horizontal and vertical, controlled by deflector 

plates in the target chamber. The voltage across one pair of deflector plates is set 

manually while the voltage across the other pair is controlled by the computer through 

a fiber optic link. The linear relationship between deflector voltage and scattering angle 

is calibrated by Bragg diffraction from a polycrystalline film. At present, a 6 bit D/A 

converter controlled by the fiber optic link is used. The resolution provided by the fiber 
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optic link is almost equal to or larger than the angular resolution of the actual electron 

beam. We could improve the fiber optic link D/A resolution by providing a 16 bit D/A 

converter. The fiber optic receiver box has two tuning sets. One is the offset and the 

other is the span. Due to an unavoidable small misalignment error and a small magnetic 

field, we have to apply a certain voltage in the sample chamber to compensate for the 

misadjustment of the direction of the electron beam. In order to reduce the complexity 

of the software design, an offset tuning in the fiber optics receiver box was designed. It 

is used to tune the electron beam straight and then add computer controlled voltage on 

the top of the offset voltage. The offset voltage can also be used as a manual control. 

The span tuning potentiometer allows us to adjust the total span voltage to correspond 

to the angular range of interest. 

Energy Loss Power Supply 

The energy loss is provided by a 16 bit D/A converter. A large capacitor is used to 

stabilize the controlling voltage. { Caution! If one applies any voltages above LOOV, the 

large capacitor could not only burn out the electronic device but could also be lethal to 

the operator. If one applies a voltage higher than 100V to study core level excitations 

for example, then it is important to slowly discharge the capacitor before handling the 

energy loss supply.) In addition to the 16 bit D/A converter for the energy loss power 

supply, a floating high precision power supply is used for two purposes: 1) to provide 

an offset voltage so that the energy loss won't inadvertently be set to zero when the 

electron multiplier is operating with high gain in the pulse mode, which will help save 

the electron multiplier from large current bombardment damage in case the computer 

fails, and 2) to provide an offset voltage to measure the spectrum beyond the D/A con- 

verter power supply range. 

Instrumentation 32



Electron Multiplier 

The energy loss intensity is measured by an electron multiplier in the analyzer. The 

electron multiplier is an EMI 9642/4B from THORN EMI. Currents from | to 10! 

electrons per second can be measured by this low noise device. Below 10’ per second, 

individual electrons can be recognized and counted by a fast electronics device; above 

that rate, the average current is measured through a micro-ampere meter. Although 

there are 17 stages of multiplication, a preassembled, bakeable resistor chain reduces the 

output connections to three. Those are the anode, last dynode, and first dynode. The 

anode is at a high positive voltage, the last dynode voltage is close to the anode voltage, 

and the first dynode voltage is close to ground. The highest gain of this 17 stage electron 

multiplier is ~ 10’. 

With high signal current, the gain of the electron multiplier is reduced, and the am- 

plified current is measured by a floating micro-ampere meter. The signal from the 

micro-ampere meter floating at a high voltage (several kilovolts) is transferred to the 

ground voltage environment by an isolation amplifier. The current reading is converted 

to a voltage which is read and stored by the computer through an analog-digital con- 

verter. This analogue circuit may create a ground loop when operating the electron 

multiplier at high gain in the pulse mode (see figure 3.2). With low signal rate the 

electron multiplier may be operated at full gain giving a signal pulse of about 5mV am- 

plitude with a pulse width of 1O0ns. The signal pulse is amplified by a low noise high gain 

preamplifier which is placed close to the output of the electron multiplier. The amplified 

pulse triggers the discriminator and is subsequently counted by a 32 bit scalar. The 

saturation bias voltage across the electron multiplier for pulse mode operation increases 

with the age of the electron multiplier. In order to prolong the life time of the electron 
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multiplier, we usually set the voltage as low as possible. Presently it is 2kV. The 

threshold voltage of the discriminator is set just above the the background noise and is 

not changed during the measurement. 

Preamplifier 

The preamplifier has two gain stages. It is designed to amplify the small width, low 

intensity pulse signals and to suppress the background noise. The first stage has a gain 

of about 20, and the second stage has a gain of about 2. In order to avoid any positive 

feedback from the second stage to the first stage, the power leads to each stage pass 

through low-pass filters. There are two protection diodes at the input of the preamplifier 

to protect the integrated circuit from a large pulse. In case the preamplifier fails, the 

diodes are the first components to check. 

Isolation Relay Switch 

The electron multiplier has background noise. For very low signal measurements, 

for instance the energy loss measurement near the band gap of a semiconductor, the 

background noise of the electron multiplier should be subtracted from the raw spectrum. 

Right after large current bombardment of the electron multiplier (for example, when 

using the current mode to measure main beam current), the noise background 1s high 

and slowly decreases as time elapses. It usually takes one hour to reach a point where 

the noise background becomes relatively stable. For very low signal measurements, the 

long hours of data accumulation require that the noise background be checked from 

time to time. In order to check the background an isolation switch relay was designed 
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to control the electron beam. The switch flips the hemisphere voltage on and off so that 

the signal or background can be measured. The isolation relay switch is controlled by 

a model 41 output register which has a fast NIM output current (output current is 0 for 

logic 0 and output current is -14mA for logic 1). A manual switch for the hemisphere 

in the analyzer is present. The relay switch remains in the same state as the manual 

control state if the register command is 0, and the relay switch changes the switch state 

into the opposite state of the manual state if the register command is 1. 

3.4 Interface System 

The spectrometer was built in the late 1970s, and therefore when it was brought to 

Blacksburg in 1985, the original computer and interface system were out of date. For 

the spectrometer, the standardized CAMAC (Computer Automated Measurement and 

Control) interface was adopted. This system offers flexibility, reduces special hardware 

and software efforts, and minimizes system obsolescence. In this section, the CAMAC 

interface units which were installed in the spectrometer will be discussed. 

Figure 3.3 shows a diagram of the interface for the spectrometer. A PDP-11 com- 

puter controls the CAMAC crate. In the CAMAC crate, there are three elements. One 

is a 16 bit digital-analog converter for energy loss, another is a 32 bit up/down pulse 

counter, and the third is a 12 channel register for switching between signal and back- 

ground. The fiber optic link control interface was built by the physics department elec- 
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tronics shop and uses the CAMAC crate for power. It communicates with the computer 

like a terminal using RS-232 protocol. 

Energy Loss 

The 16 bit D/A converter supplies the floating voltage on the monochromator side 

which corresponds to the energy loss being measured. Because the output of the 16 bit 

voltage is only 0 to 10V and has only positive polarity, a special amplifier was designed 

and fabricated by the electronics support group of this department to amplify the D/A 

output voltage with |, 2, 4, 8 gain values and to provide negative polarity. The amplifier 

is designed so that the precision and accuracy of the voltage is governed by the 16 bits 

D/A convert. Thus, the precision of the voltage on the 0-80 volts span is better than 

2mV. 

Energy Loss Intensity 

The 32 bit up/down counter has two channels. One channel, which is referred to 

as channel 1, controls the data accumulation time using a 20Mhz quartz clock, and the 

other channel, which is referred to as channel 2, counts the signal pulses. Before each 

measurement, the program sets the channel | scalar to a large number proportional to 

the data accumulation period and sets the channel 2 scaler to zero. Then the program 

resets a dataway inhibit, a command to block any data counting in the counters, and 

channel | begins counting down and channel 2 starts counting up. As soon as the 

counts in channel | go through zero, an interrupt signal is sent to the computer from the 

counter, and the computer immediately sets up a dataway inhibit to stop counting in 
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both channels. The computer reads data from channel 2 and stores it in disk memory. 

The computer then sets another energy loss value through the 16 bit D/A converter or 

sets another scattering angle through the fiber optic link control interface, clears channel 

2, and reassigns the same large number as in the previous measurement to channel 1. 

It resets the dataway inhibit and starts to count again. Because the clock frequency of 

20M Hz is generally much larger than the data rate, the uncertainty in the accumulation 

number of signal pulse due to the uncertainty in the clock period is minimized. 

Scattering Angle 

The fiber optic link interface is used to send a digital signal from ground voltage to 

the high voltage environment of the sample chamber. There are two fiber optical cables. 

One is the clock signal cable and the other is the digital signal cable. At the sample 

chamber, the end of the fiber optical cable, there is a 6 bit D/A converter. This con- 

verter has a 0-5V output span which controls two Bertan power supplies having opposite 

polarities. These supply the voltages to the deflector plates. Using a positive and neg- 

ative supply for the deflectors assures that the potential midway between the plates is 

equal to the target chamber potential and, thus, minimizes the focal strength of the de- 

flector plates. The maximum output of the power supplies is about SOOV. 
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3.5 Software System 

The microcomputer which controls the spectrometer uses the RT-11 Version 5.0 

operating system. The CAMAC controller module is from Interface Inc. In this section 

the program’s functions will be described. 

The program flow chart is shown in figures 3.4a, 3.4b, and 3.4c. This program is 

written in Fortran language with Fortran callable assembly code subroutines, It has two 

functions. One is measuring the diffraction pattern of the sample and the other is 

measuring the energy loss spectrum. In each case, the program repeatedly scans either 

energy loss or angle in order to average the random drift of the spectrometer operating 

conditions and to increase the counting statistics. At the end of each scan, the program 

turns the analyzer off in order to measure the background dark count. The total back- 

ground count is stored in the same data file with the energy loss spectrum. Another 

program takes this file and subtracts the background from the spectrum. 

The data files are so large that it is not feasible to keep the results of each scan. In 

order to reduce the storage space in hard disk, the program copies the data file into a 

temporary data file after each scan of the spectrum. When the program is in the next 

scan, it reads the data of the previous scan from the temporary data file and adds it to 

the new data. The resulting sum replaces the old data on the hard disk. After the last 

iteration of the program, the total sum of all scans is the last data written to the hard 

disk. When the data rate is low, it is sometimes necessary to accumulate data overnight. 

In order to avoid the total loss of all data due to an accident, such as power failure or 

thunderstorm, the program opens several data files on the hard disk and accumulates a 
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few hours of data on each file. For high intensity measurements, such as a plasmon peak 

or a diffraction pattern, a counting time of 0.5-1.0 second per point is used. For low 

intensity measurements we use a counting time of 2-10 seconds per point and scan se- 

veral times in order to average the random drift of the spectrometer operating condi- 

tions. 

The 32 bit counter is made up of two 16 bit counters, a low and high register, which 

the computer reads separately. A program module converts both 16 bit words into 16 

bit binary strings in the form of character values ‘0’ and ‘1’. For instance, if the counts 

is 5, the character value is 

BN(0:16) = ‘0000000000000101’. [3.1] 

Then, the low binary string and high binary string are combined to obtain a 32 bit binary 

string in the character number form. Finally, the 32 bit string binary is converted to a 

real number which is the energy loss intensity of the spectrum. 

Another program module allows one to reject data which is spuriously large. If the 

data rate is low, then power line fluctuations or cycling of the air-conditioner can trigger 

noise counts which are much larger than the signal counts. The program checks whether 

the data are reasonable by comparing the present point to the previous point. If the 

ratio of the two data points (F(E,,,)/F(E,)) is unreasonably larger, the computer then re- 

counts that point again. In order to avoid any locking due to real changes in the spec- 

trum, the recount is allowed only twice. This function helps us to get rid of most of the 

unwanted data points resulting from accidental noise. It was discovered that in our 

computer operating system (RT-11), any enable interrupt action could misplace the 

Fortran callable Fortran language subroutine code and cause the program to stop exe- 
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cution. If one wants to use the interrupt function, one should avoid using Fortran 

callable Fortran language subroutines in the program. However, the Fortran callable 

assembly language subroutine can be used with the enable interrupt function in the 

program. Since the Fortran callable subroutines in the CAMAC library which ts pro- 

vided by Interface Standard Inc. are written in assembly language, we can use most of 

these subroutines with the interrupt function in the program. However the interrupt 

function subroutine provided by Interface Standard Inc. does not work in our system. 

It either locks the computer up or forces the computer out of its operating system. 

Therefore, we wrote our own interrupt function subroutine in assembly code which is 

listed with the main Fortran program in the appendix of this thesis. In the interrupt 

subroutine program the number of commands should be minimized; in our case, we in- 

hibit the counting and disable the interrupt function (to prevent the computer from 

leaving the operating system). The flow chart of the interrupt subroutine is shown in 

figure 3.5. The enable interrupt command is executed whenever the program starts new 

data counting. 

3.6 Sample Preparation and Characterization 

The transmission electron energy loss experiment requires a self-supporting thin film 

sample, preferably less than 1000A thick. The sample preparation is an extremely dif- 

ficult step in this experiment. Although there are many methods to prepare samples for 

the electron microscope, only a few methods can be applied to prepare samples for 
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electron energy loss experiments because a much larger area (millimeters versus micro- 

meters) is required. The sample preparation requirement is one of the reasons why the 

transmission electron energy loss spectrometer has not been commercially available for 

solid state physics and material science research. 

This thesis is an investigation of two high- T, superconductor materials by the 
c 

electron energy loss method. Almost all high-7, materials have two peculiar properties: 

1) they are ceramic materials, 2) they have a layer structure. Of the cuprous-oxide 

superconductors, the Bi,Sr,Ca,,Cu,O, family is the easiest to prepare in a thin film be- 

cause the double Bi—O layers in the material are weakly bonded together and can be 

easily cleaved mechanically. We used the “Scotch tape method” to cleave our samples. 

The tape was applied to the surface of material which has a weak bond along the c-axis 

and was mechanically pulled apart by hand. If the process is repeated a sufficient 

number of times, very thin films are left on the tape. The tape then can be dissolved in 

an organic solvent such as chloroform, and the self-supporting thin film can be mounted 

on a 3-mm grid for the experiment. Unfortunately, due to the brittle nature of these 

materials sufficient area for a sample could not be obtained. The material broke in small 

pieces when the tape was dissolved. A modified Scotch tape method which was invented 

by Hines (Hines, 1975) was adopted. First, we carefully painted thermoplastic glue on 

a hot 100 mesh grid which was heated by applying a current through a strip of metal. 

After painting the grid, we cooled it down to room temperature at which point the 

thermo-glue was no longer adhesive. A sample, which was on Scotch tape, was placed 

on the thermo-glue coated cold grid and pressed against grid by a soft wood stick in 

order to get a uniform contact between sample and glue coated grid. Then we heated 

the grid up again until we could see the glue melting. Again, the grid was cooled down 

and, then, the tape was pulled away by hand. Sometimes, a very thin film was luckily 
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left on the grid, and the sample was then ready for the experiment. The whole process 

was carried out under an optical microscope. We made Bi,Sr,CuO, samples by this 

method. The bulk material for Bi,Sr,CuO, is prepared by melting the material at 

900°C in an aluminum crucible; then the temperature is slowly decreased at a rate of 

0.01°C/S to 830°C. A single crystal as large as 5 x 5mm can be found on the surface 

of the aluminum crucible. The AC inductance measurement performed by J.R.Long 

shows no superconducting transition above 1.9K. .The X-ray analysis shows the correct 

structure with c = 24.6A. 

The Hines method did not work for Bi,Sr,CaCu,O, because a large enough single 

crystal could not be grown. So, a flux method (Schneemeyer, et al., 1989) was used to 

grow directly a highly oriented polycrystalline thin film on KCl. We mix 20% 

Bi,Sr,CaCu,O, with KCl and fire it at 880°C where both Bi,Sr,CaCu,O, and KCl 

melt. We slowly decrease the temperature to 830°C at which point only KC? is still 

molten. A film of Bi,Sr,CaCu,O, floats on the surface of the KC/ liquid. We then let 

the furnace cool by itself. After it cools down to room temperature, a film from 

~ 10?A to several hundred micrometers thick is left on the surface of the KCI crystal. 

The KCl is washed away with distilled water, and a portion of the Bi,Sr,CaCu,O, 

crystal containing a thin area is mounted on a 3-mm grid. It is difficult to judge the 

thickness of a film, but in my experience, if the area is colorless and transparent, the 

sample will be suitable for the transmission energy loss experiment. A core level X-ray 

analysis shows no trace of KC/ on the thin film, and an X-ray structure analysis done 

by M.Annen and M.Davis shows that 90% of the sample has a structure of 

Bi,Sr,CaCu,O, and the rest of the sample is in the structure of Bi,Sr,CuO,. The 

superconducting transition temperature for a thick part of the sample was 78K (transi- 

tion width ~2K) as measured by J.R.Long using an AC inductance technique. It was 
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not possible to measure the transition temperature of our thin film samples because of 

a temperature dependent background from the copper grid. 

We are unable to measure directly the thicknesses of our samples. It 1s highly likely, 

in fact, that the thickness of any given film over the area covered by the electron beam 

(areax 1mm?) is not uniform. Since in this thesis we compare the loss functions derived 

from measurements on different samples, it is necessary to know the proportionality 

between the raw count rate and the loss function quite accurately. As explained in 

chapter 4, we are able to scale the data without knowing the sample thickness by using 

independent information regarding the real part of the dielectric function and by utilizing 

an optical sum rule. 
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Chapter IV 

Multiple Scattering Corrections 

It is widely accepted that an electron energy loss spectrum may be used to study the 

dielectric function of solid state materials. However, in the electron energy loss spec- 

trum, only single scattering is valuable for the dielectric function, whereas multiple 

scattering events are always involved in the measured function. Therefore, multiple 

scattering correction of the observed spectrum is a necessary procedure to analyze the 

electron energy loss data. In 1970, J. Danials et al., in their review article, reported an 

iteration method for the double scattering correction. For most measurements, a triple 

scattering also significantly contributes to the loss spectrum. In 1976, J. Fields, in his 

Ph.D thesis (1974), modified Danials’ method and improved the iteration technique by 

including triple scattering. The Fields’ method was recently published by Livins et al. 

(1988). Both methods have to estimate the multiple scattering at each energy to correct 

double or triple scattering since the observed spectrum already contains double and tri- 

ple scattering. Those methods are known as iterative convolution methods. 
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In this chapter, we use Fields’ technique, but replace the iteration process by direct 

multiple convolution of the data. An experimental measurement of electron energy loss 

and multiple scattering correction of the spectrum are done on the evaporated carbon 

film. The theory of this method is compared with the experimental measurement, and 

a consistent result is obtained. The method produces a fairly straight-forward formula 

for the multiple scattering correction directly from the measured spectrum. 

A method which is similar to ours was found in a paper by D. L. Misell and A. F. 

Jones (1969). It was derived by Fourier transformation. But there are two problems 

with their method. First of all, the method requires a value for the unscattered intensity 

of the electron beam to be measured. In some cases, this is rather impractical due to the 

fact that it is rather difficult to decide the relative scale accurately between the low signal 

count mode (pulse mode), which usually measures the energy loss scattering, and high 

signal measurement mode (current mode), which measures the intensity of the unscat- 

tered beam. Secondly, only one dimensional convolution (energy) was considered in 

that paper, while in the real world, three dimensional convolutions (one energy loss and 

two momentum transforms) should be considered. As a result, the coefficient of the 

triple convolution which Misell Jones gave is incorrect. We derive our formula differ- 

ently from the approach in Misells’ paper. We use Fields’ three dimensional convolution 

method instead of the one dimensional method. By using the value of the dielectric 

function at a certain energy, we do not have to know the absolute value of the electron 

scattering probability. Only the relative value of the electron energy loss spectrum 1s 

needed in this method. In addition, we derive two more convolution terms (fourth and 

fifth terms) in which the coefficients are different from those of Misell and Jones. 
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4.1 Basic Theory 

From the Poisson distribution function, the total cross section of the inelastic scat- 

tering is as follows, 
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(t is the sample thickness, g;= Bhe and f= ). 

In order to make the problem tractable, the momentum dependence of Im( — +) 

is neglected when correcting the data for multiple scattering. In general, this is a very 

good approximation, for the loss function varies much more slowly with momentum q 

than does the momentum factor ( Fig ), with only a few exceptions. Those ex- 
E 

ceptions are surface plasmon loss and the Cerenkov radiation loss which only contribute 
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in the forward direction and can be ignored for the multiple scattering correction in most 

cases. Therefore equation 4.1 is simplified into the following equations, 
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The reason for the upper limit of the energy convolution is due to the assumption that 

no energy gain events are involved during the electron scattering. The angle convolution 

integrals had been done by J.Fields (1975). We repeated the calculation and obtained 

the same results. By changing the integrand of equation 4.6 into a standard integrand, 

l 

X/axrr+bx+ec 

F,(q) nT In( Va +4 +4 
2\¢) = 

l(a? + 243) —4q8 4 

To avoid energy dependence in the momentum factor, we usually take data at 

, one can get F,(q) as, 

  [4.9] 

gq >> q,;, which means equation 4.9 can be simplified to, 

AT 

q + dé 
F(Q)= = In Ge z ) = 4nTF,(q) In(-G— ) = Fy q): [4.10] 

where, y=42T In 1). For F,(q), a numerical calculation is needed. When q,/q is 
qe 

very small, F,(qg) is approximately 

Fg PF,(q) [4.11] 

According to the calculations above, equation 4.4 can be simplified into 
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= 1B pig 4 _E mati where, y= o Bh t In( 7 ) and g,;= Bhe ~The . The reason the approximation 

uses viasmon energy as the energy in g, is that in the loss spectrum, the dominant peak 

is the plasmon peak. Also y is a function of Ing, which means that y changes much 
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more slowly with q,. If the energy of the incoming electron beam is 80keV and £, = 

20.0eV, the value of g, is 0.02A~, which is very small compared with momentum gq. 

Although the parallel momentum transfer qg,, which is energy dependent, is very 

small compared to the usual transverse momentum transfer, the factor F,(q) does pro- 

vide a weak energy dependence in the high energy region of the energy loss spectrum. 

Considering the finite instrument resolution, we can convolute equation 4.12 with the 

function R(¢ 4), the distribution function of the electron beam in momentum space. 

The function, G(£), which is actually measured in the experiment, is then, 

3 
dP _ 

G(E)= 5 @R@) = MO + FP O+ F7POH+ OM ODK, — (4.131 
dEdq 

  

where K(£) is the convolution function, which is defined as a kinematic factor by Livins 

et al. (1988). Let K(E) = TK’(E£), then 

1 
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(q 

By dividing G(E) by the kinematic factor K’(E), we have, 

aE) = GEIK(E) = TE) FY) + FPP + OF HY [4.15] 

The function g(£), which will be referred to as a measurement function throughout the 

following part of the paper, is defined as the actual measured function G(E£) divided by 

the kinematic factor K’(E). 
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From equation 4.15, it is quite clear that measurement function g(£) is a linear 

combination of the single, double, triple and higher order scattering; that is, the function 

g(E) can be viewed as a general Taylor expansion of the single scattering function 

JE). By general Taylor expansion, we mean that a function, f(x), can be written as 

an expansion of a different order convolution of another function instead of as an ex- 

pansion of different powers of x, an ordinary Taylor expansion. Likewise, the single 

scattering function, f(E), can be expressed as a general Taylor expansion of the meas- 

urement function, g(E), 

AE) = (BH + GE) +S eH + ODD [4.16] 

where, 

g'(E) = (2) (i= 1) 
0) = | eE- dea, min 

It can be easily proved that 

[ee o0% Gat = |e dea [4.18] 

By inserting equation 4.16 into equation 4.15 and ignoring the higher order convo- 

lutions, we get 

gE) = gE) + Cove (BE) + Cy (BE) 
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and then, using equations 4.17 and 4.18, we have 

(B= 2B) + (F4+Ghe(B) + (F+G + G2 + 00. [4.20] 

Because of equation 4.18, which means that the convolution operation is a commutative 

operation, the calculation of equation 4.20 is more or less like an ordinary expansion 

calculation. All the rules which are applied to the polynomial expansion are also applied 

here. Since equation 4.20 has to be satisfied for all energy F, the coefficients before 

each convolution function on both sides of the equation should be equal. Therefore 

C,and C, are derived from equation 4.20 as — 1/2 and 3/8 respectively. Putting these 

numbers into equation 4.16, we obtain 

ly ry — + Bn (1) (2) (3) f"B) = Il — Fp Fe") - FH e%H+S (42H. [4.21] 

One should remember that g(E) = G(E)/K’(E) where G(£) is the actual measured 

spectrum and K’(E£) is the kinematic factor. Now, equation 4.21 can be used to correct 

multiple scattering events directly from the observed spectrum. It is quite clear that if 

we only consider the double scattering function, we overcorrect the function in the triple 

scattering range. So the triple convolution function, which includes the triple scattering 

event, should be added to the equation. The advantage of this formula is that it is easy 

to see what you are doing and the meaning of the physics is clear. 

The actual calculation procedure is as follows. First we obtain a measurement 

function g(E) by dividing the actual measured function G(£) with kinematic factor 

K'(E). Then from the Kramers-Kronig relation, we have 
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For a conductor, Rel oy] =(. For a semiconductor or insulator, we can use the 

index of refraction to determine Ref a J. Thus, equation 4.22 gives us one equation 
e(0) 

for two unknowns, 1/7 and y/T, which are in equation 4.21. The sum rule gives us a 

second equation 

| “Iml - — |edE = ~ (ho,)’, [4.23] 
0 e(E) 

so that T and y/T can be determined. One can obtain closed form expressions for T 

and y/T or solve them by iteration starting with the approximate expression for the 

Kramers-Kronig relation 

1 1 2 1 Rel Zo I=! -42 elo tae [4.24]   

If the thickness of the sample is known, then one can check the self-consistency of the 

nphe 
é 
  procedure by comparing the measured thickness with ¢ = ( YT. In most cases, 

the thickness is known only roughly. We can also derive equation 4.21 by using the 

conclusion of the Fields’ formula, and we obtain exactly the same result. However, the 

actual data analysis procedure of our method is different from that of Fields. In order 

to illustrate this procedure, we apply it in the next section to the energy loss spectrum 

from amorphous carbon film. 
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4.2 Multiple Scattering Correction on a Carbon Film 

The sample is an evaporated amorphous carbon film, and the data was taken with 

incident energy of 80keV, momentum transfer of 0.20A-', and energy and momentum 

resolution of 0.10eV and 0.04A-', respectively. The resolution function which is used 

to calculate the kinematic factor K(£) in equation 4.14 was assumed to be a step func- 

tion (width = 0.02A-) for simplicity. The thickness of the film is 439A, and the film is 

assumed to be a conductor ( o~0.592.—cm ). In figure 4.1 we show the difference in the 

spectrum between the data before and after the multiple scattering correction. The 

functions g(F), {E)@RE) and fE\@fE\@fE) are plotted against energy E in figure 

4.2 and the graph shows a consistent result with equation 4.15, that is, 

1 l ME = - > fH-ZvPrw [4.25] 

As it is shown in figure 4.3, g(E)@g(E) and f(E)@ftE) have a slight difference in the 

high energy region where the triple scattering events are located. The function 

g(E)@e(E) is a little bit larger than the function /A(E)@f{E) in that region. The term 

g(E)@g(E) in equation 4.21 overcorrects the multiple scattering in the triple scattering 

scale. Thus the triple convolution of the function g(£) has to be added to compensate 

for the overcorrection of the second term in equation 4.21. 
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4.3 Fourth and Fifth Convolution Correction 

Equation 4.21 converges much more slowly than equation 4.15. For a thick sample 

which has more multiple scattering in the high energy region, the contributions of the 

higher order convolutions g(i>3) cannot be ignored. It is fairly straight forward to 

calculate these contributions. By adding two more terms to equation 4.15, we have, 

1 1 OL OL 
gE) = TH) + >) + PD + ay POD + Tay VFO [4.26] 

where, a«,anda, are the coefficients of the convolution of the momentum function. The 

actual values of a,anda, are not important for a reason which can be very easily seen 

in the following equations. By assuming the single scattering function /{E£) as the linear 

combination of the different order convolution of measurement function 

g(E) [G(E)/K'(E)], we have 

C. C. 
PE = Hee + (4A) + (4D 

T T° T TCT [4.27] 

Cy y C tO + FFD 

Doing the same trick as we did for equation 4.20, we have the following equations for 

constant C,, 

G++=0 
2" 2 

G+ Q+7=0 
4,28 

O+G4+264+C4++=0 nee] 
4 3° 8 2 5 2 2 24 

C.+,42642C4+664+426+—-=0 5 4 8 3 8 2 3*2 6 2 120 
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In these equations, «,and a, only contribute a small amount to the value of the coeffi- 

cient C, due to the factor of xn! in Poisson distribution function. Therefore a, and a, 

can be assumed approximately as 1.0. By solving the equations, we have a multiple 

scattering correction equation which includes fourth and fifth convolution functions as 

Pat pg —0.5 4g 40,3754 je — 0.3544 ye +. 0.382( 4 4}. [4.29] 
T ~ T T T T 

Of course, the more terms we include, the more accurate it will be. But, because the high 

order convolution is out of the region where most interesting interband transitions oc- 

cur, we believe that five convolutions should be adequate for most cases. If one wants 

to calculate even higher order convolutions, an approximation evident from equation 

4.28 for the coefficients C, can be used, thatis C,=—C,,. Our results for the 3rd, 4th, 

and Sth convolutions are different from the results of Misell and Jones in which their 

coefficient of the mth convolution is (—1)""/n due to the logarithmic expansion of the 

Fourier transformation. 

By using our method, we have corrected multiple scattering of the electron energy 

loss spectrum for various materials such as evaporated amorphous carbon, ion sputtered 

amorphous carbon, graphite (Gao et al., 1989), hydrogenated amorphous silicon (Wang 

and Ritter, 1988) and Bi,Sr,Ca,_,Cu,O, materials (see Chapter 5). The method works 

very well for broad energy loss peak, but it does not work quite as well for a sharp en- 

ergy loss peak such as the 16.0eV plasmon peak for hydrogenated amorphous Si. The 

reason, as Livins et al. (1988) pointed out, might be the strong momentum dispersion 

of the narrow plasmon peak in the energy loss spectrum. 
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4.4 Conclusion 

We conclude that our method for multiple scattering correction is fairly straight- 

forward to understand and use. Although both Field’s iterative method and our con- 

volution method include the triple scattering correction, we provide an alternative way 

to deal with the problem other than iteration. 
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Chapter V 

Optical Properties of Bi,Sr,CaCu,O, and Bi,Sr,CuO, 

Since the superconductor material La,_,Ba,CuO, with its transition temperature 

above 30K was discovered by Bednorz and Muller, who won the 1988 Nobel Prize in 

physics, a family of cuprous oxide high- 7, superconductor materials has been discov- 

ered with the highest 7, being about 125K. This discovery triggered great excitement 

in solid state physics and material science. Despite several years of tremendous global 

research efforts, the phenomenon of high-7, superconductivity remains unexplained. 

First of all, the transition temperature of superconductivity in these new oxide 

materials appears to be well beyond the limit of BCS theory, which has successfully ex- 

plained the conventional low temperature superconductive phenomenon. This raises a 

question about the pairing mechanism of high-T, superconductivity. Secondly, the new 

oxide materials apparently cannot be described by a conventional band structure theory 

based on the one electron approximation. Although the subject of this electronic 

structure calculation of oxide materials in which the electron electron Coulomb inter- 
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action cannot be ignored can be traced to the 1970s (J.Goodenough, 1971 and 

W.Harrison, 1980), only after the discovery of oxide high-7, superconductor materials 

does the subject become a major topic in solid state physics and it 1s still far from settled. | 

The problem up to now is that there is no theory which can adequately describe the 

electronic structure of this oxide material. It is therefore very important to provide ex- 

perimental data accurate enough to provide guidance in building models of these mate- 

rials. In addition, it is conventional wisdom that the understanding of the electronic 

structure of these kinds of materials may be a key to solving the high-T, 

superconductivity phenomena. 

It has been discovered that although the high-T, materials are multicomponent 

materials, almost all have a common structure: a plane of copper and oxygen atoms. 

Therefore, the excitations associated with the Cu—O, plane will be particularly im- 

portant to identify. In this chapter, an experiment designed to identify possible 

excitations in the Cu — O, plane by an electron energy loss experiment will be discussed. 

The crystal structure of some high-7, materials will be described in the next section. 

Then, various models of the electronic structure will be given. The focus of this thesis 

is on the optical properties of Bi,Sr,CaCu,O0,(T,~80K) and Bi,Sr,CuO,(T,S20K) which 

are determined from the energy loss data. After discussing the analysis of the the data, 

I will attempt to identify features in the optical spectrum associated with the Cu —O, 

planes using the fact that there are two Cu—O, planes in the BiSr,CaCu,O, unit cell 

and only one plane in the Bi,Sr,CuO, unit cell. 
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5.1 Structure of Cuprous Oxide Materials and the 

Failure of Conventional Band Structure Calculation 

Although the energy loss spectrum of Bi,Sr,Ca,_,Cu,O, will be analyzed, first the 

La,_,Sr,CuO, system will be discussed to illustrate the failure of the band structure cal- 

culation. 

The La,CuO, system was the first compound discovered of the high-T, material 

family, and it has the simplest structure in these cuprous oxide materials. The undoped 

material La,_,Sr,CuO, has a body-centered tetragonal structure K,NiF, with a space 

group of 4//mmm. The structure is shown in figure 5.1. Each Cu atom in the struc- 

ture is at the center of an elongated Cu—O, octahedron which is made up of four 

strongly bonded oxygen atoms in the ab plane with a Cu—O bond distance of 1.9A 

and two more weakly bonded oxygen atoms along the c-axis with a Cu—O bond dis- 

tance of 2.4A. The square Cu—O, planes alternate along the c-axis with the Cu 

atom positioned at the center of the neighboring square Cu—O, planes. Between the 

square alternating Cu—O, planes, there are two buckled La—O layers. The layer 

structure makes the material electrically and magnetically anisotropic. It is now gener- 

ally believed that the superconductivity in this kind of material comes from the 

Cu — O, plane, since this is the common structural element in almost all high-T, mate- 

rials. It is the main interest of this thesis to identify some of the possible excitations in 

the Cu—O, plane. 

Experimentally, the undoped La,CuO, is a semiconductor. Doping with a small 

amount of divalent element, such as Sr, into the position of the trivalent element La 
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Figure 5.1. The structure of La,_,Sr,CuO, (from Hass, 1989). 
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causes the material to be a superconductor with a transition temperature of 40K, which 

is very high compared to the transition temperature of conventional superconductivity 

in normal metals. However, overdoping will destroy the superconductivity and cause the 

material to behave as a normal metal. 

One of the interesting properties of these materials is that undoped La,CuO, ap- 

parently cannot be described by a conventional band structure calculation which is 

based on the one electron approximation and which has been successfully used to de- 

scribe the electronic properties of elemental semiconductors. Looking at the total va- 

lence electron number in a primitive cell in the Cu—O, plane (Cu? 3d* O-? 2p‘), one 

would conclude that the valence band has an odd number of electrons (total 21 electrons 

in Cu— O,), which means that the material has an unfilled valence band and should be 

in a metallic state. The LAPW (Linear augmented plane waves) bands calculation by 

Mattheiss (1987) for the parent compound La,CuO, shows that the Fermi level is 

crossed by a single half-filled antibonding band of pdo interaction. The character of the 

hybridized Cud— Op bonds is illustrated in figure 5.2. The Cud states are split into 

four components by the presence of a tetragonal crystal field. In an ionic picture, 

Cut? has a single d hole of x?—y’ symmetry. However, the a(x? — y*) state strongly 

hybridizes with the oxygen p, orbital, whose p orbital points along the direction of the 

bond of Cu—O and which is known as the o orbital. This hybridization results in 

bonding (¢) and antibonding (e*) bands with one on the bottom of the valence band 

and one on the top respectively. In the center of the band are the nonbonding states 

and the 2— bonding and the xz*— antibonding states which are from much weaker 

hybridization between the d(xy) orbital and the Op, orbital whose p orbital is per- 

pendicular to the Cu—O bond and is known as a a orbital. The wavefunction of 

ao andz bonds are shown in figure 5.3. The p, bond is shown on the left side of the 
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figure. There are two x bonds both of which are perpendicular to the Cu—O bond. 

One of the 2— bonds, which is shown in the middle of the figure and is known as 7, 

is in the a—b plane, and the direction of the other z— bond, which is known as 

m,, is out of the a— 6 plane. 

The band structure calculation done by Mettheiss (1987) is shown in figure 5.4. The 

o — bonding and o* — antibonding bands are marked by the letters, ‘A’ and ‘B’, re- 

spectively. The Fermi level is crossed at the midpoint of the pdo antibonding bands. 

The weak dispersion along the A direction due to the two dimensional structure is the 

result of the decoupling of the Cu—O, planes by two buckled La—O layers. The 

unoccupied bands beginning at 2eV are from La 5d state, and the relatively flat bands 

near 4eV are the contributions from the Cu4s and La4f states. In the middle of the 

valence band from -2eV to -SeV, there are weak dispersion bands which result from the 

weak hybridization of the pdz interaction. 

Contrary to the conclusion of the one electron approximation, the undoped material 

of La,CuO, is a semiconductor. One effort to rescue the conventional band structure 

calculation is to assume that a subtle modulation of the crystal structure has doubled the 

size of the unit cell so that there are an even number of electrons. But it is now generally 

believed that the one electron approximation is not a good approximation for these 

kinds of oxide materials and that it is the breakdown of this approximation that gives 

rise to the semiconductor behavior. 

Before leaving this section, the structure of the famous YBa,Cu,0, compound, which 

has a superconducting transition temperature of 90K and whose discovery triggered 

great excitement in 1987, will be briefly described. Understanding the structure of 
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Figure 5.2. The schematic energy level diagram for Cu — O,(From Hass, 1989). 
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Figure 5.4. Calculated LDA Energy Bands for La,CuO, bands(Mattheiss, 1987). 
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YBa,Cu,O, will aid in understanding the more complicated structure of 

Bi,Sr,Ca,_,Cu,O, studied in this thesis. 

Although the structure of YBa,Cu,O,, which is shown in figure 5.5, is a little bit 

more complicated than that of La,CuO,, the Cu—O, plane is still an essential structure 

of the material. Instead of the elongated Cu—O, octahedron found in La,CuQ,, the 

octahedron in YBa,Cu,O, is split into two halves as Cu—O, by Y atom. The 

Cu—O, structure is known as a square-pyramid structure. The distance of the 

Cu—O bond in Cu—0O, plane is 1.9A, .and the bond distance between the Cu atom 

in the plane and the O atom at the top of the halved elongated octahedron is 2.3A. 

In addition to the Cu—O, plane in YBa,Cu,O,, there isa Cu—O chain which was 

earlier believed to be a crucial structural element for higher transition temperatures of 

superconductivity and was later realized only to offer free carriers into the Cu— 0, 

plane. The chain is located between two Ba—O layers along the b-axis as shown in 

the figure. It forms an orthorhombic structure. The oxygen in the Cu—O chain is not 

stable. If the sample is heated in a vacuum, the chain will lose its oxygen, and the 

structure will become a tetragonal structure with the composition of YBa,Cu,O,. The 

oxygen deficiency phase of YBa,Cu,O, is an insulator phase. 

From La,CuO,to YBa,Cu,O,, the number of Cu—.O, planes increases from one 

layer to two layers, and the transition temperature increases from 40K to 90K. It is now 

realized that the transition temperature seems to be monotonically increasing with the 

number of the Cu—O, layers, which stresses the important role of Cu—O, in under- 

standing the mechanism of high- 7, superconductive phenomena. 
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5.2 Correlated Electron Model 

Theoretically, the electronic structure of cuprous oxide materials is still undevel- 

oped and is currently under extensive research. There has been some progress in exper- 

imental research in recent years. However the picture of the electronic structure is still 

unclear. In this section, a model of the electronic structure which considers electron- 

electron correlations will be discussed. In order to understand the effect of electron- 

electron correlations, the Mott insulator system will be described. Although the 

electronic structure of cuprous oxide materials is more complicated then the pure Mott 

insulator picture, the basic principles which are shared by both pictures are the same. 

5.2.1 Mott Insulator 

The subject of the failure of the independent-electron model is not new. It was first 

noticed by Mott as early as the late 1940s. In the independent-electron model, the 

Coulomb interaction between electron-electron is ignored. This model, which is also 

known as Hartree-Fock approximation, fails for many transition metal oxides. In order 

to illustrate the failure of the independent-electron model, let us consider an ideal ex- 

periment. Suppose there are hydrogen atoms arranged closely together like a solid state 

crystal as shown in figure 5.6 (from R.Zallen, 1983). Because of wave function over- 

lapping, the perturbation theory of quantum mechanics suggests that the energy states 

of each individual atom constructs an energy band with a bandwidth of B which is 
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Figure 5.6. A schematic of the Mott transition (Zallen, 1983). When the electron 

band width B is decreased (by increased atom-atom separation) to be 

smaller than the on-site coulomb repulsion U, the electron tends to be 

localized. 
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shown in the left part of the figure. The energy band contains 2N states due to the 

electron spin degeneracy. If the band were filled with 2N electrons, the material would 

be an insulator or semiconductor which could be called a Bloch insulator. Most semi- 

conductors, for instance, silicon, belong to this class of insulators. In the Bloch 

insulator, the electron wavefunction is an extended wavefunction filling the whole crys- 

tal. For a hydrogen atom crystal, there is only one electron for each atom which means 

the band is only half filled. Therefore, a metallic state is concluded by the band structure 

calculation. Now, pull the atoms apart while keeping their positions periodic. Accord- 

ing to Bloch’s theorem, no matter how far apart the atoms are separated, as long as it 

is not infinity, the wavefunction overlap gives rise to a half filled band which means that 

the crystal is a metal. Clearly this theorem breaks down at some separation. The 

problem with this picture is that it ignores the Coulomb interaction between electrons. 

For a large band width (B>U), the electron correlation can be ignored, because the 

Coulomb interaction is screened. Electrons want to be in an extended state due to the 

lower kinetic energy which can be seen from the uncertainty principle (AxAp >4), 

Now if the band width B is smaller than the coulomb interaction U between electrons 

due to the smaller wavefunction overlap, then moving two electrons together onto one 

atom costs more in coulomb energy than is gained by delocalization of the wave func- 

tion. Therefore electrons become localized, and the crystal becomes an insulator even 

if there is an odd number of electrons in one primitive cell. This metal insulator transi- 

tion is known as the Mott transition and was first proposed by Sir Nevill Mott. This 

kind of insulator is called a Mott insulator. The localized electron wavefunction of the 

Mott insulator is different from the Bloch insulator where the electron wavefunction is 

in an extended state. In a Mott insulator, the Fermi electron gas picture would certainly 

fail because electrons are in localized states. This is one reason why Anderson proposed 
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his spin liquid theory to replace the Fermi liquid theory in high-T, materials. But now 

it is realized that the cuprous oxide material may not be a pure Mott insulator. 

5.2.2 Charge Transfer Insulator 

It is now generally believed that the copper oxide material is a charge transfer 

insulator instead of a pure Mott insulator. In a Mott insulator, there is one species of 

atom, say hydrogen, and it costs coulomb energy U for the reaction 

H+H- H++H-. Ifthe band overlap energy, B, is less than U, then we have a Mott 

transition. If there are two atomic species, say copper and oxygen, and a band is formed 

from the overlap of their wave functions, then again there is a coulomb barrier for car- 

riers to hop from one atom to another. In this case, it is the coulomb energy of a hole 

hopping from Cu** to O- which can be represented by the chemical reaction 

Cu+*+ + O- + Cut +O-. If this coulomb barrier is larger than the bandwidth associ- 

ated with the hybridization of the copper and oxygen wavefunctions, then we have a 

charge transfer insulator. In other words, for the Cu—O, plane, which is shown in 

figure 5.7, a charge transfer from the O 2p state to Cu3d lowers the energy by A due 

to the strong hybridization of pdo orbits, but the charge transfer costs an energy U, 

due to the on-site Coulomb repulsion of the copper d electrons. Because the on-site 

Coulomb interaction U, is larger (due to the fact that d wavefunction is more confined 

the s and p wavefunctions) than the charge transfer energy A, the O2p electron 

tends to stay in the 2p state, while leaving a localized hole in the Cu3d shell. The 

undoped material becomes an insulator below 7Ty~350K as shown in figure 5.8 (from 
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Figure 5.8. Density of states for Cu—O, plane. Comparison between LDA and 
Hubbard model density of states(From Mattheiss and Hamann, 1989). 
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Mattheiss and Hamann, 1989). On the left side of the figure, it is the half-filled anti- 

bonding band structure based upon the one electron approximation. In the middle fig- 

ure, strong correlation U, pushes Cu3d away from the Fermi surface and causes the 

O 2p band to become a filled band. Doping the hole into the Cu — O, will create holes 

on the top of the O 2p band, which is shown in the right figure, and results in the doped 

material becoming a superconductor. 

This charge transfer insulator description of La,CuO, is supported by core level 

electron energy loss experiments and by recent photoemission and inverse photoemission 

experiments. The core level energy loss experiment was first done by Nuck et al. (1987) 

on La,_,Sr,CuO, material with the transition from the O Is core level to the conduction 

band. Due to the selection rule, this core level transition should involve unoccupied 

states with a local 2p character near the O atom. In figure 5.9, the dashed vertical line 

represents the estimated binding energy for the oxygen Is relative to the Fermi energy. 

For the undoped case, x =0, there is a gap between the pseudo-Fermi level, FE, = 

528.5eV, and the onset of the absorption at FE, = 531.5eV which is associated with the 

charge transfer gap. In the spectrum for the material which is doped by a divalent ele- 

ment, a density of states appears at the Fermi level due to the presence of holes in oxy- 

gen 2p orbitals. More detailed core level experiments on a single crystal of 

Bi,Sr,CaCu,O, (Nucker et al., 1989a and Himpsel et al., 1988) show that the hole is in 

the ab plane, which means that it has p(x, y) character. 

The early photoemission and inverse photoemission experiments in high-7, super- 

conductor materials did not show any Fermi edge. It is now realized that the reason for 

the lack of evidence of a Fermi surface is that the YBa,Cu,O, would lose oxygen at the 

surface and create a dead layer at room temperature in high vacuum. However, recent 
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Figure 5.9. Electron energy loss spectrum at the Ols edge of La,_,Sr,CuO,,. 
The change in the density of states between doped and undoped ma- 
terials is displayed(Nucker et al., 1987). 
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Figure 5.10. 
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experiments (Imer et al., 1989, Minami et al., 1989, Fujimori et al., 1989, and Drude et 

al., 1989) on Bi,Sr,CaCu,O, clearly indicate a Fermi distribution of occupied and unoc- 

cupied states at room temperature. In figure 5.10, the inverse photoemission experiment 

done by Drude et al. shows the Fermi edge of the unoccupied states. The resonant in- 

verse photoemission of the O2s level done in the same experiment suggests that the 

unoccupied state is in the O2p state. A weakly dispersing energy band was also dis- 

covered by angle-resolved photoemission experiments (Fujimori et al., 1989). By cooling 

the YBa,Cu,O, sample to low temperature in vacuum to hold the oxygen at the surface, 

a Fermi surface is observed in this well known material. These recent experiments sup- 

port the Fermi liquid picture in heavily doped high-T, materials at room temperature. 

5.4 1.0eV Excitation in Loss Function for Bi,Sr,CaCu,O, 

This section will discuss the controversial 1.0eV excitation seen in Bi,Sr,CaCu,O, 

and other cuprous oxides and will provide the momentum dispersion relationship of the 

excitation for the case of Bi,Sr,CaCu,O,. The optical transmittance data will also be 

presented in order to support the Drude model. 
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5.4.1 Introduction 

Recent experiments in high-T, material show a clear excitation at 1.0eV in the energy 

loss function, Im( —I/e) (Tarrio and Schnatterly, 1988 and Nucker et al., 1989), but the 

origin of the excitation remains controversial (Timusk and Tanner, 1989). Resolution 

of the puzzle would be very important in understanding the mechanism for high- T, 

superconductivity. One interpretation of the peak in the energy loss function is that it 

could be described by a Lorentz oscillator with w, <0.5eV (Thomas and Tanner, 1989 

and references therein) which implies an interband transition or an exciton in this energy 

region (Kamaras et al., 1987). Another interpretation of the excitation is that it arises 

from free-carriers (Collins et al., 1989a and Collin et al., 1989b). In this section, we in- 

vestigate the mid to near infrared spectrum by both electron energy loss and optical 

transmittance measurement in Bi,Sr,CaCu,O, in order to explore this controversy fur- 

ther. An advantage of using energy loss and transmittance measurements is that both 

methods measure bulk rather than surface properties and they are not surface sensitive. 

The momentum dispersion of the excitation near 1.0eV in the electron energy loss spec- 

trum is studied and is found to disperse as E= E,+ fq which is consistent with both 

an exciton model or a free-carrier plasmon model. An optical transmittance measure- 

ment on a self-supported thin film is reported and is compared with a calculation of the 

transmittance based on optical constants derived from the energy loss measurement. The 

two measurements are self consistent. Reedyk, et al. (1988) have measured the far in- 

frared reflectivity of Bi,Sr,CaCu,O, and the optical constants they derive from their data 

are not consistent with our transmittance data. 
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5.4.2 Experiment 

The sample is prepared by a flux method which is very similar to the method reported 

by L.F.Schneemeyer et al. (Schneemeyer et al., 1988). A highly oriented polycrystal thin 

film of Bi,Sr,CaCu,O, is formed on the KCI crystal. The KCl is then dissolved in water. 

A self-supporting thin film is floated on the surface of the water and is picked up by a 

copper grid. The inductance measurement on the thick part of the sample shows a 

superconductor transition temperature at 78°K. The transition temperature of the 

thinner sample on which the energy loss spectrum was taken can not be determined due 

to the interference from the copper metal of the sample holder. A SQUID zero field cool 

measurement on the thinner samples indicates that some volume of the sample is 

superconducting below T=80K. The X-ray diffraction analysis indicates that 90% 

of the sample has c=30A which is consistent with two CuO layers material 

(Bi,Sr,CaCu,O,) and 10% of the sample has c=24A which corresponds to the one 

CuO layer material (Bi,Sr,CuO,). The c-axis is perpendicular to the surface of the thin 

film, and for the data reported in this thesis the incident beam is perpendicular to the 

film surface. Since the momentum transfer is perpendicular to the incident beam direc- 

tion, the data which we report here is entirely the optical response in the CuO plane. 

Due to the weak signal of the spectrum, overnight counts are accumulated in order to 

obtain good statistics. The sample is stable under the bombardment of the low intensity 

of the electron beam (about 20nA). 
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5.4.3 The Momentum Dispersion of the Excitation 

The energy loss spectra for five different g values are presented in figure 5.11. The 

background function is fitted from the spectrum without any sample and its contribution 

in the energy loss spectrum is subtracted from the spectrum. The quasi-elastic peak 

dominates the spectrum below 0.8eV. In order to extend spectra to zero energy (for 

Kramers-Kronig analysis), the energy loss functions are fitted by a Drude model with a 

Lorentz oscillator 

®p fi 
E=E ~ , [5.2] 

wo + iTo wo” — a; +i. ,@ 

  

in the energy region 0.8< E<3.0eV. The results are shown as the solid lines in figure 

5.11. This extension of the data to zero energy plays an important role in the interpre- 

tation of the excitation peak near 1.0 eV. This point will be addressed later. 

As the transfer momentum increases, the peak position in the energy loss spectrum 

disperses upwards, and the relative intensity of the peak decreases. The dispersion of the 

1.0eV excitation is shown in Figure 5.12 and the dispersion coefficient 1s 

a=0.4+0.1, where £E(¢)= £0) + og The Karlsruhe group (Nucker et al., 

1989b) also reported this dispersion in the Bi,Sr,CaCu,O,, and the dispersion relation- 

ship of their data is shown in the same figure as the dashed line. The dispersion coeffi- 

cient « from their data is 0.6. For Li, Na, Al, and other simple metal a is between 

0.2 and 0.5 (Raether, 1965). 

Our energy loss spectrum in the wide range is similar to the energy loss data which 

was published recently (Nucker et al., 1989b), with a sharp rise at 3.4eV, a shoulder at 
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Figure 5.11. Energy loss versus momentum for Bi,Sr,CaCu,O,. The solid lines 
are from fitting the data by a Drude model and a Lorentz oscillator. 
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7eV, a valence plasmon peak at 18eV and two Bismuth core level transitions at 28eV and 

30eV. By using Rel +] =0 for metal and the f—sum rule, we have corrected the 

multiple scattering up to triple scattering by the direct convolution method described in 

Chapter 4, and have obtained an absolute value of the energy loss function for momen- 

tum g=0.10A-'. The result will be discussed later in this chapter. The energy loss 

function from 0.7eV to 3.0eV can be easily fitted with a Drude model of equation 5.2. 

The free-carrier plasmon energy (unscreened) is 2.53eV with a width of 0.75eV and ¢«,, 

is 5.38 with Af, iw,, anda, as 3.53eV, 2.65eV, and 2.89eV respectively. The absolute 

value of Im[ -+) at the peak position for g=0.10A~! is as 0.17, which is different 

from the value of Fink’s group of 0.30 (Nucker, et al., 1989b), Takagi, et al. (1988) fit 

their reflectance data by a Drude model, and based on their parameters the energy loss 

peak would be 0.20 in reasonable agreement with our results. 

From the carrier density 3 x 107 cm of the Hall effective measurement (Lu et al., 

Anne*h?2 
m* 

1989) and the plasmon frequency formula £?= , the effective mass of the 

free-carrier is estimated at 0.8m,, which is very close to the effective mass approximately 

at 0.7m, in the CuO plane which we estimate from the modified band structure calcu- 

lation of the high-T, parent compound CaCuO, (Mattheiss and Hamann, 1989). By 

measuring the frequency dependence of the conductivity and the dielectric constant of 

La,CuQ,,, near the insulator-metal transition, C.Y.Chen et al. (1989) concluded that the 

effective mass is (2+1)m,, which is consistent with our result. Heavy effective mass 

was predicted by an early high-T, theoretical model which was based on the assumption 

that a hole is created on the Cu3d site upon doping. However, the core level electron 

energy loss experiments as well as recent photoemission and inverse photoemission ex- 

periments (Drude et al., 1989 and Takahashi et al., 1988) in high-7, materials all indicate 

that the hole is in an O 2p state which means that the carrier is less localized. Therefore 
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it is reasonable that the effective mass of the carrier in this kind of material is close to 

the bare mass of the electron. Yet, the localized Cu3d electron might be a vital ingre- 

dient for the high — T, superconductivity in this oxide material. 
ce 

It is worth noting the similarities and the differences of the free-carrier plasmon 

between high-T, superconductor materials and Ferric-Chloride-intercalated Graphite. 

Both materials have a 2-D structure, and in both materials doping holes into the plane 

of the material creates a free-carrier plasmon near 1.0eV in the energy loss spectrum. 

But the width of the plasmon in the intercalated Graphite is about 0.3eV, which is very 

close to the resolution of the energy loss spectrometer of 0.leV (Ritsko and Rice, 1979), 

whereas the width of the plasmon in all high-T, materials is around 0.7eV. A heavily 

damped plasmon is also suggested in the reflectance spectrum of the newly discovered 

Ba,_,K,BiO, material (Sato et al., 1989). One of the arguments against the plasmon 

interpretation (Timusk and Tanner, 1989) is that the lifetime of the plasmon of high-T, 

materials is independent of the temperature which is contradicted by the temperature 

dependent of the lifetime of the resistivity of the materials. But, even in simple metal, 

Sturm (1976) pointed out that the lifetime of resistivity is not exactly the same as the 

lifetime of the plasmon. And Gibbons and Schnatterly (1977) presented experimental 

evidence that the band-structure effects dominate the lifetime of the plasmon in alkali 

metals. With such complicated materials, the lifetime of the resistivity is certainly not 

expected to agree with the lifetime of the plasmon. 

According to the random phase approximation, the plasmon dispersion relationship 

for 3-dimensional plasmons can be written 

Ary? 

E.'(q) = E;(0) + ~~ ——- 7? + « 5.3] P P 10 £0) 
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where £,’(0) is a screened plasmon frequency. The 3-D, rather than 2-D, expression is 

used because q is nearly in the Cu— O, planes and, therfore, the plasmon oscillations 

in different planes are effectively in phase. Using the 2-D electron gas model, the 

screened plasmon energy and Fermi velocity can be written 

E10 4nn,e*h? 

p (0) = End 5.4] 

3 2nn,h 

Vp = 
m 

where n, is 2-D carrier density and d is the distance between the CuO planes. We 

obtain a carriers density of 9.7 x 10?*em™, which corresponds to 1.1 carrier per Cu 

atom, and an effective mass of 2.4m,. Experimentally, the first term in equation 5.3 has 

been proven accurate for many metals (Mahan, 1981), but the coefficient of the second 

term is in quantitative disagreement with measurements even in some simple metals 

(Raether, 1980). This lack of agreement might be due to the simple model of the 

electron gas in which the band structure effect and electron electron correlation effects 

are ignored. Therefore, with such a complicated electronic structure, the discrepancy 

between the data calculated from equations 5.3 and 5.4, and the data from Hall effect 

measurements is not surprising. 

5.4.4 Optical Transmittance 

Our optical transmittance data is consistent with the model used to fit the low energy 

electron energy loss data, but this model is not consistent with the far infra-red data of 
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Figure 5.13. Transmittance and reflectance for Bi,Sr,CaCu,O,. (a)The solid line is 
the measured transmittance. The dash line and the dash-dot line are 
the calculated transmittance based on energy loss and far infrared 
(Reedyk et al., 1989) measurements, respectively. (b) The solid line is 
the reflectance data from Takagi, et al. (1988). The dash line is the 
calculated reflectance based on the energy loss measurements. 
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Reedyk, et al. (1988). In figure 5.13a, the optical transmittance measurement made by 

Guofu Feng is shown for the same sample on which the energy loss measurements were 

taken. The transmittance was calculated from the expression 

  

  

A WP]? 2E = — expl — =— ka] + T, 
Ar |1—F exp[ —2ip]/° nae ° 

Where, 
aM ~ 

p=-~ nd, [5.5] 

~ n—I 
r=s , 

n+1 

n=n— ik. 

and A/A, is the area of the film which transmits radiation over the total area of the 

beam. The constant 7, is to account for pinholes. The reason for using this formula 

is that the film is much thinner than the wavelength of the light. The calculated optical 

transmittance from the dielectric function of the energy loss spectrum (which will be 

discussed in the later section of this chapter) is shown in figure 5.13a as a dashed line. 

The fitting parameter A/A; and 7, were 0.25 and 0.07, respectively. One can see very 

good agreement between the calculated and measured transmittance functions. The 

thickness of the film is estimated to be about 500A in multiple scattering correction and 

was used in the optical transmittance calculation. The optical measurement has a 

sharper edge at 3.0eV than the spectrum from the energy loss function. This most likely 

is due to the poorer resolution (0.10eV) of the energy loss spectrometer. A reflectance 

calculation based on the optical parameters derived from the energy loss spectrum was 

also done, and the result was compared with Takagi group’s data (Takagi et al., 1988) 

as shown in figure 5.13b. Reedyk, et al. (1988) fit their far-infrared data with a narrow 

Drude term (I =0.009eV) and two Lorentz oscillators. The transmittance below leV 

based on their parameters is shown as a dashed-dot line in figure 5.13a. 
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The threshold at 3.0eV in the optical transmittance spectrum and energy loss spec- 

trum is consistent with the observation of the ellipsometry measurement (Kelly et al., 

1989 and Garriga et al., 1989) and will be discussed in section 5.5. This threshold is 

generally believed to be excitations in the BiO planes. An absorption band can be 

easily recognized between 3.0eV and 5.0eV in the optical transmittance spectrum. This 

absorption band is consistent with the shoulder at 7eV in the energy loss spectrum. 

5.4.5 Conclusion 

By studying the momentum dependence of the excitation and comparing the exper- 

imental result between the electron energy loss and the optical measurements, we con- 

clude that the Drude model description for the excitation is a consistent approach within 

our experiment error. Of course, we cannot rule out the existance of non-Drude con- 

tributions to the the dielectric function in the infrared region. 

5.5 Optical Properties of Bi,Sr,CaCu,O, and Bi,Sr,CuO, 

Although, there has been considerable research on the optical properties of high 

— T, materials, disagreement still exists between different measurements due either to 

the surface condition of the sample or to the anisotropic properties of the sample. In 
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addition, because of the lack of theoretical guidance, the interpretation of the optical 

properties from the infrared to visible range is still in a primitive stage. The multicom- 

ponent nature of the high — 7, materials also complicates the problem. 

In this section, we will analyze the transmission electron energy loss spectra (which 

is insensitive to the surface condition of the sample) of Bi,Sr,CaCu,O, and Bi,Sr,CuO, 

and attempt to identify those excitations which might be associated with the Cu — O, 

planes. We will consider visible and soft X-ray spectra in seeking a consistent de- 

scription of the electronic structure of the Cu—O, planes. In order to understand the 

experiment, we first start with the similarities and the differences between the structure 

of Bi,Sr,CaCu,O, and Bi,Sr,Cu0,. 

5.5.1 Structure of Bi,Sr,CaCu,O, and Bi,Sr,CuO, 

In 1987, Michel et al. (1987) discovered superconductivity between 7K and 22K in 

Bi— Sr—Cu—O systems, but their discovery was overshadowed by the famous dis- 

covery of the YBa,Cu,O, material and failed to attract worldwide attention, at that time. 

It was not until January 1988, when Maeda et al. (1988) and Chu et al. (1988) reported 

that the Bi—Sr—Ca—Cu—O system exhibits superconductivity above the temper- 

ature of liquid nitrogen, that the system attracted intensified research efforts worldwide. 

The Bi—Sr—Ca-—Cu—O system can be classified as: Bi,Sr,CuO,(T, = 7 — 22K), 

Bi,Sr,CaCu,0,(T,~80K), and Bi,Sr,Ca,Cu,O,(7,.~110K). The oxygen deficient phase 

of Bi,Sr,CuO, can be a non-superconducting phase (Kelly, et al., 1989). Yvon and 
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Francois (1989) wrote a very good review article about crystal structures of high — T, 

oxides. 

The structures of Bi,Sr,CaCu,O, and Bi,Sr,CuO, are shown in figure 5.14. Both 

materials are very much alike and have two Bi—O layers which separate the Cu — O, 

plane. In Bi,Sr,CaCu,O,, the Ca atom splits the elongated octahedron into two halves 

just like the Y atom does inthe YBa,Cu,O, and makes two so called Cu—O, square- 

pyramids structures which are equivalent to two Cu— OO, planes in half of a unit cell. 

On the other hand, in Bi,Sr,CuO, a complete elongated octahedron Cu — O, makes one 

Cu—O, plane in half of a unit cell. The c— axes for Bi,Sr,CaCu,O, and Bi,Sr,CuO, 

are 30A and 24.6A respectively. The Bi,Sr,CaCuO, and Bi,Sr,CuO, materials will be 

referred to as a two layer and a one layer material respectively. The superconducting 

transition temperature of the two layer material is about 80K; whereas the transition 

temperature of the one layer material is about 0-26K. In this thesis, we will discuss the 

optical properties of one layer and two layer materials. Although a strong structural 

modulation exists in this Bi,Sr,Ca,,Cu,O, family, this effect will not be discussed in this 

thesis. The weakly bonded Bi—O layers make these two materials very easy to cleave. 

This is why so many recent experiments have been done on these BiSr,Ca,,Cu,O, ma- 

terials because it easy to make the clean surface which most experiments require. 

The structures of these two materials are almost identical except that one has one 

Cu —  O, layer and the other has two layers. Since most high- T, materials contain these 

Cu — O, planes, it is particularly interesting to identify the excitations in the Cu — 0, 

plane. The one layer and two layer bismuth copper oxide superconductors are the ideal 

materials for studying excitations in the Cu— O, planes. This investigation will provide 
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guidance for the ongoing search for models of the electronic structure of these cuprous 

oxide materials. 

5.5.2 Energy Loss Spectrum of Bi,Sr,CaCu,O, 

The energy loss spectrum for Bi,Sr,CaCu,O, material is shown in figure 5.15. The 

multiple scattering is removed using the equations in Chapter 4. The momentum resol- 

ution and the energy resolution of the spectrometer are 0.04A-' and 0.leV, respectively. 

The momentum transfer for the spectrum is 0.10A-!. All the energy loss spectra were 

taken with the c-axis parallel to the direction of the electron beam unless a specific di- 

rection is stated. The dielectric function is the optical response in the Cu — O, plane. 

In the energy loss spectrum, a 1.0eV excitation is associated with a free carrier 

plasmon which was discussed in section 5.4. A flat region which we model by a broad 

Lorentz oscillator (center energy is 2.7eV) will be discussed in sub-section 5.5.4. A 

threshold at 3.4eV and shoulder at 7.0eV can be associated with two excitations. The 

bulk plasmon of the valence band is at 18.8eV and two Bi core level excitations, which 

will be discussed in sub-section 5.5.5, are at 28.4eV and 29.4eV in the energy loss spec- 

trum. According to the total electron density in the valence band, the valence plasmon 

peak would be located at 25eV, but it is pushed down to lower energy by the Bi core 

level transitions. 

The Kramers-Kronig analysis of the energy loss spectrum (assuming the material is 

a conductor) shows that the threshold at 3.4eV and shoulder at 7eV correspond to 

excitations, that is two peaks in the optical conductivity, at 3.6eV and 4.6eV (see figure 

Optical Properties of Bi,Sr,CaCu,O, and Bi,Sr,CuO, 101



R
Q
a
Q
v
D
U
S
I
g
G
 

Jo 
W
N
I
V
O
d
s
 

sso] 
AB19UD 

B
Y
 

“STS 
ainsi 

\ 

(N9)SS07 
ADYSNA 

| 
| 

f 
} 

[ 

NOTLONMS SSO" 

 
 

  
  

 
 

102 
Optical Properties of Bi,Sr,CaCu,O, and Bi,Sr,CuO,



  

814 

812, 

R
E
F
L
E
C
T
A
N
C
E
 

1 

      a | , 
ee 1.6 2.6 3.6 4.6 5.6 

ENERGY (eV) 

Figure 5.16. The optical reflectance of Bi,Sr,CaCu,0,. The measurement was 
made by A. Siochi. 
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5.23a in later subsection 5.5.4). The dielectric function of Bi,Sr,CaCu,0, calculated 

from the energy loss spectrum is shown in figure 5.17 as the solid lines. 

The optical reflectance, measured by A.Siochi, is shown in figure 5.16. The relative 

intensity of the measured reflectance is very similar to the relative intensity of the cal- 

culated reflectance based on optical parameters derived from the energy loss spectrum. 

Since the area of the sample is smaller than the diameter of the incident radiation, we 

cannot obtain the absolute value of the reflectance of the sample. The absolute value 

is determined by scaling the measured reflectance at 3.0eV to the reflectance calculated 

from optical parameter of the loss spectrum. The scaled reflectance is fitted with three 

oscillators. The dielectric functions associated with these oscillators are shown in figure 

5.17 as dashed lines. Increasing the number of oscillators in the data fitting process does 

not change the dielectric function significantly. The positions of the two excitations at 

3.6eV and 4.6eV from the reflectance measurement and that from the energy loss meas- 

urement agree very well with each other within experimental error. The excitations from 

the reflectance measurement is sharper than that from the energy loss measurement due 

to the fact that the energy loss spectrometer has poorer resolution than does the optical 

spectrometer. 

The ellipsometry measurements on the same materials done by M.K.Kelly, et al. 

(1989) and by M.Garriga, et al. (1989) also display excitations at 3.4eV and 4.6eV in the 

imaginary part of the dielectric function, but the relative intensities of these two 

excitations are different from that of our spectra. In the spectrum of the imaginary part 

of the dielectric function from the ellipsometry measurement, the 4.6eV excitation 1s 

higher than the 3.6eV excitation; whereas in the spectrum from the energy loss meas- 

urement and the reflectance measurement, the 3.6eV excitation is higher than the 4.6eV 
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excitation. The reason for the different result might be due to the highly anisotropic 

properties of the material. The formula by which the dielectric function is derived from 

the ellipsometry measurement is only good for the optical isotropic materials, while the 

absorption edge near 4eV is highly anisotropic (see figure 5.13a in section 5.4.4 about 

the absorption edge). This is suggested not only by the ellipsometry measurement 

(M.K.Kelly, et al., 1989), but also by our electron energy loss spectrum measurement. 

Figure 5.18 shows two energy loss spectra at two different sample directions. For 

« =O, which means that the measurement is in the a—6 plane, the shoulder which 

corresponds to the 4eV excitation is strong; while for « = 45°, which means that half 

of the response is from the c-axis and the other half of the response is from the a—b 

plane, the shoulder is weak. Although we cannot conclude that this excitation would 

disappear along the c-axis, the excitation is certainly weak along the c-axis. 

The 3.6eV excitation is suggested to be from the Bi—O plane according to the band 

structure calculation. Kelly, et al. (1989) and Garriga, et al. (1989) suggest that the 

4.6eV excitation is an excitation in the Bi—O plane based on their ellipsometry meas- 

urements. Our core level analysis will provide a piece of evidence to support this sug- 

gestion. 

The optical conductivity of Bi,Sr,CaCu,O, 1s shown in figure 5.23c in late subsection 

5.5.4 as a bold dashed line. We interpret the spectra below 1.0eV as arising from free- 

carriers in the Cu—O, planes while the spectra above 1.0eV are associated with inter- 

band and core level transitions. From 1.2eV to 3.0eV, a broad transition with a center 

frequency at 2.7eV, which will be discussed again in sub-section 5.5.4, is due to the 

transition in the Cu—O, plane. There are two excitations at 3.6eV and 4.6eV, which 

have just been emphasized and will be discussed again in sub-section 5.5.4. A broad 
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transition peaking at 9.leV in the spectrum corresponds to the transition from the va- 

lence band to the conduction band which is consistent with the band structure calcu- 

lation. The core level transitions start at 22eV and will be discussed in sub-section 5.5.5, 

Nucker, et al. (1989b) also measured the energy loss spectrum of Bi,Sr,CaCu,O,. 

The energy loss spectrum from Nucker et al. shows essentially the same features as our 

energy loss except that the energy loss function of the leV peak in their spectrum is 

about twice as high as that in our spectrum. The high energy optical conductivity from 

Nucker, et al. (1989b) is very similar to our spectrum with a broad excitation at 9eV and 

core level transitions starting at 22eV. However, their optical conductivity fails to show 

two excitations at 3.6eV and 4.6eV. Instead, a strong maximum ts observed at 6eV in 

their optical conductivity spectrum which is different from the observation of our energy 

loss spectrum, our reflectance spectrum, and the ellipsometric spectra of other people 

(M.K.Kelly et al., 1989 and M.Garriga et al., 1989). The reason for the inconsistency, 

we believe, is due to the strong valence plasmon at 19eV which dominates the energy loss 

spectrum and makes it difficult to resolve spectral features in the neighborhood of the 

plasmon peak. This is a disadvantage of the energy loss measurements. 

5.5.3 Energy Loss Spectrum of Bi,Sr,CuO, 

The relative shape of the energy loss spectrum for Bi,Sr,CuO, is very similar to that 

of Bi,Sr,CaCu,0O,. The spectrum is shown in figure 5.19 with multiple scattering events 

removed by using the f— sum rule and by assuming a metallic state for the material. 
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Figure 5.20. The optical reflectance of Bi,Sr,CuO,. The measurement were made 
by A.Siochi. 
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The momentum transfer is 0.10A~. The momentum resolution and energy resolution 

are 0.04A-! and 0.20eV, respectively. The inductance measurement on the sample by 

J.R.Long and the SQUID measurement by J.Qian show that the Bi,Sr,CuO, sample is 

not a superconductor above 1.9K. The X-ray analysis done by M.Davis and M.Annen 

shows that the c-axis in a unit cell is 24.6A. The sample is a single crystal thin film 

with c-axis perpendicular to the surface of the film. All the energy loss and the 

reflectance measurements were done in the a— 6 plane. 

The energy loss spectrum with the quasi-elastic peak removed is shown in figure 5.19. 

There is a peak at 0.6eV which we interpret to be a free-carrier plasmon. This is con- 

sistent with the infrared reflectance measurement done by D.Hoffman (1989). The 

overlap of this peak with the quasi-elastic peak and with a sharp background peak at 

0.8eV from the hemisperical analyzer made analysis of the excitation very uncertain. 

But its presence supported our assumption that the sample is metallic for the Kramers- 

Kronig analysis. 

The dielectric functions from the energy loss measurement in the 0-10.0eV range are 

shown in figure 5.21 as solid lines. The free carrier contribution causes the ¢, to go to 

infinity as the energy goes to zero. A minimum at 1|.2eV in the spectrum of ¢,, where 

£,= 0.22, indicates that there is a pseudo-optical-gap in the spectrum. A shoulder at 

2.0eV is observed in the ¢, spectrum which is consistent with observation of the 

ellipsometry measurement (M.K.Kelly, et al., 1989) in the non-superconducting phase 

of Bi,Sr,CuO,. This gap suggests viewing the sample as a doped semiconductor which 

is the same viewpoint taken on the recent experiment on La,CuO,,, by C.Y.Chen, et 

al. (1989). ! 

1 By measuring the frequency dependence of the conductivity and the dielectric constant of La,CuO,,, 
near the insulator-metal transition, Chen, et al. (1989) concluded that the insulator-to-metal transition in 
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The optical reflectance measurement on a single crystal of Bi,Sr,CuO, done by 

A.Siochi is shown in figure 5.20. The absolute value of the reflectance is determined in 

the same way as was done for the two layer sample. The scaled measured reflectance is 

fitted with three oscillators. The dielectric functions are derived from the fitting and are 

shown in figure(5.21) as the dashed lines. There are two excitations at 3.6eV and 4.6eV 

in the reflectance spectrum. A shoulder at 2.0eV in the reflectance spectrum is consistent 

with the shoulder in the energy loss spectrum at the same energy. 

Like the energy loss spectrum of a two layer sample, there is a threshold at 3.4deV 

and a shoulder at 7.0eV. The shoulder is relatively weak. Due to its weakness, the e, 

spectrum does not show two excitations at 3.6eV and 4.6eV which is inconsistent with 

A.Siochi’s reflectance measurement where there are clearly two excitations at 3.6eV and 

4.6eV. Instead, the optical conductivity spectrum for Bi,Sr,CuO, has only one peak 

near that region at 5.6eV. There is a sharp rise at approximately 3.2eV in e, (see figure 

5.21). The two excitations at 3.6eV and 4.6eV correspond to the two bumps at 4eV and 

6eV in the energy loss spectrum. The reason for the inconsistency between the dielectric 

function from the energy loss spectrum and the reflectance measurement is due to the 

difficulty associated with a weak feature overlapping a strong one. The positions of 

these two excitations of Bi,Sr,CuO, are actually the same as that of Bi,Sr,CaCu,O, from 

the reflectance measurement. 

The valence plasmon is at 18.4eV in the energy loss spectrum. It is a bound state 

plasmon corresponding to the broad transition (centered ~ 9eV) in the optical spectrum. 

La,CuO,,, is a Mott-Anderson transition in a 2D doped semiconductor. They estimated the effective 
mass as (3 +1)m, which is consistent with the effective mass which we got from the energy loss meas- 
urement of free-carrier plasmon in Bi,Sr,CaCu,O, material. 
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The core level transitions start at 22eV in the optical conductivity spectrum, and they 

will be discussed in sub-section 5.5.5. 

In order to verify the Kramers-Kronig analysis of the energy loss spectrum, the ab- 

solute value of the dielectric function of Bi,Sr,CuO,at a single energy, 1.96eV, was 

measured by an ellipsometer. The formula which we use to calculate the dielectric 

function is based on an assumption that the material is isotropic (Azzam and Bashara, 

1977). The incident angle for the measurement is 50°, and the material is single crystal 

with the c-axis perpendicular to the surface of the crystal. The measurement with a 

smaller incident angle gives a larger measurement error. It was discovered that a fresh 

surface gives more consistent results than does an old surface. The two points, with one 

as the imaginary part (square point) and one as the real part (triangle point) of the 

dielectric function, are shown in figure 5.21. The value of ¢, from ellipsometry is very 

close to the value from the energy loss spectrum. The value of «, is somewhat lower 

than the value from the energy loss spectrum. The reason for the difference might be 

due to the isotropic assumption for the ellipsometric measurement; whereas the material 

is highly anisotropic. We discovered that the measurement with a smaller incident angle 

gives a larger c,, while the change of e, due to the change of incident angle remains 

within the measurement error. Since the c-axis of the single crystal is perpendicular to 

the surface of the sample, the smaller angle means less contribution from the component 

of dielectric function tensor parallel to the c-axis and a larger contribution from the 

tensor component in the a—b plane. Considering that the energy loss technique 

measures only the optical response in the a—b plane of the sample, the result of the 

ellipsometry measurement and the result of the energy loss measurement are consistent 

with each other within the systematic errors of the spectrometers. 
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5.5.4 Interband Transitions 

In this subsection an attempt will be made to identify interband transitions in 

Bi,Sr,CaCu,0O, and Bi,Sr,CuO, which can be associated with the Cu—O, and 

Bi-—O planes. This identification will be based on a comparison of the relative 

oscillator strengths of the transitions in the two materials. Since Bi,Sr,CaCu,O, has two 

Cu—O, planes in the unit cell while Bi,Sr,CuO0, has only one, the oscillator strength 

for transitions within the Cu—O, planes in Bi,Sr,CaCu,O, should be roughly twice 

as strong as the oscillator strength for the same transition in Bi,Sr,CaCu,O, (after taking 

into account the difference in the volumes of the unit cells). In contrast, an equal 

number of Bi-—O layers exists in the Bi,Sr,CaCu,O, and Bi,Sr,CuO, unit cells, and 

therefore, the oscillator strengths for transitions within these layers should be approxi- 

mately equal. There does not appear to be strong, narrow excitations associated with 

transitions in the Sr— Oand Ca—O (for Bi,Sr,CaCu,O,) layers. 

The relative shapes of the energy loss spectra between Bi,Sr,CaCu,O, and 

Bi,Sr,CuO,; are very much the same, except that the intensities of the energy loss func- 

tion below 10.0eV are different. The energy loss spectra of the one layer sample and the 

two layer sample are compared with each other in figure 5.22a, figure 5.22b, and figure 

5.22c for the different energy ranges. The bold dashed lines are the spectra of the two 

layer sample, and the solid lines are the spectra for the one layer sample. The optical 

conductivity spectra of both the one layer sample and the two layer sample are shown 

in figure 5.23a, figure 5.23b, and figure 5.23c with solid lines for the spectra of the one 

layer sample and the bold dashed lines for the two layer sample. The energy positions 

of the excitations in the energy loss spectra are the same between these two materials. 

Although Kramers-Kronig analysis gives different results for ¢, in 3.0-5.0eV region for 
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these two materials, the reflectance measurements demonstrate that the positions of the 

excitations do not change as the material changes from two Cu—O, layers to one 

Cu — O, layer. 

Since the center frequencies of the excitations are not the same as they appear in the 

energy loss spectrum, a table (Table 1) for the interband transitions and their positions 

in the energy loss spectrum is given. The structure of the energy loss spectrum does not 

correspond to independent excitation of different oscillators (see Taff and Philipp, 1965), 

but for the purpose of classification, they are listed as if the structure in the energy loss 

spectrum corresponded to independent excitations. On the left side of the table, possible 

physics interpretations for the excitations are indicated, and these interpretations will 

be discussed in the following paragraphs. 

The optical conductivity spectrum below 1.0eV is in our interpretation due to the 

free-carrier plasmon. If the doping of carriers in the Cu — O, planes is the same in the 

two and one layer sample, then the sum rule on the optical conductivity implies that 

V,fo,dw =2V,fo,dw, where V,= 347A} and V,= 433A} are the unit cell volumes of 

the one and two layer material, respectively. The optical conductivity of the two layer 

sample in this region is larger than that of the one layer sample, which is consistent with 

our interpretation. 

There is a flat region in the loss function spectrum from leV to 3eV. The 

Kramers-Kronig analysis shows that this area of the energy loss spectrum corresponds 

to a broad excitation whose center is at 2.7eV. The energy loss function of the two layer 

sample in this region is twice as high as the loss function of the one layer sample. In the 

region of 1 ~ 3 eV, the optical conductivity of the two layer sample is higher than that 
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Table 1. Interband Transitions of Bi,Sr,CuO, and Bi,Sr,CaCu,0, 

  

  
  

Excitation Energy Loss(type) AC Conductivity(type) Width 

Cu — 0,(0 2p > Cu3d") 2.7eV(flat) 2.7eV(flat) 

Bi— O(Bi 6s > 6p,;2) 4.0eV(bump) 3.6e V(peak) 0.8eV 

Bi — O(Bi 6s — 6p,,.)* 6.5eV(shoulder) 4.6eV(peak) 1.0eV 

Bound 
Valence plasmon 19eV(peak) 9eV 
  
  

*See next subsection 
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of the one layer sample. Again the optical conductivity measures the oscillator strength 

of the optical transition, and the oscillator strength is proportional to the number of 

Cu — O, layers. Therefore, it is concluded that this broad excitation is associated with 

the Cu—O, plane. This interpretation is also consistent with the fact that a 2.7eV 

broad excitation exists in the La,_,Sr,CuO, and YBa,Cu,O, where the Cu—O, plane 

is a common structure. Recent ellipsometric experiments by Kircker et al. (1989) on a 

single crystal of the insulator phase of YBa,Cu,O,, clearly indicate that the excitation 

is strong in the Cu—O, plane and is weak out of the plane. Their data also indicate 

that the imaginary part of dielectric function based upon the band structure calculation 

near this region is clearly smaller than the experimental value (Kircker et al., 1989). 

Kircher, et al. suggested this is due to the inaccuracy of the band structure calculation. 

In the €, spectrum of the two layer sample, the free-carrier plasmon and the 2.7eV 

interband transition overlap with each other; whereas in the ¢, spectrum of the one 

layer sample, these two excitations are well separated. From the ¢, spectrum of the one 

layer sample, we notice that the 2.7eV excitation starts at 1.2eV, monotonically increases 

to 2.0eV, and levels off at 2.0eV. In all models of the electronic structure of these ma- 

terials based on the independent particle approximation, there is no gap in the absorp- 

tion spectrum because the Fermi energy is in the middle of a band. It is now believed 

that due to the strong onsite Coloumb repulsive interaction of the Cu 3d electron, the 

Cu 3d'° state is pushed away from the strongly hybridized band of Cu(3d) — O(2p) and 

the material becomes a semiconductor without doping. Since the wavefunctions of 

Op, and Cu d(x? —y*) strongly overlap with each other, the transition from the Op, 

band to the unoccupied Cud(x?—y*) state is possible. Intuitively speaking, the 

excitation results from the transition from O 2p to the Cu3d" state. This interpreta- 

tion is also suggested by Nucker, et al. (1989b) and by K.C.Hass (1989). Inverse 
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photoemission (D.van der Marel et al., 1988) indicates an unoccupied band at 2.5eV 

which is consistent with our observation of a 2.7eV excitation. At present, there are no 

reliable calculations of the band structure of a copper oxide material in the presence of 

strong Cu 3d electron-electron interactions. 

The threshold at 3.4eV in the energy loss spectra for both materials corresponds to 

a peak at 3.6eV in ¢, and a peak in the reflectance measurement. This excitation is as- 

signed to the Bi—O plane by M.Garriga, et al. (1989) and by M.K.Kelly, et al. (1989). 

It is supported by our electron energy loss experiment and the reflectance measurement. 

In the conductivity spectra (see figure 5.23a), the change in conductivity from 

~3.0eV to ~3.6eV is about the same in the one and two layer same. The peak in 

the optical conductivity times the unit cell volume is proportional to the number of 

charges participating in the excitation, if the widths of the two peak are the same. The 

widths do appear to be the same from the reflectivity data and, therefore, the ratio of 

charges associated with the 3.6eV excitation in the one layer material to charges in the 

two layer material is about 1.1. Ifthe excitation is associated with the Cu — O, planes 

(and there is equal doping), this ratio would be 0.5; whereas if the excitation is in the 

Bi-—O planes, this ratio would be about 1.0. Thus, the data leans towards associating 

the excitation with the Bi—O layers rather than the Cu — O, planes. 

The reflectance data strongly support identifying the excitation as occurring within 

the Bi—O layer. The data fitting of the optical reflectance spectra of both materials 

shows the excitation at 3.6eV with a width of 0.8eV. The oscillator strengths of this 

excitation for the two layer sample and the one layer sample are 3.5+0.2 eV and 

3.3+0.leV respectively from the reflectance measurement. The ratio of the square of 
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the oscillator strengths of the excitation between the one layer sample and the two layer 

sample from the data fitting is 0.9+0.2, which implies the excitation is associated with 

Bi— O layers (ratio ~ 1 ) and not Cu — O, (ratio ~ 0.5). An oscillator strength of 3.5eV 

corresponds to about one electron per Bi atom assuming m*/m=1. The association 

of the 3.6eV excitation to the Bi—O plane is also consistent with the band structure 

calculation on Bi,Sr,CaCu,0, done by M.Hybertsen and L.F.Mattheiss (1989). 

The imaginary part of the dielectric function from the Kramers-Kronig analysis of 

the loss data and the reflectance measurement suggests that the 6.5eV shoulder in the 

energy loss spectrum corresponds to a 4.6eV excitation with the width of the excitation 

being about 1.0eV. Since this peak is not resolved in the optical conductivity, we cannot 

use it to determine the origins of this excitation. The data fitting of the reflectance 

measurement on both materials gives the oscillator strengths of this 4.6eV excitation as 

2.9+0.9eV and 2.4+0.8eV for the two layer sample and the one layer sample, re- 

spectively. The large error of the oscillator strength is due to the uncertainty of the 

oscillator strength of the background oscillator. (We use three oscillators to fit the data). 

Therefore the energy loss spectrum and the reflectance measurement cannot determine 

whether this excitation is from the Cu —O, plane or from Bi-—O plane. 

M.Garriga et al. (1989) suggest that the 3.6ev and 4.6eV excitations are a spin-orbit 

doublet associated with the atomic Bi 6p orbitals. The calculated spin-orbit splitting for 

these levels is 1.7eV. The ellipsometry measurements done by M.K.Kelly et al. (1989) 

also suggest that the excitation is associated with Bi—O plane because their exper- 

imental data on La,_,Sr,CuO, and Ti,Ba,Ca,,Cu,O, do not reveal the excitation at 
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4.6eV. In subsection 5.5.5, we will provide a piece of evidence to support this suggestion 

by a detailed analysis of the core level excitations of the energy loss spectrum. 

The valence plasmon is at about 19eV for both materials. The optical conductivity 

spectrum shows that 19eV plasmon is a broad excitation due to bound charge carriers 

with a center frequency of 9eV. This excitation can be assigned to the transition from 

the nonbonding complex in the band structure (see fig. 5.4 in section 5.1) to the con- 

duction band. Nucker et al. (1989b) also observe this 9eV excitation in their optical 

conductivity spectrum, but they associated the strong maximum with an excitation into 

the empty Ca3d state. Since the strength of this excitation is approximately the same 

in the two and one layer material, an excitation into the empty Ca 3d state is certainly 

not a significant contribution. 

In conclusion the 2.5eV excitation is associated with Cu—O, and the excitation 

at 3.6eV is associated with the Bi—O plane. The origin of the 4.7eV excitation cannot 

be determined from the low energy spectra of the energy loss and reflectance measure- 

ments. 

5.5.5 Core Level Excitations 

In the energy loss spectra for both one layer and two layer samples, there are two 

dominant core level excitations at 28.4deV and 29.4eV. Due to the influence of the va- 

lence band plasmon at 19eV, the energy positions in the optical conductivity spectrum 

(shown in figure 5.23a, figure 5.23b, and figure 5.23c) are not the same as the positions 
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which appear in the the energy loss spectrum. In table 2, the core level excitations in 

both the energy loss spectrum and optical conductivity spectrum for Bi,Sr,CuO, are 

listed with possible interpretations for each excitation. There is no substantial difference 

between the one layer sample and the two layer sample for the core level transitions ex- 

cept that the peaks of all core level transitions in the optical conductivity spectrum for 

the two layer sample shift down 0.2eV in energy. We believe that this shift is not sig- 

nificant. The imaginary part of the dielectric function of Bi,Sr,CuO, 1s shown in figure 

5.24 for the energy range of 20eV to 40eV. 

Our core level energy loss spectrum is very similar to the core level energy loss 

spectrum of Bi,Sr,CaCu,O, done by Nucker, et al. (1989b), except that a prominent 

shoulder at 33eV is observed in their spectrum, which does not appear in our spectrum. 

We did observe this shoulder in the spectrum of thicker samples and suspect that it may 

be due to incomplete removal of double scattering events. The optical conductivity 

spectrum near the core levels from Nucker, et al. (1989b) is also very similar to ours 

except for the 33eV shoulder. 

The core level excitations start at 23.0eV in the energy loss spectrum. In the optical 

conductivity spectrum, the threshold position of the excitation is at 22.0eV. Since both 

spectra of the one layer and the two layer samples have this excitation, this core level 

excitation can be assigned to either Sry or Bi. The 4p atomic core level for Sr atoms 

is at 20.7eV (W.Drude et al., 1989); therefore this 22.0eV core level transition is more 

likely associated with a Sr core level transition. For the two layer sample, the Ca core 

level excitation contributes some to this region, because the spectrum of the two layer 

sample is certainly higher than that of the one layer sample in the 17eV to 25eV range. 
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Table 2. Core Level Transitions of Bi,Sr,CuO, and Bi,Sr,CaCu,O, 

  

  

  

Excitation Energy Loss AC Conductivity(width) Type 

Sr(4p > 5s) 23.0eV 22.0eV threshold 

Bi 25.7eV 25.6eV threshold 

Bi(Sde,. > 6P4,2)° 26.5eV 26.4eV shoulder 

Bi(5da5,2 > 6ps,2) 28.4eV 27. leV(1.6eV) peak 

Bi(Say. > 61 ;2) 29.4eV 29. leV(0.6eV) peak 

Sr(4s — Sp)’ S7eV 40 ~ S57eV shoulder 
  

  

a) Forbidden transition 

b) Possible interpretation 
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Figure 5.25. Proposed energy levels for Biin Bi,Sr,Ca,,Cu,0,. 
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The two dominant core level transitions at 28.4eV and 29.4eV in the energy loss 

spectrum can be assigned to Bi transitions: 5d,.— 6p,. and 5a;,. + 6p;,., respectively. 

They satisfy the selection rules, Ad=+1 and Aj=0,+1 where / is the orbital quan- 

tum number and ; 1s the total spin-orbital quantum number. The optical conductivity 

spectrum shows that the transition 5d,,. > 6p,,. is at 29.leV with a width of about 0.6eV 

and the transition 5d;,.— 6p,,. is at 27.leV with a width of 1.6eV. The photoemission 

experiment on Bi,Sr,CaCu,0O, done by Meyer, et al. (1988) indicates that the energy 

differences of Sd, and 5d. are about 3.0eV with 5d,, at 25.leV and 5d,,. at 28.leV 

with respect to the Fermi level. The spin-orbit splitting of atomic Bi Sd, and 5d,,. 

is 3.leV. The observed splitting in the energy loss measurement is 2eV. The two peaks 

are due to the transitions 5d,,.— 6p. and 5d; 6p;,.. Taking the 5d, — 5d). split- 

ting to be 3eV, then the energy loss splitting implies that the energy difference between 

6p: and 6p;,. spin-orbit doublet is leV. A simplified Bi atomic energy level diagram 

for Bi,Sr,Ca,_,Cu,O, is shown in figure 5.25. The Fermi energy level is obtained from 

a photoemission experiment (Meyer et al., 1988). Since the energy resolution of the 

photoemission experiment is about 0.6eV, the Fermi energy could be in error by a few 

tenths of an eV. The leV splitting of the Bi6p spin-orbit doublet suggests that this 

doublet is the final state for the 3.6eV and 4.6eV transitions and that these two 

excitations have a common initial state. This initial state may be the Bi 6s level, since 

the total oscillator strength of the 3.6eV and 4.6eV excitation is ~ 2electrons/Bi (as- 

suming m*/m= 1). 

The smaller width of the transition 5d,,.— 6p,,, (about 0.6eV) is consistent with the 

smaller width of the 3.6eV excitation (about 0.8eV) which can be interpreted as a 

65,2 > 6p, transition. The width of the transition 5d. — 6p;,, is about 1.6eV which 

is also consistent with the larger width (about 1.0eV) of the 4.6eV excitation interpreted 
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asa 65. — 6p, transition. The larger energy width of the 5d,,. — 6p,,. transition may 

also be due to the crystal field splitting of the 5d,,. state resulting from the low sysmetry 

of the structure. In this case there would be a crystal field doublet associated with the 

Sds. > 6p3, Which may be the peak at 27.2eV and the shoulder at 26.5eV. This would 

imply a crystal field splitting of 0.7eV which would not be resolved in the photoemission 

data. The analysis of the Bi core level excitation clearly is consistent with associating 

the low energy 4.6eV excitation with the Bi—O layer. 

The core level excitations of the Bi atom provide evidence that the 4.6eV excitation 

is a spin-orbit component of the 3.6eV excitations. 

5.5.5 Conclusion 

By comparing the energy loss spectrum of Bi,Sr,CuO, (containing one Cu — O, layer 

per unit cell) with the loss spectrum of Bi,Sr,CaCu,O,({ containing two Cu — O, layers 

per unit cell), we conclude that a 2.7eV excitation seen in both materials is associated 

with the Cu-—O, planes. The excitation may be described as an atomic 

O2p— Cu3d" transition. This transition has a pseudo-optical-gap at 1.2eV which 

might not be explained by a conventional band structure calculation. Also from the 

comparison of the spectra between the one layer sample and the two layer sample and 

from analysis of the core level excitations, the 3.6eV and 4.6eV excitations can be as- 

signed as the transitions Bi6s,,— 6p,, and Bi 6s. — 6p3., respectively. 
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Chapter VI 

Summary 

A high energy resolution transmission electron energy loss spectrometer was reas- 

sembled during the period of this research project. The electron optical lenses were re- 

arranged in order to avoid shorting and sparking between elements. The major problems 

of this spectrometer were in the vacuum system and in the high voltage power supply 

system. Some of the electronic elements were replaced, and the connections between 

these elements were remade in order to obtain a stable working condition. Presently it 

is working very well, and samples can be changed routinely without disturbing its per- 

formance. An energy resolution of 0.leV has been achieved which is the original design 

goal. Some minor problems exist, such as a nonfunctioning vacuum valve between the 

sample chamber and the monochromator, but these can be repaired the next time the 

system is modified. 

A CAMAC system was installed into the spectrometer, and a set of software pro- 

grams were written for data collection and analysis. The software package provides a 
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certain amount of flexibility for collecting data over an extended period of time. As part 

of the analysis package, a direct convolution method to remove the multiple scattering 

events in the energy loss spectrum was also developed. 

In this thesis, the optical properties of the high temperature superconductors 

Bi,Sr,CaCu,O, and Bi,Sr,CuO, were investigated by transmission electron energy loss. 

A major component of this thesis was the preparation of samples. The samples of 

Bi,Sr,CaCu,O, and Bi,Sr,CuO, were prepared for the transmission electron energy loss 

experiment. The Bi,Sr,CaCu,O, was prepared by the 20 percent KC/ flux method. 

After making and studying Bi,Sr,CaCu,O,, extra effort was devoted to the preparation 

of Bi,Sr,CuO, single crystals. In order to control the temperature of the sample prep- 

aration furnace for optimum crystal growth, an interface between the furnace and com- 

puter was developed with the aid of the physics electronic shop. Some 5 x 5mm large 

area single crystals were made. A 500A thin film of Bi,Sr,CuO, was prepared for the 

energy loss experiment from the single crystal by tremendous effort. 

The energy loss spectra of Bi,Sr,CaCu,O, and Bi,Sr,CuO, were measured over a 

wide energy range, and the dielectric function was derived from the energy loss spectrum 

by Kramers-Kronig analysis. The energy loss spectra and derived optical conductivity 

of both materials are very similar above E= 10eV, but differ significantly at low energy. 

The BiSr,CaCu,O, spectra below 3eV was fitted with a Drude model to describe a peak 

in the loss function at leV and with a Lorentz model to describe the broad oscillation 

centered at 2.7eV in the slowly varying background. The interpretation of the leV 

excitation is controversial. Our energy loss data cannot distinguish between a free- 

carrier versus Lorentz oscillator (with small center energy) model for this excitation. 

The free-carrier interpretation was chosen for simplicity. The energy-momentum 
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dispersion of the leV excitation with momentum was measured. The effective mass and 

density of the carriers were derived from the plasmon frequency and dispersion coeffi- 

cient. The optical transmittance of the Bi,Sr,CaCu,O, sample also was measured. The 

spectra was calculated using optical parameters derived from the energy loss measure- 

ment, and good agreement between the measured and calculated spectra was found. 

The broad oscillator centered at 2.7eV was observed in the spectrum of both 

Bi,Sr,CuO, and Bi,Sr,CaCu,O,. The oscillator strength of this excitation was approxi- 

mately twice as large in Bi,Sr,CaCu,O, than in Bi,Sr,CuO,. Since the unit cell of 

Bi,Sr,CaCu,0O, contains two Cu—O, planes while the unit cell of Bi,Sr,CuO, contains 

one Cu—O, plane, we conclude that the excitation at 2.7eV is associated with the 

Cu — O, planes. 

In the energy loss and reflectance spectra of Bi,Sr,CaCu,O,, two excitations at 3.6eV 

and 4.6eV are observed. Two excitations are also observed at the same energy in the 

reflectance measurement on Bi,Sr,CaCu,O, These two excitations cannot be resolved 

in the energy loss spectra due to the overlap of these excitations with the strong valence 

band plasmon. The 3.6eV excitation was assigned to the Bi—O plane based on the 

change of the oscillators strengths between the one layer sample and the two layer 

sample. The interpretation of this excitation is consistent with the band structure cal- 

culations. The origin of the 4.6eV excitation could not be determined unambiguously 

from the low energy loss spectra and the reflectance measurements. 

Two dominant core level transitions at 28.4eV and 29.4eV in the energy loss spec- 

trum for both materials were observed, and they correspond to 27.leV and 29.leV core 

level excitations in the optical conductivity. According to angular momentum selection 

rules, these two excitations at 27.leV and 29.leV, can be assigned to Bi 5Sds,. > 673), 
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and Bi5d;,.— 6p,,, transitions. Photoemission data show that the spin-orbit splitting 

of the Bi5d level is 3.0eV. Combining the photoemission measurement(5d,,. — 5ds,2 

splitting equals to 3eV) with the energy loss splitting (5d, 6p,,., and 5d). — 6p3,2 

splitting equals to 2eV), it follows that the spin-orbit splitting of the 6p,, and 67,, 

state is leV. It is then reasonable to associate the 3.6eV and 4.6eV excitations with the 

bismuth transitions, 65,,. > 6p,,. and 65,,. > 6p3. Thus, a self consistent interpretation 

of the data follows from associating both the 3.6eV and 4.6eV excitations with the 

Bi—O planes. A _ simplified atomic energy level diagram for the Bi atom in 

BiSr,Ca,_,;Cu,O, (n = 1,2) is derived from this experiment. 

Summary 137



References 

Assam and Bashara (1977), Ellipsometry and Polarized Light 

Bozovic, I. et al.(1987), Phys. Rev. Lett. 59, 2219 

Chen, C.Y. et al. (1989), Phys. Rev. Lett. 63, 2307 

Collins, R.T. et al. (1989a), Phys. Rev. B 39, 2251 

Collins, R.T. et al. (1989b), Phys. Rev. B 39, 6571 

Danials, J., Festenberg, C.V., Reather, H., and Zeppenfeld, K.(1970), Springer Tracts 
in Modern Physics, Vol 54. 

Drude, W., F.J. Himpsel, G. V. Chandrashekhar, and M. W. Shafer (1989), Phys. Rev. 
B 39, 7328 

Chu, C.W., et al. (1988), Phys. Rev. Lett. 66, 941 

Fields, J.(1974), Ph.D. Thesis, Princeton University 

Fink, J.(1989), Adv. Electron. Electron Phys. 75, 121 

Fujimori, A. et al. (1989), Phys. Rev. B 39, 2255 

Gao, C., Wang, Y.Y., Ritter, A.L., and Dennison, J.R.(1989), Phys. Rev. Lett. 62, 945 

Garriga, M. et al. (1989), J. Opt. Sci. Am. B 6, 470 

Geserich, H.P. et al. (1989), Europhys. Lett. 6, 277 

Gibbons, P.C., Ritsko, J.J., and Schnatterly, $.E.(1975), Rev. Sci. Instrum., 46, 1546 

References 138



Gibbons, P.C. and Schnatterly, S.E. (1977), Phys. Rev. B 15, 2420 

Goodenough, J. (1971), Progress in Solid State Chemistry Vol.5, p145 

Harrison, W.A. (1980), Electron Structure and the Properties of Solids 

Heavens, O.S. (1965), Optical Properties of Thin Solid Films (Dover, New York, 1965) 

Himpsel, F.J. et al. (1988), Phys. Rev. B 38, 11946 

Hines, R.L. (1975), J. Micros 104, 257 

Hoffmann, D. (1989), private communication 

Hybertsen, Mark S and Mattheiss, L.F. (1988), Phys. Rev. Lett. 60, 1661 

Imer, J.M., F.Patthey, B.Dardel, W.D.Schneider, Y.Baer, Y.Petroff, and A.Zettl (1989) 
62, 336 

Kamaras, K. et al. (1987), Phys. Rev. Lett. 59, 919 

Kelly, M.K. et al. (1989), Phys. Rev. B 40, 6797 

Kircker, J., Alouani, M, Garriga, M., Murugaraj, P., J.Maier, C. Thomsen, M.Cardona, 
O.K.Anderson, and O.Jepsen (1989) Phys. Rev. B 40, 7368 

Kuyatt, C.E. and Simpson, J.A. (1967), Rev. Sci. Inst. 38, 103 

Livins, P., Aton, T., and Schnatterly, S.E.(1988), Phys. Rev. B 38, 5511 

Lu, Y. et al. (1989), Phys. Rev. B 39, 729 

Maede, M., et al. (1988), Jpn. J. Appl. Phys. 27, L209 

Mahan, G.D., (1981), Many-Particle Physics, p.433, 

Mattheiss, L.F. and D. R. Hamann (1989), Phys. Rev. B 40, 2217 

Mattheiss, L.F. (1987), Phys. Rev. Lett. 58, 1028 

Meyer, H.M. et al. (1988), Phys. Rev. B 38, 7144 

Michel., C., et al., (1987), Z. Phys. B 68, 421 

Minami, F. (1989), Phys. Rev. B 39, 4788 

Misell, L.D. and Jones, L.F.(1969), Phys. A(Gen. Phys.) 2, 540 

Nucker, N., Fink, J., Renker, B., Ewert, D., and Politis, C (1987), Z. Phys. B 67, 9 

Nucker, N. et al. (1989a), Phys. Rev. B 39, 6619 

References 139



Nucker, N. et al. (1989b), Phys. Rev. B 39, 12379 

Orenstein, J. et al. (1987), Phys. Rev. B 36, 729 

Raether, H. (1965), Springer Tracts in Modern Physics, edited by G. Hohler (Springer, 
Berlin, 1965), Vol. 38, p.85 

Raether, Heinz(1980) Springer Tracts in Modern Physics , Vol. 88 

Reedyk, M. et al. (1988), Phys. Rev. B 38, 6683 

Ritsko, J.J.(1974), Ph.D. Thesis, Princeton University 

Ritsko, J.J., Lipari, N.O., Gibbons, P.C., Schnatterly, S.E., Fields, J.R., and Devaty, 
R. (1976), Phys. Rev. Lett., 36, 210 

Ritsko, J.J. and Michael J. Rice (1979), Phys. Rev. Lett. 42, 666 

Sato, H., S. Tajima, H. Takagi, and S. Uchida (1989), Nature, 338, 241 

Schneemeyer, L.F. et al. (1988), Nature 332, 422 

Sturm, K. (1976), Z. Phys. B 25, 247 

Suzuki, M. (1989), Phys. Rev. B 39, 2312 

Taff, E.T. and Philipp, H. R. (1965), Phys. Rev. 138 A 197 

Takagi, H. et al. (1988), Nature 332, 236 

Takahashi, T. et al. (1988), Nature, 334, 691 

Takahashi, T. et al. (1989), Phys. Rev. 39, 6636 

Tarascon, J.M. et al. (1988), Phys. Rev. B 37, 9382 

Tarrio, C. and S. E. Schnatterly (1988), Phys. Rev. B 38, 921 

Thomas, G.A. et al. (1988), Phys. Rev. Lett. 61, 1313 

Timusk, T. and David B. Tanner, (1989), The Physical Properties of High-Temperature 
Superconductors, edited by D. M. Ginsberg 

Van der Marel, D., et al. (1988), Phys. Rev. B 37, 5136 

Yvon, K. and Francois, M. (1989), Z. Phys. B EN , 413 

Wang, Y.Y. and Ritter, A.L.(1988), unpublished 

Wang, Y.Y., Ritter, A.L., and Feng, G.(1990), sent to Phys. Rev. B 

References 140



Zallen, R. (1983), The Physics of Amorphous Solids 

References 141



Appendix A 

The Software Package 

The data collecting software includes a main program, WCONS8.FOR, with three 

Fortran callable libraries, YYWLIB, N4NLIB, and ISFLIB. The ISFLIB library was 

developed by Interface Standard Co. for interfacing between a computer and CAMAC 

units. YYWLIB and N4NLIB were developed by the author. The names of the sub- 

routines can be found in the library list. The descriptions of the subroutines are written 

in the Fortran subroutine programs. An enable interrupt subroutine in the Fortran 

callable subroutine libraries is a key subroutine program in WCONS8.FOR. It is named 

START.MAC and was written in assembly language. 
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WCONS.FOR 

REAL E,EE,F,FF,FFF(10),£0,E1,E2,ES,£11,E21,ES1,Vm,v,t 
INTEGER nl1,n2,C,EXT,HD, LD, LAM,I,M,EXT1,J,1d1(2),Iv 
CHARACTER an*1,BN1*16, BNL(2)*16,FILENM(8)*20, ANSWER* 1 
INTEGER*4 NF4,NN4,N4T, ING 
REAL FD,FD2 
logical NFLAG, qflag,pflag, lsflag,nstflag 
c="164000 

C ACCEPT THE PARAMETERS: ENERGY RANGE, ENERGY STEP, MOMENTUM RANGE, 
C 

5 

MOMENTUM STEP, COUNTING TIME, COUNTING LOOP NUMBER, AND FILE NAME. 

CALL ENSET(E0,E1,E2,ES,NTX) 
type*, ‘How many data files do you like to open?(up to 6 files)’ 
accept*,kfile 
do 1, 1lfile=1,kfile 
type*,lfile 
TYPE*, 'TAKING DATUM FILE: ' 
CALL FLNM(FILENM(1file)) 
continue 

type*,'Do you like to use computer for momentum control(Y/N)?' 
accept 510, answer 
if ((answer.eq.'Y').or.(answer.eq.'y')) then 
type*,'What is full scale momentum 7(Vm)' 
accept*, Vm 
TYPE*,'WHAT IS MOMENTUM OFF SET?' 
ACCEPT*, vO 

type*,'From which momentum to which momentum do you like 
. to measure?(vl1,v2)' 

accept*,vl,v2 
type*,'What is momentun step?(v3)' 
accept*,v3 

type*,'what is polarity(0/1)?(0 is positive and 1 is negative)' 
accept*,ip 
qflag=.true. 
iv=int((v2-v1)/v3) 

format(1x,a10) 
else 

qflag=. false. 
iv=0 

v1=0 

v2=0 

vm=1.0 
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ip=0 
v3=0 

end if 

3 type*,'How many times do you like to loop?’ 
accept*,k 
k1=k 

CALL TIMING(NHT, NLT) 

type*,'Is this a low signal count?(Y/N)' 
accept 510,an 
if ((an.eq.'Y').or.(an.eq.'y')) then 

lsflag=.true. 
TYPE*, ‘ACCEPT FO,' 
ACCEPT* , FO 

type*,'How long should the equipment sleep before it takes data? 
.(in second of real number ***,**)' 

accept*, itsleep 
Thour=int(itsleep/3600. ) 
Iminute=int(itsleep/60. )-ihour*60 
isecond=its leep~-Iminute*60-Ihour*3600 
type*, ‘hour:',ihour,' minute:',iminute,'’ second:', 

. second 

call isleep(ihour, iminute, isecond, 0) 
else 

lsflag=. false. 
end if 

C OPEN TWO DATA FILES. ONE IS IN THE DISK AND THE OTHER IS A SCRATCHED 
CG DATA FILE. 

OPEN(UNIT=10, STATUS=' SCRATCH’ , ERR=500) 
do 50, lfile=1,kfile 

1llfile=11+lfile 
OPEN(UNIT=11file, file=FILENM(1file) , STATUS='UNKNOWN’ , ERR=500) 

C START COLLECTING DATA. MAIN PROGRAM. 
do 30, m=1,k 
do 26, ml=0,iv 
FFF(1)=F0 
v=v1+ml1*v3 

call valmo(v,vm, ip) 
E=(E2-E1) 
E=E/ES 
I=INT(E)+1 
CALL CCCI(C,1) 

The Software Package 144



C WAITING FOR 2.0 SECOND HERE SEEMS TO BE VERY IMPORTANT FOR THIS 
PROGRAM. C 

10 

C COMBINE THE HIGH COUNT AND THE LOW COUNT INTO A REAL NUMBER. 

CC CHANGE COUNT INTEGER INTO A BINARY STRING IN THE FORM OF THE 
CC 

CALL CCCC(C) 

call isleep(0,0,2,0) 
call cdreg(next,c,17,0) 

call cfsa(16,next, j,0) 
CALL CDREG(EXT1,C,12,2) 
CALL CFSA(16,EXT1,HD,NLT) 
CALL CDREG(EXT1,C, 12,3) 
CALL CFSA(16,EXT1,HD,NHT) 
CALL CDREG(EXT,C,12,0) 
CALL CFSA(26,EXT) 
CALL CDREG(EXT,C,12,15) 
EEE=E1/NTX 
call encon(EEE,15,0) 

if (.not.(qflag)) then 
call isleep(0,0,15,0) 

end if 

nstflag=. false. 

CALL START 

IF(QFLAG) THEN 
il=i 

ELSE 
T1=I+5 

END IF 
DO 20 J=1,I1 

CALL CFSA(8,EXT,HD, LD, LAM) 
IF (LAM.EQ.1) THEN 

CALL CDREG(EXT,C,12,0) 
CALL CFSA(2,EXT,HD,LD1(1)) 
CALL CDREG(EXT,C,12,1) 
CALL CFSA(2,EXT,HD,1LD1(2)) 
v4=v+v0 

E=EEE*NTX+E0 

CHARACTER NUMBER '0' AND ‘1’. 
DO 13 K4=1,2 

IF (LD1(K4).LT.0) THEN 
N2=( -1)*LD1(K4) 

ELSE 
N2=LD1(K4) 

END IF 

The Software Package 14S



DO 11 K1=1,16 
IF(N2.EQ.0)THEN 

BNL(K4)(K1:K1)='0' 
ELSE 

N1=(N2/2) 
IF (N2.EQ.2*N1) THEN 

BNL(K4)(K1:K1)='0' 
ELSE 

BNL(K4) (K1:K1)='1' 
END IF 
N2=N2/2 

END IF 
11 CONTINUE 

IF (LD1(K4).LT.0) THEN 
K2=0 
BN1=BNL(K4) 
DO 12 K1=1,16 

IF (K2.EQ.0) THEN 
BNL(K4) (K1:K1)=BN1(K1:K1) 
IF (BNL(K4)(K1:K1).EQ.'1')THEN 

K2=1 
END IF 

ELSE 
IF (BN1(K1:K1).EQ.'1')THEN 

BNL(K4)(K1:K1)='0' 
ELSE 

BNL(K4)(K1:K1)='1' 
END IF 

END IF 
12 CONTINUE 

END IF 

13 CONTINUE 

CC COMBINE THE HIGH STRING WITH A LOW STRING AND CHANGE IT INTO A 
CC REAL NUMBER. 

=0 
FD=1. 
FD2=2. 
DO 16 K4=1,2 

DO 14 K1=1,16 
IF(BNL(K4)(K1:K1).EQ.'1')THEN 

F=F+FD 

END IF 
FD=FD*FD2 

14 CONTINUE 
16 CONTINUE 
C COMPLETE THE COMBINATION OF THE HIGH COUNT AND LOW COUNT INTO A REAL 
Cc NUMBER WHICH WE CALL INTENSITY. 
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if (lsflag) then 
FFF(2)=F/FFF(1) 
TYPE* ,E,F,FFF(2) 
IF ((FFF(2).GT.3.).and.(nstflag)) THEN 

NFLAG=. TRUE. 
nrec=nrect+l 
if(nrec.le.2)then 

GOTO 19 
C The noise is too large. go to 19 to recount. 

else 
c The recounting is more than twice 

c Proceed next point and reset nrec number. 
nrec=0 

NFLAG=.FALSE. 
FFF(1)=F 

end if 
ELSE 

c Reset nrec number. 
nrec= 
NFLAG=. FALSE. 
FFF(1)=F 

END IF 
ELSE 

NFLAG=. FALSE. 
end if / 

C ADD A NEW DATA TO AN OLD DATA AND STORE IT IN THE DATA FILE. 
IF(M.EQ.1)THEN 

IF (QFLAG) THEN 
WRITE(11file,*)V4,F 

ELSE 
WRITE( l1file,*)E,F 

END IF 
ELSE 

READ(10,*)EE,FF 

IF(QFLAG ) THEN 
IF(ABS(V4-EE).GT.0.001)THEN 

TYPE 17 
STOP 

ELSE 
F=FF+F 

WRITEC1L1f£ile,*)V4,F 
END IF 

ELSE 

IF(ABS(E-EE).GT.0.001) THEN 
TYPE 17 
STOP 

ELSE 
F=F+FF 
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WRITE(11file,*)E,F 
END IF 

END IF 
END IF 

17 FORMAT(1X,' INPUT AND OUTPUT FILES DOES NOT MATCH WITH 
. EACH OTHER. ') 

TYPE*,'THE FILE NUMBER:',lfile,' THE LOOP NUMBER:',M 
TYPE*, 'ENERGY LOSS:',E, ‘INTENSITY: ',F, ‘MOMENTUM: ' , V4 
TYPE*,' ' 

C COMPLETE WRITING A DATA TO A DATA FILE. 

C ASSIGN A NEW ENERGY VALUE AND START ANOTHER COUNTING. 

J1=J 
E=E1+J1*ES 
if (J1.EQ.1I1) THEN 

GO TO 25 
END IF 

IF (.NOT.(QFLAG)) THEN 
c '17' in cdreg is station number 

call cdreg(next,c,17,0) 
if (jl.ge.i) then 

‘1' means output of substation 1 is '1'. It is a 12 bits dataway for 
this output register. 

call cfsa(16,next,0,1) 

Q
o
.
 

else 

call cfsa(16,next,0,0) 
end if 
END IF 

EEE=E /NTX 
19 call encon(EEE,15,0) 

IF(.NOT. (QFLAG)) THEN 
call isleep(0,0,1,0) 

END IF 

CALL CCCI(C,1) 
CALL CCCC(C) 

CALL CDREG(EXT1,C,12,2) 

CALL CFSA(16,EXT1,HD,NLT) 
CALL CDREG(EXT1,C, 12,3) 
CALL CFSA(16,EXT1, HD, NHT) 
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CALL CDREG(EXT,C,12,0) 
CALL CFSA(26,EXT) 

CALL CDREG(EXT,C,12,15) 

nstflag=.true. 

CALL START 
C COMPLETE THE ASSIGNING ACTION. 

C GET OUT OF THE ACTION LOOP. 

GO TO 15 
END IF 
GO TO 10 

C THESE 'CONTINUE'S IS GOING TO START ANOTHER ENERGY MEASUREMENT 
15 CONTINUE 

IF (lsflag.and.NFLAG) THEN 
GO TO 10 

END IF 

20 CONTINUE 

CALL CCCI(C,1) 

C THESE 'CONTINUE'S IS STARTING ANOTHER MOMENTUM MEASUREMENT 
25 CONTINUE 
26 CONTINUE 

C COPY THE DATA FILE TO A SCRATCH DATA FILE FOR SUMMING DIFFERENT LOOP 
C COUNTING DATA. 

If (m.ne.k) then 
REWIND 10 
REWIND llfile 

27 READ(11file,*,END=28)E,F 

WRITE(10,*)E,F 

GOTO 27 

28 CONTINUE 
REWIND 10 

REWIND llfile 

end if 

C THIS 'CONTINUE' IS STARTING ANOTHER LOOP MEASUREMENT 

30 continue 
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CLOSE(11file) 

C THIS ‘CONTINUE’ IS GOING TO OPEN ANOTHER DATA FILE 
50 continue 

call cdreg(next,c,17,0) 
call cfsa(16,next, j,0) 

CLOSE( 10) 

c if (pflag) then 

E=E2/NTX 
c else 

c e=el/ntx 

c end if 

call encon(EEE, 15,0) 

type *,'program is completed. ' 
STOP 

500 TYPE *,'ERR IN OPENING STATEMENT' 

510 FORMAT(A) 

END 

START.MAC 

;This is a program written in an assembly language. 

-TITLE start 

devpri=5 

.globl cdcvt,cfsa,start 

.mcall .protect,.print,.device,.inten,.unprotect 

-mcall .synch, .TTINR 
start: tst (r5)+ 

-unprotect #list, #364 
Startl: jsr pc,init 

mov #intr,@#364 

tst @#165436 

mov #172000, @G#164016 

MOV #167767 ,@#165426 

mov #177777 ,@#165466 

tst @#164012 
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smove handler to vec. 

;enable the intr. 

;function is unknown? 

;ENABLE THE INTR INDIVIDUALLY 

3? 3 

;clear inhibit. 
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return: 
DEVLST: 

area: 

intr: 

list: 

synblk: 

init: 

ext: 

vecp: 

argblk: 

.DEVICE #area,#DEVLST 

RTS PC 
-WORD 165532 
.WORD 0 
-WORD 0 
.blkw 3 
.asciz /brench here/ 
even 
halt 

;lower the pri. 
;blocking all intr. 
;set inhibit. 

.inten devpri,pic 
tst @#165520 
tst @#164014 
tst @#165532 
tst @#165510 
-unprotect #list,#364 
.synch #synblk 

rts pe 

.even 
-blkw 2 ;only need to protect 

;two words for vectors 
.word 0,2,0,0,0,-1,0 
halt 

mov #argblk,r5 
jsr pe,cdevt 
rts pe 
.word 164000 
.word 364 
.word 2 
.word ext 
.word vecp 
halt 

.end 
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