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A b str a c t

Microstructure and Composition of Magnetic Flux Pinning 

Defects in High-Temperature Superconductors

Bradford G. Storey, IE

The superconducting coherence length in YBa2Cu307-x is extremely 

small, 15-30 A parallel to the a-b plane and 2-4 A parallel to the c-axis. This 

small coherence length results in superconducting properties which are 

extremely sensitive to small defects, even those on the atomic scale. Point 

defects, defect clusters, and small regions of disorder are known to enhance 

the critical current density by effectively pinning the magnetic vortices.

TEM was used to investigate the structure of small defects in 

YBa2Cu307-x, the defects studied include: point defect clusters in as-grown 

Au-doped YBa2Cu307-x, 3.5 MeV proton irradiation induced point defects 

and defect clusters, and defect cascades resulting from 50 keV Kr+ 

irradiation. Defect features such as: size, shape, strain field, density, and 

atomic models are proposed.

As chemical substitution can also enhance the critical current 

density, Cr doping of the Hg site in HgSr2Cu04+8 was investigated. TEM 

revealed an incommensurate chemical modulation containing some 

disorder within the modulation. These results were combined with the 

average local defect structure obtained by Reitveld refinement of powder-
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neutron-diffraction data to generate a complete structural model of the Cr 

substitution. A similar project involving Cr doping of HgBa2Cu04+§ 

system was underway as this thesis was nearing completion. There was no 

evidence, however, for any modulation.
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In t r o d u c t io n

Widespread research on high-Tc superconductors began in 1986 when 

Bednorz and Muller introduced the La-Ba-Cu-O system with an onset critical 

transition temperature (Tc) of 30 K (Bednorz and Muller 1986). Research 

further intensified with reports of even higher Tc's in similar ceramic 

systems (Chu et al. 1987; Wu et al. 1987). The most studied compound has 

been YBa2Cu307-x (YBCO) where 0<x<0.6 for the superconducting state and 

it has an optimal Tc of 93 K for 0<x<0.1 (Rothman et al. 1991).

A major obstacle to practical applications of YBCO is a low critical 

current density (Jc). All high-Tc superconductors allow an external magnetic 

field to penetrate as vortices of quantized magnetic flux and are known as 

type II superconductors. Current in a type II superconductor imposes a 

Lorentz force on the internal magnetic flux lines; if the flux lines yield to this 

force and move, the material will show resistance. Therefore, to enhance Jc 

much research has been done to develop the theory of magnetic flux pinning 

(Abrikosov 1957; Anderson and Kim 1964; Clem 1992; Dew-Houghes 1974; 

Kes 1987). Defects were found to pin the magnetic flux effectively; although, 

the type, size, and shape of a defect strongly influence its flux pinning 

strength. In YBCO the most studied defects are irradiation damage induced 

defects, although intrinsic defects have also been studied including: 

dislocations (Jin et al. 1991; Kirk et al. 1988), precipitates (Jin et al. 1991; Kulik 

1991; Li et al. 1988), and twins (Kvam 1992; Kwok et al. 1991).

Irradiation damage induced defects are effective magnetic flux pinning 

centers; hence, they enhance Jc significantly. In the attempt to maximize Jc

1
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2
many forms of irradiation have been employed: electrons (Giapintzakis et al. 

1992), protons (Civale et al. 1990; Kirk 1993), neutrons (Lessure et al. 1991; 

Vlcek et al. 1992), and ions (Budhani, Zhu, and Suenaga 1992; Civale et al. 

1991). Depending upon the energy and mass of the bombarding particle a 

wide variety of defects are generated. Electrons and light ions predominately 

produce Frenkel pairs and clusters of vacancies or interstitials. Fast neutrons 

produce several types of damage dominated by defect cascades and smaller 

cluster defects (Frischherz et al. 1994; Vlcek et al. 1992). GeV ions leave 

continuous tracks of damage greater than several microns in length 

(Wheeler et al. 1993). Knowing the defect structure of tracks, cascades, or 

small clusters of interstitials or vacancies is important in relating a defect 

type to its flux pinning properties.

The crux of this thesis was to investigate the structure, chemical 

composition, and stability of defects in YBCO using various transmission 

electron microscopy (TEM) techniques. Three types of defects in YBCO single 

crystals were investigated: point defects in as-grown Au-doped YBCO single 

crystals, defects produced by 3.5 MeV proton irradiation, and defect cascades 

produced by 50 keV Kr+ irradiation. In order to estimate the flux pinning 

strength of a particular defect, magnetic property measurements are required. 

Consequently, work was done in collaboration with researchers at Argonne 

National Laboratory (ANL), to make magnetic property measurements on 

the YBCO crystals before and after irradiation.

An alternate method of creating defects in high-Tc materials is by 

chemical substitution. Hopefully this will lead to a more feasible industrial 

process for mass producing superconducting devices with strong as-grown
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3
magnetic flux pinning sites. To this extent, Chap. 6 deals with a chemical 

modulation resulting from the partial substitution of Cr on the Hg site in 

Hg(Sr,Ba)2CuC>4+5; the doped material exhibits enhanced magnetic flux 

pinning.

An aspect of this thesis that is primarily of interest as a TEM technique 

but also has relevance as a materials science issue is the investigation of 

point defects. There is a belief by many that TEM is incapable of imaging 

point defects; hence, they are often referred to as invisible. The work 

presented in Chaps. 3 and 5 clearly demonstrates the fallacy in this belief. 

Not only is there evidence of point defects in the electron diffraction patterns 

and high resolution images, but through careful modeling and image 

simulation the structure of point defect clusters can be discerned.
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Chapter J  BACKGROUND

This chapter reviews the relevant theory and inform ation 

fundamental to this work. There are three subsections: 1.1 provides a 

background in superconductivity theory emphasizing magnetic flux 

pinning, 1.2 contains the crystallographic structures and relevant physical 

properties of the materials to be studied, finally 1.3 discusses some of the 

theory involved in irradiation damage considering both electronic and 

nuclear stopping mechanisms.

1.1 Superconductivity and Magnetic Flux Pinning
The phenomenon of superconductivity was discovered in 1911 by

Kamerlingh Onnes (Onnes 1911). Initially, superconducting materials were

envisioned carrying large currents thereby generating large magnetic fields

with no power loss. It rapidly became apparent, however, that the known

superconductors of the time, certain pure metals (e.g., Hg, Sn, and Pb), loose

their superconducting state under modest currents; thus, only small

magnetic fields could be generated. When a superconductor is placed in a

weak magnetic field, it completely expels the field from the superconducting

material except for a layer at the surface of thickness equal to the penetration

depth. This phenomenon of perfect diamagnetic behavior is referred to as

the Meissner effect (Meissner and Ochsenfeld 1933). Materials requiring

perfect diamagnetic behavior to be superconducting are known as type I, soft,
4
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5
Pippard, or superconductors of the first kind. These materials have an upper 

limit on the magnetic field that they will expel before returning to a non­

superconducting or normal state. This critical magnetic field (He) can be 

either an externally imposed magnetic field or generated by the 

superconducting current. Hc depends on the Gibb’s free energy difference 

between the superconducting state and the normal state; thus, it is a function 

of temperature which increases with decreasing temperature. That is, if T = 

Tc then He = 0 and as T decreases to 0 K, He increases to its maximum value.

In the 1930’s it was realized that some materials rem ain 

superconductors at magnetic fields higher than He (now referred to as Hcl), 

by allowing the external magnetic field to penetrate the material by creating 

columns of non-superconducting or normal material known as vortices 

(Gorter 1935; London 1935; Mendelssohn and Moore 1935). These 

superconducting materials are known as type II, London, hard, or 

superconductors of the second kind and they allow this penetration of the 

magnetic field up to a second critical magnetic field Hc2- A negative normal- 

superconducting interfacial energy permits, the penetration of magnetic flux 

internally in type II materials, while type I superconductors have a positive 

interfacial energy which prohibits magnetic flux penetration (Abrikosov 

1957). The internal magnetic field is quantized (London 1950), and a given 

column or vortex contains a single quantum of magnetic flux (Parks 1965).

There are several im portant material param eters used in 

superconducting theory and its applications. The penetration depth (X) was 

first introduced in 1925 by Mrs. de Haas (Gorter 1964) and further developed 

by Frank London. For type I superconductors X represents the depth of
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surface penetration by an external magnetic field. In type H superconductors 

X is also the penetration depth up to Hcl, but may be thought of as an upper 

limit on the vortex diameter when the magnetic field is between H cl and 

Hc2-

In 1953, Brian Pippard introduced a coherence length (£o)» as a 

measure of the superconducting electron's non locality (Pippard 1987). The 

coherence length is a function of the defect concentration, where %o is 

reserved for defect free pure materials near 0 K and I; is used otherwise. The 

coherence length is now considered to be the size of a Cooper pair, i.e., a pair 

of electrons with spins of equal magnitude but opposite polarity. The 

concept of Cooper pairs was introduced by the BCS theory in 1957 which is 

still accepted as an accurate theory for classic low temperature 

superconductor behavior (Bardeen, Cooper, and Schreiffer 1957). The 

Ginzburg-Landau parameter (k ) is the ratio of X to and Abrikosov 

demonstrated that for k < 2-1^2 the material is type I and type II for k  >  

(Abrikosov 1957). In YBCO A.ab = 30 nm and £ab ~ 2 nm, it follows that Kab = 

15; thus, YBCO is certainly a type II superconductor.

As mentioned previously, type II superconductors have vortex cores 

of normal state material which contain a quantum of magnetic flux. In the 

absence of any current or defects the vortices will repel each other and form a 

triangular lattice (Abrikosov 1957). When a current is applied to the 

superconductor, however, there will be a Lorentz force on the vortices in the 

direction of JxB. If this Lorentz force exceeds the pinning force holding the 

vortices in place, the vortices will move. Vortex motion sets up an electric 

field opposing the superconducting current, leading to a dissipation of
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7
energy. This resistance heats the sample locally and can create a positive 

feedback loop leading to a complete loss in the superconducting current. 

Consequently, if the current density surpasses a critical value (Jc)/ vortices 

will flow and a normal state resistance will be realized. Therefore, much 

research is done to produce strong flux pinning defects.

Because defects create a volume of material with a lower (possibly 

zero) superconducting order parameter, i.e., density of superconducting 

electrons, magnetic vortices align themselves with defects. Pinning occurs at 

defects because it costs less energy if the vortex core is at a site that is normal, 

than if it has to transform a superconducting region into a normal one. It 

should also be noted that most high-Tc superconductors are highly 

anisotropic; thus, a defect's pinning force depends upon the crystallographic 

directions of J and B.

1.2 Cuprate Superconductors
The majority of high-Tc superconductors contain Cu02 planes in 

which the density of superconducting electrons, i.e., Cooper pairs, is highest. 

The Y-Ba-Cu-O system, described in 1.2.1, has been exhaustively studied and 

is the primary material used in this work. A short section describing the 

structure of the single layer HgBa2Can-lCun04+S system is also presented.

1.2.1 YBa2Cu3C>7-x

In 1987 Wu reported that YBa2Cu307-x (YBCO) has an onset Tc of 93 K 

with a transition width less than 0.5 K (Wu et al. 1987). The YBCO structure 

is a triple perovskite unit cell with two Cu02 planes perpendicular to the
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long axis of the unit cell. This orthorhombic structure was determined in 

1987 using neutron diffraction, is illustrated in Fig. 1.1, and has two main 

crystallographic features of interest (Jorgensen et ai. 1987). The first is the 

C u 0 2  planes above and below the Y atom which provide the primary 

superconducting path in the material. The other structural feature to note is 

the CuO chains that lie in the [010] direction. This oxygen ordering makes 

the unit cell orthogonal in which the a-axis is slightly smaller than the b- 

axis. The CuO chains are generally referred to as "isolation planes" or 

"charge reservoirs" for the superconducting Cu02 planes.

The most common intrinsic defects in the orthorhombic structure, 

besides oxygen vacancies, are (110) twins. Due to the orthorhombic structure, 

the [110] directions that are nearly perpendicular to the twin plane are 

nonparallel. This in turn results in a slight splitting of the (110) spots in a 

[001] zone axis electron diffraction pattern (assuming it is taken from an area 

that includes a twin boundary). As the oxygen deficiency increases, the b:a 

ratio approaches unity and a tetragonal structure evolves. Therefore, it is 

possible to correlate the degree of spot splitting in a diffraction pattern with 

the oxygen concentration. A graph of this relationship is provided in Fig. 

1.2.

As will be discussed later, in regard to proton irradiation, one 

proposed defect is copper oxide interstitial platelets in the b-c plane created by 

the migration and coalescence of Cu and O point defects. Studies of oxygen 

tracer diffusion in single crystal YBCO have found that oxygen diffusion is 

highly anisotropic with the b-axis being the preferred diffusion direction 

(Rothman et al. 1991). Another tracer diffusion study indicates that the
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Figure 1.1 Schematic for the YBa2Cu307-x orthorhombic unit cell. Oxygen 
vacancies typically occupy the 0(1) site, note that the 0(5) site is normally 
vacant and is not considered as an oxygen vacancy.
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Figure 1.2 Plot of the oxygen content vs. the angle between (110) twinned 
reflections in an electron diffraction pattern. Note that as the oxygen content 
decreases, b /a  goes to one, i.e., the structure transforms from orthorhombic 
to tetragonal. The relationship between the oxygen content and the lattice 
parameters was taken from an x-ray study by Cava et al. 1990.

diffusion rates of O and Cu are much faster than Ba or Y (Chen et al. 1992). 

The oxygen diffusion mechanism in the b-direction was proposed to be 0(1) 

atoms jumping into the normally vacant 0(5) lattice position and rapidly 

moving to the next 0(5) position until an empty 0(1) site was encountered 

and occupied; the key being that diffusion does not occur by random oxygen 

motion in the a-b plane, instead it occurs along the empty 0(5) channels. 

They also found the diffusion rates to be largely independent of oxygen 

partial pressure. In another diffusion study, YBCO was found to lose oxygen
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at room temperature very slowly and not lose significant amounts of oxygen 

until about 350 °C in either vacuum or non-oxygen environments (Kishio et 

al. 1989). This was also observed when YBCO TEM samples were heated in- 

situ to 400 °C without any structural change. At 400 °C, however, the sample 

rapidly transformed into a tweed structure (Iijima et al. 1987; Zhu, Suenaga, 

and Moodenbaugh 1991) indicating that the sample was losing a significant 

amount of oxygen.

122 Mercury Based Materials

The first Hg-based cuprate high-Tc superconductor was discovered in 

1993 with an onset Tc of 94 K (Putilin et al. 1993). Various dopants have been 

attempted to either stabilize the compounds or enhance Tc, and 

HgBa2Ca2Cu3 0 y, in particular, showed record-high Tc's of 134 and 164 K 

under ambient and high pressures (31 GPa), respectively (Gao et al. 1994). 

High pressure synthesis is an impractical sample preparation technique, but 

it provides evidence that higher Tc's can be achieved. Knowledge of the 

high pressure synthesized material's structure may provide insight on what 

to alter in materials prepared under ambient conditions, so that practical Tc 

enhancements may be realized.

The material used in this work was Hgi-xCrx(Ba,Sr)2Cu04+§ which 

has a single Cu02 layer per unit cell. A collaboration with Dr. Jorgensen's 

group at ANL investigated (H gi-xC rx)B a2C u04+8 (0<x<0.4) and 

(Hgo.6Cro.4)Sr2Cu-0 4 +g. A schematic of the basic undoped structure is 

provided in Fig. 1.3. The details of the Cr substitution into each compound 

are the province of Chap. 6 and will not be discussed here.
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Figure 1.3 Schematic of the undoped HgBa2CuC>4 unit cell.
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1.3 Irradiation Damage

This work used an electron probe to study the atomic structure of 

native point defects and small irradiation induced defects. Hence, there are 

two areas of interest concerning irradiation damage theory: the desired ion 

irradiation effects and the unavoidable electron irradiation effects inherent 

to TEM analysis.

There are many types of irradiation, for instance: ions, electrons, 

neutrons, protons, and photons. Regardless of the projectile, however, 

irradiation damage is the result of either elastic or inelastic collisions each of 

which can occur by several mechanisms. This section contains a brief review 

of irradiation damage theory with a focus on the relevant details unique to 

ion and electron irradiation.

13.1 Knock-On Damage

A fraction of the trajectile's energy will be transferred to the sample in 

elastic collisions. These collisions (knock-on damage) require both the 

momentum and kinetic energy of the particles involved to be conserved. In 

a single collision, the projectile may transfer to the target atom any fraction 

of energy between a minimum and maximum quantity, through a 

Coulombic interaction. The minimum transferable energy, Tm in/ is 

established by the lowest energy phonon vibration mode, and the maximum 

transferable energy, Tmax/ is given below in equation 1.1

~  4 M j M 2 trTmax = ------  , Ei U
(Ml + M2)2
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where M2 is the mass of the target atom, and Ml and El are the mass and 

energy of the projectile respectively. This equation is for the non-relativistic 

case and applies here, as the proton energy in this experiment is 3.5 MeV 

which yields a wavelength of 0.153 x 10”̂  nm and velocity of 2.58 xlO7 m /s 

(8.6% of the speed of light); similarly, 50 keV Kr+ is also non-relativistic. If 

the energy transferred is small, then the projectile is scattered through a 

small angle and the target atom will vibrate around its lattice position, 

causing local heating. If, however, the energy transfer is greater than the 

threshold energy (Ed) required to displace the target atom from its lattice 

position into a distant interstitial site, a stable Frenkel pair will be created. 

This is commonly known as ballistic knock-on displacement. Furthermore, 

if the energy transferred is substantially greater than Ed then the target atom 

may recoil into neighboring atoms causing m ultiple secondary 

displacements, which in turn generate further displacements. This 

continues until all of the particles involved have an energy less than Ed and 

results in a branched region of highly disordered material, referred to as a 

defect cascade.

1.3.2 Radiolytic Damage

The other energy transfer process is an inelastic collision. This 

requires the conservation of momentum and total energy; the distinction 

here is that the kinetic energy is not conserved. Energy is transferred to the 

target atom when a closely bound or inner core electron is excited out of its 

ground state. Displacement damage resulting from this process is known as 

radiolysis or ionization damage. The excited electron may either decay back
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to the ground state or generate a defect. According to Hobbs there are five 

criteria necessary for damage production by radiolysis: (1) The excitation 

must be localized to a few atomic sites. (2) The excitation must have a 

lifetime longer than the phonon period to couple into a mechanical 

response of the nuclear mass (= 10'13 s). (3) The available excitation energy 

must be comparable to the atomic displacement energy in its excited state. (4) 

The recombination energy must be substantially larger than the heat of 

formation required to form defects. (5) An energy-to-momentum 

conversion must exist and compete favorably with other excitation decay 

modes (Hobbs 1979).

Both radiolytic and knock-on damage occur in 3.5 MeV proton 

irradiation of YBCO. Figure 1.4 provides insight to the defect size 

distribution. The lower energy primary recoils (< 100 eV) generate point 

defects, while small defect cascades are formed by the larger recoils (> 10 

keV). The bulk (80%) of the damage appears to be point defects; however, it 

is likely that some point defects migrate and coalesce to form larger defects. 

Since oxygen and copper point defect are the primary diffusing species at 

room temperature, the larger defects found experimentally could be copper 

oxide precipitates. Figure 1.4 should be used semi-quantitatively at best, due 

to the difficulties in simulating the interaction of YBCO with an energetic 

particle. Two of these difficulties are modeling the crystal with accurate 

displacement energies for each atomic position and accounting for multiple 

collisions. Unlike proton irradiation, 50 keV Kr+ irradiation results 

primarily in defect cascades, i.e., a small (2-5 nm) highly disordered volume. 

After the initial displacement process (10‘13 s), the atoms in the cascade core
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Figure 1.4 Integral recoil fraction as a function of recoil energy for 3.5 MeV 
protons in YBCO.

are highly energetic and are essentially in a molten state, this is referred to as 

a thermal spike (Brinkman 1954; Diaz de la Rubia et al. 1987; Seitz and 

Koehler 1956). The energy is dissipated primarily as heat; hence, the cooling 

or quenching rate is controlled by the thermal conductivity which in YBCO 

is highly anisotropic. This anisotropy may control the final shape of a defect 

cascade (see Chap. 4).

1.3.3 TEM Induced Damage

Point defects are primarily generated by 100-400 keV (operating voltage 

range in a TEM) electrons. By changing the accelerating voltage of the 

electrons, different atomic sub-lattices in YBCO can be displaced. 

Experimental evidence (Basu et al. 1989; Kirk et al. 1988) and molecular
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dynamic simulations (Kirsanov, Musin, and Shamarina 1994; Kirsanov, 

Musin, and Shamarina 1992) indicate that 100 keV electrons are below all 

knock-on damage threshold energies, except one planar oxygen site (02) 

when the electron beam is near the a, b, or c axes. Considering that the 

experimental work, mentioned above, did not observe any basal plane 

oxygen disordering with time while at 100 keV (the author's observations 

concur), radiolytic damage is also negligible. Therefore, unless higher 

resolution is required, one should not operate the electron microscope above 

100 keV when studying YBCO.

The previous paragraph is in regard to a perfect YBCO structure. 

Defects, however, have a much lower threshold for irradiation damage and 

point defects can migrate under certain irradiation conditions. It was a 

concern in this project that the very act of observing the point defect clusters 

with an electron probe would alter their structure. To combat this problem, 

diffraction patterns and images were often obtained at the start of a session so 

that if changes in the defect structures occurred they could be seen with time.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2  EXPERIMENTAL TECHNIQUES

2.1 Crystal Growth

2.1.1 YBazCu307-x Single Crystals

The flux melting technique (Kaiser et al. 1987) was used by Dr. Veal to 

grow YBCO single crystals, typically 1x1x0.05 mm3 in size. The crystals were 

grown in a Au crucible resulting in the substitution of Au for Cu(l) at 

approximately 1 Au atom per 10 unit cells, see Chap. 3 for further details. 

Oxygenation was accomplished by slowly cooling the crystals from the 

growth conditions to 480 °C in oxygen and then annealing for a few days. 

They were further cooled to about 420 °C, annealed for a few more days, and 

finally furnace cooled to room temperature; the crystals were stored in open 

air. Fully oxygenated crystals of the proper size were then selected. 

Numerous twins ensure an orthorhombic structure and are visible with the 

aid of a low power light microscope. Crystals with unremovable flux must 

be avoided for two reasons: it will screen the crystal from the proton 

irradiation and it will contaminate the surface of the TEM sample. A few 

YBCO crystals were grown in Zr02 crucibles by Dr. Giapintzakis at the 

University of Illinois at Urbana Champaign. There is very little Zr 

substitution (typically 1-2 ppm); the crystals, however, are often an order of 

magnitude smaller in volume.

18
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2.12 Hgi-xMx(Ba,Sr)2Can-l CunC>4+S Powder

Mercury based superconducting powders were prepared by Dr. 

Chmaissem at ANL. Both HgSr2Cu04+5 and HgBa2CuC>4+5 powders were 

prepared with Cr partially substituted for Hg. HgO, Cr203, Sr(N03)2, and 

CuO powders were mixed to provide an overall composition of 

Hgo.7Cro.3Sr2Cu04+5 (Chmaissem et al. 1995; Chmaissem, Deng, and Sheng 

1995).

To prepare the compound containing Ba, the same procedure as for 

the Sr compound was used but with Ba(N03)2 instead of Sr(N03)2 

(Chmaissem et al. 1996). Several batches of powder were prepared with 

different nominal doping levels of Cr in H gi-xCrxBa2Cu04+5 where the 

values of x include: 0.1, 0.2, 0.3, and 0.4. As will be shown in Chap. 6 a 

saturation limit of x = 0.35 was found based on energy dispersive x-ray 

spectroscopy (EDS). As a side note, it was found that the Sr material could be 

successfully crushed in methanol while the Ba material reacted rather 

rapidly.

2.2 TEM Sample Preparation
Preparing materials for TEM evaluation is an art form and is 

recognized as difficult. The damage resulting from the method employed, 

however, is often either overlooked or ignored. A thin (10-100 nm) crystal 

must be obtained in order to perform the TEM experiments. This was 

accomplished by mechanically crushing the crystals in anhydrous methanol. 

Crushing was chosen over ion milling as small irradiation defects are being 

investigated; the large number of point defects generated by ion milling may
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react with the irradiation defects and eliminate them. The high level of 

surface contamination resulting from chemical or electropolishing makes 

these poor alternatives for generating thin regions of the sample. Crushing 

has the advantage of quick sample preparation time but a disadvantage in 

the extra microscope time required to find a thin crystal with the proper 

orientation.

A reliable method for crushing very small brittle crystals was 

established by Drs. Kirk and Frischherz at ANL while investigating neutron 

irradiation damage in YBCO. The idea is to take a glass tube, with an inner 

diameter of ~3 mm, and round off one end to create a mortar. The end of a 

2.5 mm diameter glass rod is then rounded to match the rounded bottom of 

the tube, creating the pestle (see Fig. 2.1). It is critical that the rounded end of 

the glass rod fits into the end of the tube without gaps. This enables one to 

gently crush a small crystal in just a few drops of liquid. After the crystal is 

crushed, the powder, suspended in fresh anhydrous methanol, is extracted 

via a pipette and dispersed onto a clean 1000 mesh TEM grid. As new TEM 

grids are often rather dirty, it is necessary to clean them. This can be 

accomplished by suspending a new grid with self-closing anti-capillary 

tweezers in a beaker of methanol and ultrasonically cleaning it for at least 

one minute. All the other components should also be ultrasonically cleaned 

in methanol for 5-10 minutes and dusted off with compressed air. The 

entire operation should be performed over a lint free, cleanable surface, e.g., 

glass or preferably a large sheet of Teflon. This procedure for crushing 

reduces sample damage compared to ion-milling or chemical polishing (St. 

Louis-Weber, Dravid, and Balachandran 1995) and limits the exposure to the
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deleterious effects of water (Marks et al. 1988; van Tendeloo and Amelinckx

Figure 2.1 Schematic of the system for crushing small single crystals.

The Hg-based superconducting powders were also crushed. They 

tended to react, however, with methanol as well as other solvents; hence, 

they were dry crushed between two clean glass slides. The crushed powder 

was simply placed onto holey carbon thin films supported by 400 mesh Cu or 

Mo TEM grids. The Mo grids were used during EDS analysis of the Cu 

stoichiometry.

1988).

YBCO
Crystals

Mortar

Pestle

3 mm
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2.3 Storage of TEM Samples

The TEM samples were stored in a glass bell jar with a lid that enabled 

the jar to be evacuated. The vacuum was obtained with a sorption pump (no 

oil contamination or vibration), and the system was flushed out several 

times with oxygen or nitrogen. If nitrogen gas is used, it is advisable to nm 

the gas line though a liquid nitrogen bath in order to remove impurities, 

namely, water and carbon dioxide. The final state is static oxygen or dry 

nitrogen at about 0.5 atm. This system keeps carbon dioxide and water vapor 

from reacting with the sample. TEM samples stored in this manner were 

successfully reused several months later.

2.4 Ion Irradiation Damage
Irradiation induced magnetic flux pinning defects were created only in 

YBCO, although several oxygen stoichiometries as well as Au-doped 

material were used. All irradiations were performed at room temperature. 

Both 50 keV Kr+ and 3.5 MeV protons were used; experimental details for 

each are described in the following two subsections. For a discussion of the 

damage mechanisms and defect production refer to 1.3.

2.4.1 3.5 MeV Protons

Crystals less than 50 microns in thickness (c-axis) were selected and 

cleaned in anhydrous methanol. 3.5 MeV protons can penetrate up to 50 

microns in YBCO and maintain uniform damage rates, see Fig. 2.2; hence, 

crystals thicker than 50 microns are to be avoided. Prior to the proton 

irradiation the crystals were mounted on aluminum stubs with silver epoxy.
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The epoxy must not cover the top of the crystal as this would screen the 

crystal from the protons. Good thermal contact between the stub and the 

crystal is required to prevent heating during the irradiation. Dr. Baldo 

performed the irradiations at room temperature in the HVEM-Tandem 

facility (Allen et al. 1989) at ANL with 3.5 MeV protons to fluences of: 0.6,1, 

2, and 3xl016 H +-cm'2. To avoid channeling effects the proton beam was 

aligned 10° off of the c-axis. Methanol was used to dissolve the silver epoxy 

in order to remove the crystals from the Al stub.

0.025

>  0 .02-

0.015-

H 0.01- Uniform Damage

C 0.005-

8020 6040
Depth in microns

Figure 2.2 Energy transferred by 3.5 MeV protons as function of 
penetration depth in YBCO.

2.4.2 50 keV Krypton Ions

Unlike the proton irradiation, the Kr+ irradiation was performed on 

TEM samples. This is because while the protons penetrate 50 microns, Kr+ 

travels at most 35 nm before stopping. Prior to irradiating the crushed YBCO
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crystals, a region of the TEM grid containing thin clean crystals with 

favorable orientations was located. The irradiation was performed in the 

HVEM-Tandem facility (Allen et al. 1989) at ANL with the ion beam 

centered on the aforementioned region. Dosimetry was done with a Faraday 

cup which had been calibrated earlier (Vetrano 1990). A National Electronics 

Corporation ion implanter delivered 50 keV Kr+ through an ion beam 

interface into the sample area of the high voltage electron microscope. A 

fluence of 2xlOn  ions-cm'2 was used so that the defect density would be 

sizable but without significant overlap.

2.5 TEM Analysis
Nearly all of the TEM data were collected at 100 keV which is below all 

knock-on damage threshold energies, except one planar oxygen site (02) 

when the electron beam is near the a, b, or c axes (Basu et al. 1989; Kirk et al. 

1988; Kirsanov, Musin, and Shamarina 1994; Kirsanov, Musin, and 

Shamarina 1992). High-resolution electron microscopy (HREM) was 

performed on a Hitachi H-9000 at Northwestern University, while most of 

the conventional electron microscopy was performed at ANL with a Philips 

CM30. An Optronics P1000 densitometer was used to digitize the negatives 

to eight bits with a linear distribution of optical densities. The images were 

then processed with SEMPER 6 software on Apollo and Hewlett-Packard 

workstations. A Wiener filter was used to remove the shot noise from the 

images. This was done by estimating the noise in the power spectrum and 

removing it from the amplitude component of the Fourier transform 

(Marks 1996).
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2.5.1 Strain Contrast TEM

Conventional TEM is a broad term that includes three powerful 

techniques, namely: bright-field imaging (BF), dark-field imaging (DF), and 

selected area diffraction (SAD). The manner in which each of these 

techniques was employed is described below.

In order to image the irradiation induced defect clusters or defect 

cascades (2-5 nm in size), weak dynamic two-beam dark-field imaging was 

performed, typically with the (200), (020), or (006) reflection. The term weak 

dynamic condition refers to a range of tilts between (g, l.lg) and (g, 2g). For 

the (200) beam at 100 keV this translates into a range in the excitation error of 

5xl0'3 nm'1 to 5xl0'2 nm '1. Generally the excitation error should be greater 

than 0.2 nm '1 (in this case (g, 4g)) for weak beam imaging or highly 

kinematic conditions. The tilt orthogonal to g was usually 7-10° so that a 

systematic row of reflections along g was obtained. Tilts of only 3-5° resulted 

in several non-systematic reflections with strong intensities, while tilts 

greater than 10° started to enter other poles as well as create large parallax 

problems when relating specific areas of a dark-field image to other images 

obtained using another g, e.g., (200) vs. (020). The size of the objective 

aperture is important and usually the smallest aperture is too small. The 

aperture should be about 2-3 times the size of the imaging reflection when 

the illumination is set up for imaging. As a side note, the appearance in 

dark-field of small Moire fringe patches (often only 2 short fringes) is a good 

indication that oxides are forming on the sample surface. This is the result 

of either a poor vacuum or a dirty surface.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26
Bright field imaging had very limited application in this work and 

was used only to observe twin boundaries and place the selected area (SA) 

aperture on a single twin lamella.

Electron diffraction had two primary uses in this work. The first was 

to simply locate crystals oriented near the pole of interest and align them to 

the desired orientation. The other use was to investigate the ordering of 

point defects by observing the extremely weak diffuse scattering. In order to 

take a picture of diffuse intensity that is 105-106 times less intense than the 

bulk reflections, one must spread the illumination out until the transmitted 

beam and few of the stronger reflections are just visible on the 

phosphorescent screen and then take a through exposure series, e.g., 30, 60, 

120, 240, and 300 seconds. It is also important that the intermediate lens 

astigmatism is eliminated, the sample height is properly adjusted, and the 

objective lens is well focused in the SA mode.

2.5.2 Phase Contrast TEM

High resolution electron microscopy (HREM) is actually phase 

contrast imaging in which the objective aperture is removed from the beam 

(a very large aperture may also be used). This allows many beams to 

interfere and form the final image. The theory regarding electron sample 

interaction and the affect of both coherent and incoherent aberrations on the 

final image is well studied and is explained in several books. An attempt to 

explain these topics will not be made here and the reader is referred to 

several references (Buseck, Cowley, and Eyring 1988; Reimer 1993; Spence 

1988).
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The actual technique of HREM requires expertise in minimizing 

objective astigmatism, beam tilt, crystal tilt, and producing a clean, stable, 

thin crystal. Conventional HREM, in which the sample is oriented so that 

the electron beam is parallel to a major crystallographic axis, was used in this 

project. One could be concerned, however, that the undamaged crystal above 

and below a defect will obscure the defect's information in the final image. 

This is a common problem experienced by those who use HREM to image 

surface reconstructions (Xu et al. 1993). The method employed is to tilt the 

sample so that the bulk reflections in the diffraction pattern are diminished; 

thus, the information in the final image of the bulk crystal is also 

diminished. Defects can be imaged in this manner because the defect's 

reciprocal space extent is much greater than the bulk lattice's reciprocal space 

extent, this is due to the defect's small real space dimensions. This enhanced 

reciprocal space extent allows the defect to intercept the Ewald sphere over a 

greater range of tilt than the bulk reflections. The problem of using off-zone 

HREM lies in interpreting and simulating the image.

Note that at voltages above 150 keV there is a time constraint in 

observing a particular region due to an increase in the electron beam knock- 

on damage of a defect in YBCO and subsequent surface degradation. Dr. Kirk, 

while working at Oxford University, noted that in the JEOL 4000 EX at 400 

keV some defects were present for only a few minutes before vanishing.

2.5.3 Energy Dispersive Spectroscopy

Energy dispersive x-ray spectroscopy (EDS) analysis was performed in 

both a Hitachi 570 SEM with a Tracor Northern EDS system and a Phillips
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CM30 TEM with an EDAX EDS system. The SEM samples were either 

powder or single crystals and placed on a carbon stub; no conductive coating 

was applied. The TEM samples were crushed powder dispersed on a variety 

of TEM grids including Cu, Au, and Mo depending upon the elements being 

analyzed.

The concentration of Au in YBCO single crystals was determined 

semi-quantitatively by using the k factors built into the commercial program 

and allowing the program to calculate the Au concentration. A more 

rigorous approach was used to determine x in H gi-xC rxBa2C u0 4 +5. 

Specifically, the undoped compound, for which the structure and 

composition are known, was used to obtain the k factors. A thin film 

approximation was made and the Cliff-Lorimer equation (Cliff and Lorimer 

1975) was used to determine the Hg stoichiometry in the Cr-doped 

compounds. The Cr stoichiometry is one minus the Hg stoichiometry, 

provided the site is fully occupied and contains only Cr and Hg atoms.

2.5.4 In-situ Stages

In this work two in-situ stages were used. A Gatan double-tilt heating 

stage was used to investigate the annealing of cluster defects in proton 

irradiated YBCO. A Gatan double-tilt liquid nitrogen stage was used to show 

that diffuse scattering in as-grown Au-doped YBCO was due to small point 

defect clusters and not thermal scattering of the electrons. Both stages were 

found to work well by not only reaching the desired temperature rapidly but 

the sample was also quickly free of drift.
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2.6 Magnetic Measurements

Research on the magnetic properties of proton irradiated YBCO was 

performed at ANL by Dr. Viswanathan as a graduate student with Dr. Kirk. 

An important result of this research was that the defects have an anisotropic 

pinning force (Viswanathan et al. 1996), which may correspond to the 

defect's structural anisotropy.

Most of the YBCO single crystals used in this work had their Tc's 

measured, by Dr. Kostic, in a low-field SQUID magnetometer. The onset of 

superconductivity was typically over 90.5 K with a transition width of less 

than 1 K. The high Tc and narrow transition width indicate the crystals were 

optimally and homogeneously oxygenated.

2.7 Image Simulations
Simulations of the high resolution images and diffraction patterns 

were performed at Northwestern University on Apollo work stations using 

Northwestern University Multislice Image Simulation software (NUMIS). 

This software generates simulated images using non-linear imaging theory, 

provided the crystal structure and the microscope operating conditions are 

given.

The multislice algorithm requires the unit cell to be broken into slices 

(=0.2 nm thick) and sequenced such that a thick crystal can be generated by 

repeating a sequence (or set of sequences) many times. A small defect may be 

sliced up and its sequence slipped in the bulk crystal sequence at the desired 

depth. The atomic potential of each slice is projected into a two-dimensional 

plane. The electrons interact or diffract off of each slice and the diffracted
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beams are Fresnel propagated to the next slice or projected potential. After 

the final slice the exit wave is stored; this wave is then imaged for different 

microscope parameters.

The microscope parameters at the time of the exposure must be 

provided for meaningful simulations. The most important parameters 

needed are objective defocus and crystal thickness; therefore, most 

simulations are done for a large range of both defocus and thickness. Other 

parameters of importance are accelerating voltage, beam tilt, spherical 

aberration, astigmatism, crystal tilt, focal spread, and the incoherent 

convergence angle. The voltage is readily known and the astigmatism, beam 

tilt, and crystal tilt are minimized by the operator and must be near zero to 

easily interpret the images. The incoherent convergence angle is obtained 

from the diameter of the diffraction spots under the imaging illumination 

conditions. The spherical aberration (Cs) was measured by tilting the 

electron beam a known amount and recording the magnitude of the image 

displacement in the direction of the beam tilt. This technique is described by 

Spence (Spence 1988). The results for the Hitachi H-9000 at Northwestern 

University operated at 100 keV are provided in Fig. 2.3. A Cs of 1.75 mm was 

determined and used for the image simulations.
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Figure 2.3 Results for the Cs calibration of the Hitachi H-9000 at 
Northwestern University operated at 100 keV. (a) plots four measurements 
made under the same microscope alignment with four orthogonal tilts. All 
four points lie on a circle of radius 1.75 mm with the center very near the 
origin. The radius equals the Cs and any offset of the circle's center from the 
origin is either the residual beam tilt from an imperfect alignment or the tilt 
due to the misalignment of the upper and lower pole pieces, (b) plots all of 
the measurements made and the average Cs is 1.74 mm.

2.8 Matching Experiment with Simulation
No attempt to quantitatively match the image simulations with 

experimental images was made. There seems to be no straightforward 

manner to match image simulations of point defect models with 

experiment, the random nature of these defects precludes a direct match 

between the simulation and the real image. Instead a rigorous best-fit by the 

eye approach was used, and is outlined below.

A spot in the power spectrum corresponding to a known spacing in 

the experimental image was used to accurately calibrate the nanometers per
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pixel. The experimental image was then rescaled so that it matched the 

magnification of the simulation, typically 0.025 nm per pixel.

The mean intensity, calculated from a region of the experimental 

image of the same size as the simulated image, was multiplied by the 

simulated image, which originally had a mean intensity of one. This 

resulted in the simulated image having the same mean as the local area of 

the experimental image into which it was pasted.

The effect of vibration is very important in trying to match simulated 

and experimental images. A convolution of the simulated image and a 

Gaussian peak was performed to model a small isotropic vibration, e.g., 0.05 

to 0.1 nm. This convolution does not affect the mean intensity but definitely 

alters the minimum and maximum values, i.e., the contrast. It also 

removes high frequencies in the image and brings out previously invisible 

defects. A small vibration must be modeled, but with great care.

Finally, an exact position must be found into which the simulation is 

to be pasted. This was obtained by performing a cross correlation of the 

simulated image with the local area of the experimental image. If all has 

been done properly and the model is correct, the inserted simulation should 

not be easily discerned in the experimental image. This blending of the 

simulation was the primary criteria for a best-fit by the eye.
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Y B a 2 C u 3 0 6 .9  Sing le  C r y s t a l s

3.2 Introduction
A great deal of attention has been directed towards determining the 

native defect structures present in YBCO, most of which has been concerned 

with the long range ordering in highly O deficient samples [theoretical 

predictions (de Fontaine, Ceder, and Asta 1990) and experimental evidence 

(Beyers et al. 1989; Werder et al. 1988)]. Little has been done, however, to 

determine the structure of O vacancy and cation impurity clusters or the role 

of such defects as weak magnetic flux pinning centers in crystals near full 

oxygenation. Reyes-Gasga did observe weak diffuse streaks in electron 

diffraction patterns from sintered samples near full oxygenation and 

proposed a 2-4 O vacancy clustering model (Reyes-Gasga et al. 1989). 

Unfortunately there was no discussion of possible cation impurities, and 

there were no simulations of the proposed defect model.

A large portion of impurities in single crystals results from the 

environment in which they are grown. A common method for growing 

YBCO single crystals is the self-flux method in Au crucibles (Kaiser et al. 

1987). Neutron and x-ray diffraction experiments show that at elevated 

temperatures Au exclusively substitutes for Cu(l) in the CuO chain plane up 

to 3 wt. % (10 at. % per formula unit), after which Au precipitates begin to 

form (Cieplak et al. 1990). Neutron activation analysis on crystals grown at 

ANL revealed Au concentrations to be typically 2.5 wt. % (Frischherz 1993).
33
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There are two main advantages to growing YBCO in Au crucibles: an 

increase in Tc of = 1 K and larger crystals (Cava et al. 1990). Thus a lot of 

attention was given to Au-doped materials as all other cation doping leads to 

a decrease in Tc- Most of this attention, however, was directed towards the 

unit cell distortion and to the valence variation of Au and Cu as a function 

of O content (Eibschiitz et al. 1993).

This chapter provides a comparison of HREM images and diffraction 

patterns of YBCO with corresponding simulations for several point defect 

cluster models. The best model has randomly distributed rod like defects 

consisting of Au+ and O vacancies along [010] and Au3+ and O interstitials 

along [100]. Other point defect cluster models are presented and shown to be 

inadequate. The existence of these defects is supported by magnetic flux 

pinning data which reported a higher critical current in Au-doped YBCO 

crystals than in pure YBCO (Viswanathan et al. 1996). This implies a 

magnetic flux pinning site which maybe related to the presence of Au; I will 

return to this later.

3.2 Evidence for Point Defect Clustering
Single crystals of YBCO were grown in Au crucibles at ANL as 

described in 2.1.1 and TEM samples were prepared by crushing in methanol, 

see 2.2.1. A low-field SQUID magnetometer was used to determine Tc 

values, which were over 90.5 K with a transition width of less than 1 K. EDS 

analysis, performed in both a SEM and TEM, verified a 2.5 wt. % Au content 

which agrees with the results from neutron activation.
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The first evidence I obtained for defect clustering in Au-doped YBCO 

was diffuse streaks in long exposure electron diffraction patterns. Figures 

3.1(a) and (b) are [001] zone axis diffraction patterns from the same area of a 

region without twin boundaries at room temperature and 88 K respectively. 

Extremely weak diffuse streaks of intensity along the [100] and [010] directions 

are evident. The streaks persist at low temperatures thereby eliminating 

thermal diffuse scattering as their source. These diffraction patterns are from 

an untwinned region; hence, the defects must lie along both the [100] and 

[010] directions. The streaks are also maintained upon tilting the crystal 7° 

off the [001] zone axis as shown in Fig. 3.1(c), therefore, they must be thick 

walls of diffuse intensity in reciprocal space resulting from short rod-like 

defects in real space. An intensity profile along the straight line indicated in 

Fig. 3.1(c) clearly shows the presence of the aforementioned streaks.

A typical high resolution image, see for instance Fig. 3.2, shows a very 

local aperiodic variation in intensity that would not be seen in an image of a 

perfect crystalline material. Figure 3.2 was taken approximately 50 nm from 

the edge of the sample, therefore, the intensity variation is not due to a high 

ratio of amorphous carbon to sample thickness. This variation in intensity 

was used to match against the simulated images of different point defect 

cluster models. These models, presented in 3.3, assume the defects are 

randomly positioned and are of a high enough density such that they will 

overlap in the image; consequently, individual defects cannot be discerned.
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Figure 3.1 Electron diffraction patterns down the [001] axis from the same 
area of a single twin lamella: (a) room temperature (b) 88 K. There are 
diffuse streaks along [010] and [100] at both temperatures. The insets show 
constant intensity contour plots, (c) is of a different region taken at room 
temperature and is tilted approximately 8° from the [001] axis. Note that the 
diffuse streaks persist at large tilts indicting a diffuse wall of intensity in 
reciprocal space. The inset shows the intensity profile along the line in the 
figure.
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Figure 3.2 HREM image of YBa2Cu306.9 down the [001] zone axis. 
Observe the non-uniform variation in intensity over very short ranges. 
This variation would not be present in a prefect crystalline material.
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3.3 Defect Models and Image Simulations

Many different types of defects were modeled and simulated for 

comparison with the experimental images and diffraction patterns. The 

defects were randomly distributed in an 8x8x12 array of unit cells with a 

thickness of 14 run or twelve unit cells along [001]. An x-ray diffraction study 

indicated that Au substitutes exclusively on the Cu(l) site (Cieplak et al. 

1990), as such, defects were restricted to the CuO chain plane. Figure 3.3 

shows one of the twelve different CuO chain planes for each of the five 

models presented. In describing the defect models, the nomenclature for 

atom sites in the YBCO unit cell given by Jorgensen et al. is used, see Fig. 1.1. 

Several assumptions were made in the defect models: O vacancies were on 

the 0(1) chain site, Au substituted for the Cu(l) chain position, Au 

concentration was 3% of the total Cu or 1 Au/11 unit cells, and the O vacancy 

concentration was 1 vacancy/10 unit cells, i.e., x = 0.1.

The defect models primarily consider small rod-like defects and not 

square or triangular shaped defect clusters. This is based on the Fourier 

transform of a 2-D projection of defects randomly positioned in 3-D. The 

number of defects per unit area in a 2-D projection is simply a function of the 

thickness along the projected direction and the defect density. By combining 

a defect size of a few unit cells, based on the width of the diffuse streaks in 

the electron diffraction patterns, and an O stoichiometry of x = 0.1, an 

appropriate defect density can be calculated. Defects of intensity value equal 

to one were randomly added to an image of an original value equal to zero 

and portions of defects that overlapped were summed. After the
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Figure 3.3 Array of 8x8 unit cells showing one of the 12 CuO chain planes 
used for each of the five models presented. The defects are randomly 
distributed in three dimensions and thus the stoichiometry is determined 
over all 12 layers and not by the single planes shown.
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correct number of defects had been generated, a Fourier transform was 

performed. A variety of defect shapes and orientations were attempted and 

the Fourier transform results are as follows: point defects yielded a 

homogenous diffuse background, small square defect clusters yielded 

decaying Bessel functions perpendicular to the defect edges, and rod-like 

defects gave weak streaks similar to those in the diffraction patterns. It is 

based upon this analysis that a rod-like shape was chosen for the defect 

modeling.

As mentioned, five simulated models are provided for comparison 

with the experimental images. Model A represents a fully oxygenated defect 

free YBCO crystal and shows the perfectly repetitive nature of the image 

intensity. Model B has random single O vacancies and no Au, while Model 

C takes the same O vacancies as in model B and randomly substitutes Au on 

the Cu(l) site. Models B and C represent widely accepted models of YBCO. 

Model D combines Au and O vacancies into short rods along the [010] 

direction.

Model E, found to fit the experimental data best, combines three types 

of defects. The main feature is Au rods along the [010] and [100] directions. 

The association of Au with O vacancies or O interstitials is based on the need 

to balance the local charge. According to Eibschutz, Au is completely 

trivalent in a fully oxygenated sample and completely monovalent in 

samples where x = 1, with a portion of each state intermediate (Eibschutz et 

al. 1993). They reported that for x = 0.1 there should be approximately 60% 

Au3+ and 40% Au+. It was also stated that Au3+ attracts O into the structure 

due to the combination of the higher charge of Au3+ compared with Cu2+
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and the similar radius of Au3+ compared to Cu2+ (0.073 and 0.085 nm 

respectively). Thus an O interstitial may preferentially sit next to an Au3+, 

while O vacancies would tend to sit next to the much larger (radius 0.137 

nm) Au+. This led to a model of trivalent Au sharing O interstitials in the 

normally vacant 0(5) site and monovalent Au sharing O vacancies in the 

0(1) site.

The samples analyzed had a thin coverage of amorphous material; 

consequently, the possibility that this contamination was the reason for the 

intensity variation in the HREM images had to be tested. The width of the 

amorphous material at the sample's edge was approximately 3 nm, therefore 

three thicknesses: 0.78, 1.95, and 3.9 nm of amorphous carbon were added to 

the top and bottom surfaces of the simulations of models A, C, and E. 

Following a technique by Paciomik et al., carbon atoms were positioned 

randomly in 0.385 nm boxes with the only restriction that no two carbon 

atoms could be closer than the carbon atom's diameter (Paciomik, Kilaas, 

and Dahmen 1993) .

The objective defocus, required for image simulations, was 

determined from power spectra of the sample's small amorphous edge. The 

defocus step was determined by plotting the defocus as determined by the 

power spectra vs. the negative number, see Fig. 3.4. Note that the slope 

(defocus step) is 19.5 nm, which is in excellent agreement with the nominal 

defocus step of 20 nm. The other microscope parameters used were: Cs = 

1.75 mm (see 2.7), convergence = 1.5 mRad, energy spread = 8 nm, isotropic 

vibration = 0.1 nm, and an electron energy of 100 keV. Multislice 

simulations were performed on Apollo workstations using NUMIS
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Figure 3.4 Plot of the objective defocus as determined from power spectra 
vs. the TEM image number. The nominal defocus step was 20 nm and the 
slope of the line is 19.5 nm which is an excellent agreement. Note that the 
defocus presented here is an under defocus, i.e., Scherzer defocus is positive 
in this format.

Software and the simulated images were pasted onto the experimental 

images using SEMPER software, see 2.8 for further details.

3.4 Comparison of Simulation with Experiment
Three members of a through focal series, Figs. 3.5 to 3.7, are presented 

as I feel that at least this many are required to match experimental to 

simulated images. Multislice image simulations of the five models (A-E) 

are inserted into each experimental image. Note that models A, C, and E are 

simulated with: 0, 0.78, 1.95, and 3.9 nm of amorphous carbon added to the 

top and bottom surfaces.
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Figure 3.5 HREM image (100 nm underfocus) down the [OClj zone axis 
with simulations of defect models A-E inserted. Models A, C and E have 
four simulations in row representing: 0, 1, 2, and 4 nm of amorphous carbon 
added to the top and bottom surfaces of the simulated material. Note the 
directionality of the dark streaks in the simulation of model D, this is not 
found experimentally.
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Figure 3.6 HREM image (132 nm underfocus) down the [001] zone axis 
with simulations of defect models A-E inserted. Models A, C and E have 
amorphous carbon added to the top and bottom surfaces as explained in the 
caption for Fig. 3.5.
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Figure 3.7 HREM image (214 nm underfocus) down the <001> zone axis 
with simulations of defect models A-E inserted. Models A, C, and E have 
amorphous carbon added to the top and bottom surfaces as explained in the 
caption for Fig. 3.5. Note that with increasing amorphous carbon there is an 
increasingly evident periodic dark contrast not seen in the experimental 
image.
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The top row (model A) of simulations is of the fully oxygenated Au 

free model and shows the uniform contrast variation in a perfect crystal with 

no amorphous coating. This model does show some variation in the 

contrast similar to that seen in the experimental image as an increasing 

amount (left to right) of carbon is added. To generate a comparable intensity 

variation at least 2 nm of carbon is required; this amount of carbon starts to 

introduce systematic contrast variations in the image that do not match the 

experimental image at certain defoci, see for instance Fig. 3.7. Therefore, 

carbon alone cannot explain the contrast variation.

The second row (model B) represents random single O vacancies and 

still no Au doping. This simulation also fails to generate the required 

contrast variation. Although a reasonable match was never achieved, many 

attempts were made to simulate the contrast variation observed by using O 

vacancy clusters of different size and shape. It is understandable that the 

simulations of models based solely on oxygen vacancy defects do not fit the 

experimental images, as the EDS analysis showed a consistent presence of 

=2.5 wt. % Au. Therefore, as Au has a much higher scattering factor for 

electrons than Cu, any proper model must include Au.

The bottom three rows of simulations in Figs. 3.5 to 3.7 represent 

defect models C-E and each combines O defects and Au atoms. All defect 

models containing Au produced a significant variation in contrast. Many of 

these models, however, generated a directional contrast variation that did 

not match the experimental images as evidenced by the simulation in the 

fourth row (model D). This model had defect rods only along [010]; thus, the 

intensity tends to vary along [100] differently than along [010]. Simulations
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in the third row (model C) represent single O vacancies not associated with 

the single Au atoms and fit the experimental images reasonably well. 

However, as shown in the diffraction simulations, Figs. 3.8(a) and (b), model 

C does not generate the diffuse streaking. The fifth row (model E) best fits 

both the images and the diffraction patterns. Notice the image simulations 

of models C and E do not require carbon contamination layers to obtain a 

good fit.

Diffraction pattern simulations, Figs. 3.8(a) and (b), are needed to 

distinguish whether model C or E is correct. It is important to realize that 

the mean level of each pattern is the same. The pattern for model C shows a 

homogeneous spread in the diffuse intensity while the simulation for model 

E has the required streaks along both the [100] and [010]. The diffuse intensity 

in the simulated streaks is 5-6 orders of magnitude less than the bulk 

reflections, and this explains the very weak intensity in the experimental 

electron diffraction patterns. Electron diffraction patterns were simulated for 

the other models including many not presented here; diffraction 

simulations of models containing rods of O vacancies without any Au did 

produce the required diffuse streaks. The diffuse intensity of these streaks 

was 7-8 orders of magnitude less than the bulk reflections and is probably too 

weak to obtain in an experimental electron diffraction pattern.
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Figure 3.8 Simulated electron micro-diffraction patterns for (a) Model C 
and (b) Model E. Note that the diffuse intensity is homogenous in Model C 
but is streaked in Model E. By comparing these streaks to those in the 
experimental diffraction patterns shown in Fig. 1(c) it is evident that model E 
remains plausible while model C fails.
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3.5 Discussion

The use of TEM to investigate the nature of point defect clusters has 

been mostly ignored. Multislice simulations, however, show that random 

clusters, of sufficient density and scattering power, should be observable in 

both HREM images and diffraction patterns. Regrettably, this technique of 

combining HREM and electron diffraction cannot reliably discriminate 

between model E and a similar model (not presented) in which the O 

interstitials on the 0(5) site between Au3+ are removed. The later model 

would then have short Au rods along both [100] and [010] without any O 

between the Au atoms. The reason for including O defects in the Au rods is 

for local charge balance. As mentioned previously, Eibschutz et al. reported 

the presence of Au3+ and Au+ on Cu2+ sites with a Au3+:Au+ dependence on 

O concentration. With Au+ being much larger and more negative than 

Cu2+, it stands to reason that an O vacancy may sit next to Au+; similarly, 

Au3+ is about the same size and is more positive than Cu2+ and an O 

interstitial may sit next to Au3+.

The defects proposed here must be considered as possible flux pinning 

sites in as-grown Au-doped YBCO, even though they lie in the CuO chain 

plane and not the Cu02 plane. This is supported by the work of 

Viswanathan et al. which compared crystals grown in Au versus Zr02 

crucibles (Viswanathan et al. 1996). They showed a flux pinning difference 

suggesting the existence of as-grown defects in the Au-doped YBCO crystals. 

The Zr02 grown crystals are almost free of cation doping as Zr is much less 

invasive in YBCO than Au, and had consistently lower critical currents as a 

result of fewer flux pinning defects. In this study, they irradiated the crystals
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with 3.5 MeV protons to a fluence of lxlO16 H+-cm‘2 and found that the Au- 

doped crystals then had the lower critical currents. These results can be 

explained by an as-grown defect acting prior to irradiation as a flux pinning 

center and during irradiation to prohibit the formation of larger irradiation 

defects by inhibiting the coalescence of the irradiation damage induced point 

defects.

3.6 Conclusion
The combination of careful diffraction analysis, high resolution 

imaging, and multislice image simulations allows the investigation of 

randomly distributed small clusters of point defects. This holds true even 

for clusters dispersed in a heavy cation matrix, and in the case of YBCO 

single crystals grown in Au crucibles yields a model for the clustering of Au 

substituted for Cu(l) and O point defects into 1 nm rods in the CuO chain 

plane. Oxygen interstitials, 0(5) site, combine with Au3+ along the [100], 

while O vacancies combine with Au+ along the [010].

The defects proposed here are possible flux pinning sites in as-grown 

Au-doped YBCO crystals. It would be of interest to investigate the flux 

pinning dependence on variable Au doping of YBCO crystals grown in Zr02 

crucibles. This would solidify the hypothesis that the Au is responsible for 

the flux pinning. Chapter 7 contains further details regarding this possible 

future work.

The advantages of YBCO grown in Au crucibles are increased crystal 

size, higher Tc, and improved flux pinning. These benefits must be balanced 

against the knowledge that the Au does form O related defects and does not
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remain inert in the system. Therefore, research on the basic properties of 

YBCO should not be performed on Au-doped YBCO unless it is certain that 

the effects of Au can be taken into account.
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S t r u c t u r a l  F e a t u r e s  o f  D e f e c t  

C a s c a d e s  i n  Y B a2C u 3C > 7-x

4.1 Introduction
As discussed in Chap. 2 defects which are on the size scale of 21; (3-5 

nm in the a-b plane for YBCO) are optimal for enhancing Jc. This chapter 

investigates irradiation induced defect cascades which are in this size regime. 

A defect cascade in YBCO is produced when the bombarding particle rapidly 

dissipates a lot of energy thereby creating a thermal spike, locally melting a 

small spherical volume inside the crystal. This melt typically quenches into 

a highly disordered or even an amorphous state. In high-Tc 

superconductors a defect cascade has a much lower superconducting order 

parameter, indeed it is usually an insulator, and is of the optimum size to be 

a highly effective magnetic flux pinning site. Given that neutron irradiation 

of YBCO primarily results in defect cascades and neutrons have a large 

penetration depth in YBCO, this provides a method of significantly 

enhancing Jc in large single crystals.

Intragrain flux pinning measurements made on fast neutron

irradiated YBCO ceramics for both the 60 and 90 K Tc phases (x = 0.4 and x =

0.1 respectively) revealed a difference in Jc enhancement between these

phases (Wisniewski et al. 1994). The natural question this difference raises

involves the defect cascade size distribution in each phase. An assumption

that the defect cascade size was larger in the more oxygen deficient phase (60

K Tc) was coupled with the differences in q between the two phases and with
52
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the differences in ^ at different measuring temperatures to explain the flux 

pinning data. This assumption of cascade size differences was based on 

theoretical work involving low energy ion recoils in YBCO (Kirsanov, 

Musin, and Wisniewski 1993).

The previously mentioned theoretical work involved molecular 

dynamic calculations for 100-300 eV O, Cu, Y, and Ba ion damage in 

YBa2Cu307-x predict an increase in defect cascade size with decreasing 

oxygen concentration (Kirsanov et al. 1993). Oxygen stoichiometries: x = 0, 

0.5, and 1.0 were studied and average defect cascade sizes of 2.7, 3.8, and 6.0 

nm were calculated respectively. This size variation was attributed to oxygen 

atoms acting as a viscous medium to reduce the lengths of replacement 

collision sequences. It was proposed that the smaller cascades with more 

localized damage, produced in the crystals w ith a higher oxygen 

concentration, are more effective pinning centers.

While many types of irradiation have been attempted in hopes of 

enhancing Jc, the size and density of the defects created are always of interest. 

One of the most promising forms of irradiation is high-energy heavy-ions 

which create tracks of damage. Direct size measurements, using HREM, of 

amorphous tracks resulting from 300 MeV Au+24 irradiation show a size 

anisotropy in YBCO (Zhu et al. 1993). The cross section of the tracks along 

the c-axis is smaller than that of tracks along the a-axis. Also the tracks along 

the c-axis are circular while the tracks along the a-axis are elliptical with the 

major axis along the [010] direction. This was explained to the first 

approximation by a thermal spike model coupled with the anisotropy of the 

thermal conductivity in YBCO (Hagen, Wang, and Ong 1989; Shao-Chun et
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al. 1991). The aspect ratio, however, was 1.6 for the a- to c-axis dimensions; 

this is much less than the ratio of 3-5 predicted by the thermal conductivity 

anisotropy. While this chapter addresses defect cascades and not tracks, there 

are some useful conclusions that can be made by comparing track damage 

with defect cascade damage (I will return to this later).

A thorough TEM study of the defect cascade microstructure resulting 

from 50 and 85 keV Kr+ and Xe+ irradiation in the 90 K phase (x=0.1) of 

YBCO has been reported (Frischherz et al. 1993). It was found that the defect 

cascades produced had a cross section approximately 3.5 nm in diameter. 

Recrystallization of cascades was suggested due to a 50% yield of defect 

cascades per incident ion and apparent lattice fringes in the center of a HREM 

image of a defect cascade (lattice fringes were found in 3 of 5 cascades 

observed). This study did not evaluate the size distribution of defect cascades 

in YBCO as a function of oxygen stoichiometry.

This chapter addresses the size distribution, shape, and structure of 50 

keV Kr+ irradiation induced defect cascades as a function of oxygen 

stoichiometry. YBa2Cu307-x single crystals of varying oxygen stoichiometry 

were irradiated with 50 keV Kr+ to create defect cascades similar to those 

resulting from fast neutron irradiation.

4.2. Experimental Details
Optimally oxygenated single crystals of YBCO were grown in Au 

crucibles according to the procedure outlined in 2.1.1. Several crystals were 

reoxygenated to obtain a range of oxygen concentrations. To determine the 

values of Tc, magnetization measurements against temperature were made
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using a low-field superconducting quantum interference device (SQUID). 

The data, Fig. 4.1, show very sharp transitions, typically less than 2 K, which 

indicate single phase crystals with near uniform oxygen stoichiometry. A 

relationship between Tc and oxygen stoichiometry has been established 

(Jorgensen et al. 1990) and the four values of x are: 0.1, 0.3, 0.45, and = 0.65. It 

is very difficult to obtain a sharp transition in the x = 0.65 sample; hence, the 

oxygen content in this sample is a rough estimate.

The details for TEM sample preparation and Kr+ irradiation are 

provided in 2.2 and 2.4 respectively. To avoid confusion the following 

notation for ion direction and size measurement direction will be used: ion 

direction will be near the a, b, or c axis and size measurements will be [010]a, 

[001]a, [010]c, and [100]c, where the subscript indicates the incident ion 

direction. In this notation the b-axis or [010] is coincident with the CuO 

chains and the c-axis or [001] is in the long (1.185 nm) unit cell dimension

4.3. Experimental Results

4.3.1 Defect Cascade Size

Dark-field imaging in weak dynamic conditions, usually (g, 1.25 g), 

was used to image the Kr+ defect cascades, see for instance Fig. 4.2. The (200), 

(020), and (006) reflections from the a and c zone axes were used for DF 

imaging, enabling size measurements in the [100]c, [010]c, [010]a, and [001]a 

directions. The defect cascade size was measured by viewing digitized dark- 

field negatives at a magnification of 1.5 million (this magnification was 

determined by knowing that a pixel on the computer monitor was equal to
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Figure 4.1 Low-field DC SQUID magnetization curves of the four 
YBa2Cu307-x single crystals used in this chapter. The transition temperature 
is determined by the average oxygen deficiency, indicated above each curve.

0.15 nm and simply placing a ruler on the monitor to obtain the number of 

pixels-cm'1). This magnification is reported here only to provide reader with 

sense of the procedure, and it important to realize that the size was 

measured by counting the number of pixels across a defect. The line of no 

contrast (black/white interface) was taken as the diameter for cascades 

showing black/white contrast (Ashby and Brown 1963); while the width 

perpendicular to g was measured for cascades showing black dot contrast 

(Wilkens 1970). The length of the black/white interface is only weakly 

dependent on the deviation from the exact Bragg condition (Saldin, 

Stathopoulos, and Whelan 1979). Simultaneous 95% confidence intervals 

were generated according to Scheffe's procedure to determine any trends 

present, see Table 4.1. Except for the larger [010]a size measured with the 

(006) reflection, the means all lie
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Figure 4.2 Typical dark-field TEM image showing defect cascades produced 
by 50 keV Kr+ in YBCO. The defect cascades are imaged as either black/white 
contrast parallel to g or as black dot features. The length of the black/white 
interface or the diameter of the black dot is equal to the cascade diameter.
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within 0.8 run. A difference of at least 0.2 nm between any two means is 

statistically significant at the 95% confidence level. Note the [010]a size was 

measured only for the x = 0.1 sample and its mean size was much greater 

than the other sizes.

When plotted, Fig. 4.3, the data for x = 0.1 show the size distribution in 

all three directions for the two zone axes studied (one direction is common 

to both zone axes). The defect cascades produced from ions incident near the 

c-axis have a circular cross section, while an elliptical cross section was found 

for ions incident near the a-axis. The plots in Fig. 4.4 show the [010]c size 

distribution in each of the four oxygen stoichiometries studied and 

demonstrate that the defect cascade size is independent of oxygen content. 

Similarly, the size distributions for [100]c and [001]a, not shown, have the 

same overall shape and mean as those in Fig. 4.4. As each defect size 

measurement was made, a record was kept as to whether the defect showed 

black/white or black dot contrast. The combined data for all size directions 

and oxygen stoichiometries, excluding the larger [OlOJa data, for the 

black/white and black dot contrast is shown in Fig. 4.5. The overall shape of 

the distributions is nearly identical and the shift in peaks is small (0.3 nm); 

therefore, defects showing either black/white or black dot contrast were sized 

to improve the statistics.
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Table 4.1 Statistics for the defect cascade size distribution in YBa2Cu3<D7-x 
resulting from 50 keV Kr+ irradiation. The subscript on the Miller indices 
for the size direction indicates the approximate direction of the incident ions.

Oxygen
Content

Size
Direction

Counts Mean (nm) Std. Error 
(nm)

6.35 [1001c 132 3.75 0.11
6.35 [0101c 154 3.98 0.14
6.35 [0011a 188 3.80 0.09
6.55 [1001c 112 3.32 0.09
6.55 [0101c 129 3.72 0.11
6.55 [001k 99 3.66 0.10
6.7 [1001c 56 3.12 0.12
6.7 [0101c 62 3.16 0.15
6.7 [0011a 100 3.28 0.09
6.9 [1001c 192 3.26 0.09
6.9 [0101c 183 3.67 0.10
6.9 [OOlJa 103 3.77 0.11
6.9 [OlOJa 160 5.26 0.12

A HREM image of a typical defect cascade is shown in Fig. 4.6. Other 

defects were located near the thin edge and also were found to have 

diameters between 2.5 and 4 nm. This is consistent with the data obtained 

from the dark-field measurements. The defocus of the image in Fig. 4.6 is 

approximately -140 nm, as determined from the power spectrum taken from 

the sample's amorphous edge. It is important to be aware of the effect of 

image delocalization and to take images at the overlap defoci so that image 

interpretation is intuitive. Refer to appendix A for a further discussion.
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Figure 4.3 Defect cascade size distributions for the four different directions 
measured, holding the oxygen content at x = 0.1. Miller indices provide the 
measurement direction and the subscript indicates the axis near the 
irradiation direction. The [100]c and [010]c means are nearly the same, 
indicating a circular cross section for cascades produced by irradiation near 
the c-axis. The ratio of the [010]a and [001]a means is 1.6, indicating an 
elliptical cross section for cascades produced by irradiation near the a-axis.
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Figure 4.4 Defect cascade size distribution for the four different oxygen 
levels. All four distributions are for irradiation with 50 keV Kr+ near die c- 
axis in YBa2Cu307-x and measured in the [010] direction. The mean size is 
similar over this range of oxygen stoichiometry, which implies that the 
defect cascade size is independent of oxygen concentration.
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Figure 4.5 Size measurements were made on both black/white and black 
dot images of the defect cascades. The combined data for all four oxygen 
levels and all measurement directions, except [010]a/ are plotted for the black 
dot and black/white sizes. This was done to insure that there was not a large 
effect on either the mean value or the shape of the distribution by measuring 
cascade sizes with one or the other type of image contrast. Both distributions 
are very similar in both mean and shape.

4.3.2 Size and Nature o f the Strain Field

The strain field size is possibly more important than the actual defect 

size in regard to magnetic flux pinning; hence, the strain field's extent was 

measured and found to be roughly twice the diameter of the defect cascade. 

The strain field size is measured parallel to g; unfortunately, this 

measurement is somewhat arbitrary as the contrast from the defect cascade 

gradually blends into the background. The endpoints were chosen at about a 

70% drop in the intensity of defect contrast and this was then compared to 

the actual size for that particular defect cascade. It is important to realize that 

there is not a simple relationship between the decay of the strain field and
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Figure 4.6 HREM image down the c-axis of a 50 keV Kr+ defect cascade in 
YBa2Cu306.35- The irradiation direction was near the c-axis and as the 
graphs in Figs. 4.3 and 4.4 predict the cascade cross section is circular with a 
diameter of 3.5 nm. The objective defocus is about 140 nm underfocus, 
which is close to the overlap defocus (160 nm) for the 0.385 nm fringes at 100 
keV and a C§ of 1.75 mm.
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the decay of the intensity in the image of that strain field; hence, the 70% 

drop used here does not correlate to a 70% decay in the actual strain field. 

The endpoints for the actual size, measured perpendicular to g, are easier to 

determine as the contrast change in this direction is abrupt. The strain to 

actual size ratio was consistently found to be two, and this held true for 

different oxygen contents, irradiation directions, and g’s used to form the 

dark-field image. Only defect cascades showing good black/white contrast 

from strong two-beam conditions were selected for strain field 

measurement.

Of less importance to magnetic flux pinning is the nature of the strain 

field, i.e., inwards or vacancy vs. outwards or interstitial. The defect cascades 

were determined to be interstitial. Unfortunately, in this case it turned out 

to be a very difficult determination to make and not much trust should be 

placed in this result. The method used here for determining the nature of 

the strain field is outlined below.

TRIM (Ziegler, Biersack, and Littmark 1985), a Monte Carlo program to 

simulate irradiation damage, was modified (Frischherz et al. 1993) to 

calculate the depth of the defect cascade's center of mass, and the calculated 

depth profile for 50 keV Kr+ in YBCO is shown in Fig. 4.7.

The contrast in a DF image, created by a defect, depends upon the 

depth of the defect and the extinction distance (£g). Note that is very 

sensitive to the deviation parameter, as illustrated for the (200) beam in Fig. 

4.8. If the defect has a nearly spherical strain field, the contrast will either be 

a black dot or two connected lobes of opposite contrast, i.e., a figure eight 

shape with a one half black and the other half white. There are three
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Figure 4.7 Defect cascade depth distribution for 50 keV Kr+ in YBCO as 
determined using a modified version of TRIM. The positions for the three 
imaging layers are indicated (see Fig. 4.9).

imaging layers at the top and bottom of the TEM sample. The black to white 

vector (0 for a particular type of defect reverses as it passes from one layer to 

the next. A reversal of f is also observed if the direction of the strain field is 

reversed, e.g., interstitial vs. vacancy. A schematic (Fig. 4.9) of these rules for 

the contrast of a defect at different depths, in terms of £g, is presented for 

defects of either a vacancy or interstitial nature.
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Figure 4.8 Plot of the (200) beam's amplitude as the electrons propagate 
through YBCO for (g, g) and (g, 1.25g).

By combining the last three figures it is possible to generate Fig. 4.10, 

which shows the range of allowed crystal tilt in which a majority of the 

defects will be in the second imaging layer. Images should be taken in this 

range and the direction C, i.e., black to white vector, for each defect showing 

unambiguous black/white contrast recorded. The majority direction of Cis 

from defects in the second layer, and the nature of the strain field can be 

determined as follows: a majority direction parallel to g is interstitial while 

anti-parallel to g is vacancy. The problem in this case arises from the depth 

profile of the defect cascades, recall Fig. 4.7; they are tightly distributed 

around the boundary of the first and second layer. Hence, two complications 

arise:
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Figure 4.9 Schematic of the black/white contrast direction for defects 
residing in each of the three layers at either the top or bottom of the TEM 
sample. The left side is for the case of a vacancy strain field while the right 
side is for an interstitial strain field.
Li defects are more easily imaged and thus preferentially counted, secondly a 

large portion of defects close to the Li to L2 boundary show up as black dot 

contrast. At certain crystal tilts, these combine to create instances were a 

majority direction might constitute only 55%, and given the error in these 

measurements this is dangerously close to incorrectly determining the 

majority direction. Note that there is an error not only in making the 

direction measurements but also in the depth profiles generated by TRIM.
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Figure 4.10 Plot of the defect fraction in L2 as a function of . In order to 
have a majority of the defects imaged in L2 the sample should be tilted 
between (g, g) and (g, 1.25g), in the case of the (200) beam.

4.3.3 Yield of Defect Cascades per Ion

Measuring the defect cascade density was achieved by printing the 

dark-field negatives to a total magnification of 500,000 and selecting an area 

with good defect contrast. The cascades clearly showing black/white contrast 

were counted as one and cascades with less pronounced black/white or black 

dot contrast as one-half (Frischherz et al. 1993). This is due to the difficulty 

in distinguishing between surface artifacts and cascades showing weak 

contrast. The total error was assigned as one-half the black dot density plus a 

10% error in the ion fluence (Vetrano 1990).
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The yield of defect cascades per incident ion was 50±10% which is 

comparable with a previous study (Frischherz et al. 1993). Based on TRIM 

calculations, again recall Fig. 4.7, nearly every ion will make a cascade in the 

first 35 nm, raising the question of what happened to the other half of the 

defect cascades produced. Previous work showed a HREM image of a defect 

cascade suggesting partial recrystallization (Frischherz et al. 1993). This leads 

to the suggestion that about half the defect cascades may have fully 

recrystallized and thus are invisible in a strain contrast image.

4.4 Discussion
Defect cascade sizes produced by ions incident near the c-axis in YBCO 

are relatively isotropic and independent of oxygen stoichiometry. For ions 

incident near the a-axis the [001]a size was the same as the diameter of 

cascades produced by ions incident near c-axis. For only the x = 0.1 sample, 

the size along the [010]a direction was measured and was found to be 5.5 nm. 

This same combination of an elliptical cross section for ions incident near 

the a-axis and circular cross section for ions incident near the c-axis was 

reported for high-energy heavy ion track damage in YBCO thin films and 

ceramics (Zhu et al. 1993). The fact that similar elliptical cross sections are 

found in both types of damage, suggest that an explanation based on a highly 

anisotropic thermal conductivity in these directions (a or b vs. c) is likely, as 

suggested by Zhu (Zhu et al. 1993). That is, the defect size anisotropy is not 

related to the atomic recoil mechanisms (far different between the nuclear 

stopping at 50 keV and the electronic stopping at several hundred MeV) but 

to the dissipation of energy or cooling mechanism. In contrast to a different
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report by Zhu that the diameter of heavy ion track damage does vary with 

oxygen (Zhu et al. 1993), I found the defect cascade size to be independent of 

O content.

A statistical analysis was performed on all the data to find any trends 

present. The standard error, i.e., the standard deviation divided by the 

square root of the counts, is presented in Table 4.1 and a few trends are 

evident. If the crystailographic direction is held constant, then there is a 

10±5% increase in the mean from x = 0.1 to x = 0.65; this holds true for all 

three directions measured. A slight size anisotropy, [100]c ^ [010]c, can be 

seen by holding the oxygen stoichiometry constant. To confirm these trends, 

simultaneous 95% confidence intervals using Scheffe's procedure were 

determined. This procedure verified that any set of means different by at 

least 0.20 nm can be considered statistically significant in their difference. 

While these differences in the means are significant from a statistical point 

of view, the magnitudes of the absolute differences are about 0.5 nm; thus, 

there is little implication in regard to the magnetic flux pinning properties.

The near uniform size of the defect cascades as a function of oxygen 

calls into question the explanation by Wisniewski et al. regarding the 

difference in magnetic flux pinning between the 60 and 90 K phases that had 

undergone neutron irradiation (Wisniewski et al. 1994). They assumed a 

large cascade size difference (50%) between the two phases based on the 

theoretical work using low energy (100-300 eV) ions (Kirsanov, Musin, and 

Wisniewski 1993). Considering that the defect cascades produced by the 50 

keV Kr+ irradiation should be similar to those produced by neutron 

irradiation coupled with our uniform cascade size results, an explanation of
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the magnetic flux pinning behavior for neutron irradiation of samples with 

different oxygen stoichiometries should not be attributed to a variation in 

cascade size. The strain field size was nearly twice the cascade size for all 

oxygen contents. Thus, if one considers the strain field as the magnetic flux 

pinner then the size is still not a function of the oxygen concentration.

4.5 Conclusion
Single crystals of YBa2Cu307-x, of varying oxygen stoichiometry, were 

irradiated with 50 keV Kr+ to create defect cascades similar to those resulting 

from fast neutron irradiation. Two-beam dark-field TEM in weak dynamic 

conditions was used to measure the defect cascade size distribution in the 

principal axes for four different oxygen stoichiometries; HREM was used to 

verify the mean size of these cascades.

The mean size of the defect cascades generated was independent of 

oxygen stoichiometry over x = 0.65 to x = 0.1, which indicates that magnetic 

flux pinning does not vary due to any association between the oxygen 

concentration and the cascade size. This contradicts the interpretation by 

Wisniewski in which a size variation in defect cascade size was assumed to 

explain flux pinning behavior in neutron irradiated 60 and 90 K phase YBCO 

(Wisniewski et al. 1994).

For Kr+ incident near the c-axis the defect cascades have on average a

3.5 nm diameter circular cross section perpendicular to the ion beam, while 

an elliptical cross section was found for ions incident near the a-axis. The 

minor axis (3.5 nm) was in the [001] direction and the major axis (5.5 nm) 

was in the [010] direction. This aspect ratio of 1.6 matches that found for
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high-energy heavy ion track damage in YBa2Cu307-\/ which implies that the 

shape is determined not by the recoil damage mechanism, but by the cooling 

or relaxation stage where the anisotropy in thermal conductivity determines 

the final defect shape.
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P r o t o n  Ir r a d ia t io n  

o f  Y B a 2 C u 3 0 6 . 9

5.1 Introduction
As discussed in 2.3, proton irradiation of YBCO generates point defects 

on all sub-lattices as well as creates a few small defect cascades. It has been 

proposed that these point defects, specifically Cu and O interstitials migrate 

and coalesce into platelets on the b-c plane and that these platelets are the 

primary flux pinning defects at 70 K (Kirk 1993). Another flux pinning study 

suggests instead that the point defects themselves are primarily responsible 

for the magnetic flux pinning and the larger platelet defects have a more 

subdued affect on the enhancement of Jc (Civale et al. 1990). This chapter 

presents new experimental evidence regarding these two hypotheses and it 

also confirms previously reported defect information. While it remains 

unclear as to which defects are significant in enhancing Jc, the information 

presented is an important key and can be used in suggesting new 

experiments.

By using TRIM it is possible to calculate the number of Frenkel pairs

(FP) generated per proton over a given depth. Approximately 6 FP are

generated per proton over a penetration depth of 30 microns, typical single

crystal thickness (Civale et al. 1990). If the proton fluence is lxlO16 H+-cm'2,

this results in 0.0035 FP per unit cell or 1 FP per 288 unit cells. Given that the

damage rate is uniform over the first 30 microns (see Fig. 2.2) and that a

typical region suitable for HREM imaging on a fragment of the crushed
73

Chapter C
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single crystal is 10 nm thick, then there are 0.2 FP/nm in a HREM image. 

These calculations assume that recombination of the FP does not occur; 

hence, these numbers could be even lower. Table 5.1 presents the FP 

densities for three of the proton fluences investigated.

Table 5.1 Density of Frenkel pairs (FP) generated by 3.5 MeV proton 
irradiation in YBCO for three different fluences. 10 nm thickness is assumed 
for HREM.

6xl015 H+’cm'2 lxlO16 H+'cm'2 3xl016 H+-cm'2

FP/unit cell 0.0021 0.0035 0.010

FP/nm 2 in HREM 0.12 0.20 0.60

Heavier elements have a much higher scattering power for electrons, 

as such, the Y and Ba interstitials are the primary point defects evident in the 

HREM images. This is the same concept discussed in Chap. 3 in which 

models containing only O related defects could not reproduce the contrast 

variations seen in the HREM images, while the simulations of models 

containing the much heavier Au substitutional atoms matched the 

experimental images. If one assumes that 3.5 MeV protons generate point 

defects equally on all atomic positions, the combined Y and Ba FP density is 

approximately one-quarter of the densities given in Table 5.1. Note that as 

these defects are probably less mobile than Cu and O, they would be less 

likely to recombine.

This chapter, more so than the other chapters, represents a work in 

progress with three main components, i.e., three different types of defects are 

presented in the order they were found. The first defect (5.4) is a platelet in
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the b-c plane most likely comprised of irradiation induced Cu and O 

interstitials which have migrated and coalesced. The second type of defect 

(5.5) is point defects, i.e., Frenkel pairs, and while HREM of these defects was 

attempted the results were hampered by a lack of samples and 

contamination problems. Fortunately some information about the point 

defects was also obtained from electron diffraction patterns taken at different 

electron energies; specifically, the point defects were found to order under a 

high energy electron beam. The final defect (5.6) is believed to be extrinsic 

stacking faults which are 10-100 nm in diameter and located in the basal 

plane; these were found only in YBCO crystals grown in Zr02 crucibles after 

irradiation. Unfortunately the unirradiated material was not carefully 

investigated for the presence of these stacking faults; hence, they may occur 

in the as-grown crystals, i.e., they are not the result of irradiation damage.

5.2 Experimental Details
YBCO single crystals were grown in both Zr02 and Au crucibles as 

discussed in 2.1.1. The Zr02 grown crystals are nearly free of any cation 

doping, as opposed to the crystals grown in Au crucibles. It is useful to have 

crystals as nearly perfect as possible prior to the proton irradiation, so that 

only the post-irradiation defects are studied. YBCO crystals grown in Zr02 

crucibles were irradiated to fluences of 0.6 or 3xl016 H+-cm‘2 (see 2.4.1 for 

details about the irradiation procedure), also crystals grown in a Au crucible 

were irradiated to either 1 or 2xl016 H+-cm‘2.

The Tc curves (see 2.6 for the details about Tc measurement) for three 

crystals grown in Zr02 crucibles were measured before and after irradiation;
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the results are plotted in Fig. 5.1. The curves prior to irradiation are very 

sharp and the onset Tc is about 93 K. This indicates the crystals are single 

phase and optimally oxygenated. The Tc drops about 0.5 K for the 6xl015 

H + cm '2 dose and 2.75 K for the 3xl016 tf^-cm'2 dose. The shapes of the 

magnetization curves before and after irradiation are nearly identical, as 

evidenced in Fig. 5.2 for the fluence of 3xl016 H+-cm'2. The post-irradiation 

curve has been shifted up by 2.75 K without altering the shape, and the 

overlap implies that the irradiation damage, which produces the degradation 

in Tc, is uniform throughout the crystal.

5.3 The Unirradiated Case
In order to demonstrate the presence and behavior of irradiation 

induced defects, it is useful to show the defect free case, i.e., an unirradiated 

YBCO crystal grown in a Zr02 crucible. Such a crystal with a Tc of 93 K was 

crushed and TEM was performed. Extremely long (up to 5 min.) electron 

diffraction patterns were taken to determine the presence or in this case 

absence of diffuse streaks. Recall that in Chap. 3 very weak diffuse streaks 

were evident in c-axis diffraction patterns as a result of the Au substitutional 

atoms ordering into short rods. Many attempts were made to observe the 

presence of such streaks, for instance see Fig. 5.3, but none were found. 

While this does not preclude the presence of individual point defects it does 

suggest that there are few if any small clusters of point defects. For reasons 

that will be clear later, diffraction patterns were taken at 100, 200, and 300 keV 

after one hour of exposure with a focused electron probe at each voltage; no 

change in the patterns occurred.
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Figure 5.1 Tc curves before and after proton irradiation: crystal A was 
irradiated to 3xl016 H+-cm-2 and crystals B and C to 6xl016 H+-cnr2.

2.

Temperature (K)

Figure 5.2 Tc curves for crystal A in Fig. 5.1. The post-irradiation curve 
(red) has been shifted up 2.75 K to illustrate the similar shape of the curves 
before and after irradiation.
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Figure 5.3 Electron diffraction pattern of an unirradiated YBCO crystal 
grown in a Zr02 crucible. The absence of any streaks or extra reflections 
indicates the lack of defects.
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Attempts were made to obtain a HREM image down the c-axis that 

showed the perfect repetition in contrast generated by a defect free crystal. 

Due to severe carbon contamination and limited supply of these exceedingly 

small crystals, this image was never satisfactorily obtained.

5.4 Platelet Defects
Except where stated this section deals only with YBCO single crystals 

grown in Au crucibles and irradiated to a fluence of 2xl016 H+-cm'2. All of 

the results presented here, e.g., size, strain field, and thermal stability, were 

obtained using dark-field TEM. (See Chap. 4 for a detailed discussion 

regarding the imaging of small defects using dark-field TEM.) Originally it 

had been hoped to ascertain the atomic structure of these defects, but 

unfortunately this proved to be rather difficult due to rapid electron damage 

at the high energies required to image the structure with sufficient 

resolution. The defects presented in this section show up in dark-field 

images with a black/white contrast, as such, these defects will henceforth be 

referred to as B/W defects.

5.4.1 Strain Field Determination

Dark-field TEM was used to image the B/W defects to determine any 

anisotropy in the strain field. It was found that the defects are readily visible 

using the (200) reflection, for instance see Fig. 5.4, while the (020) reflection 

did not image the defects very well, if at all. This indicates that the strain 

field is highly anisotropic in the a-b plane. Attempts to image the defects 

with c-axis reflections, namely the (006), also proved to be difficult. This
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Figure 5.4 (200) dark-field images of 3.5 MeV proton irradiated YBCO
[Z r0 2  crucibles used for the crystal growth in (a) and (c)] showing the B/W 
defect density change for three different fluences (a) 6x10 H^cm*2, (b) 2xl016
H+-cm'2, and (c) 3xl016 H+-cm'2
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implies that the main strain component lies along the a-axis, which could 

arise from a disk shaped or platelet defect in the b-c plane.

The density of B/W defects increases with an increase in proton 

fluence, see for instance Fig. 5.4. It is very difficult to make actual density 

measurements because the local crystal thickness is both unknown and 

changing. However, it is safe to make qualitative observations when the 

changes are this dramatic, e.g., there are hardly any defects in the low dose 

case while they are abundant in the high dose. This change in the B/W 

defect density with dose coupled with the absence of similar black/white 

contrast features in the dark-field images of unirradiated material 

demonstrates that these defects are created by the proton irradiation.

5.4.2 Size Measurements

The diameter of the B/W defects was measured from the dark-field 

TEM images. Chapter 4 discusses the manner in which a small defect may be 

sized in a strain contrast image. Over 150 defects were sized from (200) dark- 

field images, and the size distribution is plotted in Fig. 5.5. The mean size is

3.6 nm, which coincidentally is the same as the diameter of the 50 keV Kr' 

defect cascades (see Chap. 4).

5.4.3 In-situ TEM Annealing Behavior

To associate the platelet defects, discussed in 5.4.1 and 5.4.2, with their 

possible influence on the overall enhancement of Jc, annealing experiments 

were carried out. Proton irradiated YBCO single crystals were annealed at
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Figure 5.5 Size distribution along the [020] direction of the B/W defects 
created by 3.5 MeV proton irradiation of YBCO single crystals.

100, 200, 300, and 350°C for 8 hours at each temperature and the recovery of Jc 

to its pre-irradiated value was determined after each anneal (Viswanathan et 

al. 1996). Figure 5.6 shows this recovery (R) of Jc to its pre-irradiation value 

as a function of annealing, where R is defined as,

In order to determine which defects anneal out and thus their absence 

possibly responsible for the recovery of Jc, in-situ TEM anneals were 

performed at the same temperatures as the bulk anneals but for only 10 min. 

at each temperature. Dark-field images were recorded in the same area after 

each 10 min. anneal to monitor the presence of the B/W defects. The results

5.1
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Figure 5.6 Recovery (R) of Jc to its pre-irradiation value vs. annealing 
temperature (Viswanathan et al. 1996). Two YBCO crystals one grown in a 
Au crucible the other in a ZrC>2 crucible, each irradiated with 3.5 MeV 
protons to a fluence of lxlO16 H+ -cm'2, are presented.

are plotted in Fig. 5.7 and it is obvious that the B/W defects are disappearing. 

There are a few reasons for pause in regard to these results: (1) The 10 min. 

chosen for these anneals is not close to the 8 hours for the bulk anneals. (2) 

The effect of a thin foil vs. a bulk sample is unknown. (3) Individual point 

defects are mobile and hence will also recover, leading to an ambiguity in 

terms of whether the B/W or point defects are responsible for the change in 

Jo
The results of annealing the proton irradiation induced defects is 

interesting because B/W defects in neutron irradiated YBCO, which are 

exclusively defect cascades, did not anneal out (Frischherz et al. 1994). The 

neutron annealing experiment was carried out in a very similar manner to
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Figure 5.7 Percentage of B/W defects remaining after in-situ TEM anneals 
for 10 min. at each temperature. Note that approximately 40 defects were 
located at room temperature for each of the two regions investigated.

that used here and the defect cascades did not disappear. This lends support 

to the notion that protons generate a lot of point defects which migrate and 

coalesce into platelets. It is believed that the platelets are annealing out and 

the remaining 20-30% of the B/W defects are defect cascades. This is 

supported by TRIM calculations performed and interpreted by Dr. Kirk 

which suggest that about 25% of the B/W defects are defect cascades.

5.5 Clustemg of Point Defects

The previous section provided evidence for platelet defects that likely 

arise from the migration and coalescence of Cu and O interstitials. The
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proton irradiation, however, generates point defects on all sublattices and 

this section reports on the less mobile heavier cation Frenkel pairs. As will 

be shown these point defects cluster when irradiated with 300 keV electrons. 

This leads to a Catch 22, namely, to image these point defects high-energy 

electrons are required for the necessary resolution but these same electrons 

alter the very defects being imaged. Note that Chap. 3 is exempt from this 

Catch 22 because not only is Au a stronger scatterer of electrons than Y or Ba 

making 100 keV electrons sufficient but the location of Au was also known 

and fixed. Still, attempts were made to obtain HREM images of the point 

defects, see for instance Fig. 5.8 which shows the comparison of a pre- vs. 

post-irradiated YBCO crystal grown in a Au crucible. Qualitatively it is very 

clear that there is a substantial amount of damage in the irradiated crystal. A 

conservative estimate of the point defect density in the irradiated crystal is 

one defect every five unit cells; this is based on the damage appearing in the 

HREM images being at least two times greater than that found in the Au 

grown crystals which had on average 1 Au atom per 10 unit cells. Note, this 

defect density is about two orders of magnitude greater than the densities 

predicted by TRIM leading to a discrepancy that is difficult to justify. Similar 

HREM images were not obtained for the other irradiation fluences 

investigated; this was primarily due to the limited supply of crystals grown 

in Zr02 crucibles.

While substantial information regarding the point defects was not 

obtained via HREM due to a lack of thin crystals, there were plenty of crystal 

fragments suitable for electron diffraction analysis. Crystals irradiated to 

proton fluences of 0.6 and lxlO16 H+-cm'2 generated streaks along the [200]
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Figure 5.8 c-axis HREM images of YBCO crystals grown in Au crucibles (a 
prior to and (b) after irradiation with 3.5 MeV protons to a fluence of lxlO1 
H+-cm'2.
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direction in c-axis diffraction patterns after exposure to a 300 keV electron 

beam, Fig. 5.9 (a). Note that very long exposures at 100 and 200 keV did not 

generate these streaks and it was only after the 300 keV electron irradiation 

that the streaks were formed. Similar streaks, albeit very weak, were evident 

in 100 keV electron diffraction patterns for the high proton fluence case 

(3xl016 H+-cm'2), see Fig. 5.9 (b), which suggests that the defects causing these 

streaks form in a heavily defected crystal without the aid of the electron 

beam.

In order to determine the reciprocal space extent of these streaks 

diffraction patterns were recorded at various crystal tilts up to 10° off the c- 

axis. Two such off-zone patterns are provided in Figs. 5.9 (c) and (d). The 

selected area for Fig. 5.9 (d) had been previously irradiated with 300 keV 

electrons for about 1.5 hr; the streaks at these long exposures begin to 

transform and are rather difficult to associate with a defect shape. Note that 

Fig. 5.9 (d) was obtained from an area with multiple twin lamellae; hence, 

the streaks are in two directions. Both the on-zone and off-zone diffraction 

patterns imply the streaks arise from the intersection of the Ewald's sphere 

with rod's of diffuse intensity lying in the [200] direction. This is because the 

streaks fade out in the on-zone patterns with increased reciprocal space 

extent and the off-zone patterns have streaks only when the Ewald's sphere 

intercepts the zero order Laue zone.

The defect's shape in real space is simply the Fourier transform of the 

reciprocal space rods; hence, the defects are discs with their surface normal 

parallel to the streaks, i.e., the discs lie within the b-c plane. The disc's 

diameter is evident in the width of the streaks in the diffraction patterns. To
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Figure 5.9 Electron diffraction patterns of 3.5 MeV proton irradiated YBCO 
crystals on or near the c-axis taken with various electron energies and proton 
fluences. (a) 0.5 hr at 300 keV and lxlO16 H+-cm' 2 (b) 0.5 hr at 100 keV and 
3xl016 H+-cm~2 (c) 0.75 hr at 300 keV and 3xl016 H+-cm'2 (d) 1.5 hr at 300 keV 
and 3xl016 H+-cm'2
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a first approximation, the width of the streaks is roughly 1/10 of goio/ 

therefore the disc's diameter should be about 4 nm. The streaks are nearly 

continuous and thus the width of the disc must be less than 1 nm. Note the 

dimensions and orientations of these defects match the B/W defects 

presented in 5.4.

The fact that 100 and 200 keV electrons do not cluster the point defects 

indicates that there is a threshold energy to assist the migration of these 

point defects. Figure 5.10 plots the maximum recoil energies for electrons 

colliding with O, Cu, Y, and Ba as a function of electron energy. It is clear 

that the threshold energies required to cluster the cation defects are roughly 

between 5 and 15 eV. These thresholds are very large compared to the 

normal migration enthalpies of interstitials or vacancies in a metal, which 

are typically 0.1 eV and 1 eV respectively (Schilling 1994). This discrepancy 

in threshold energies might be explained by considering the difference of 

point defect migration in a close-packed metal vs. a highly anisotropic ionic 

structure. The fact that streaks were not evident in electron diffraction 

patterns from crystals annealed in-situ at 400 °C supports these high 

displacement energies as the thermal energy available at 400 °C is 

considerably less than 5 eV.

It is significant that streaks were never observed when the crystals 

were oriented with either the a- or b-axis parallel to the electron beam. This 

suggests that similar defect clustering does not occur in these zone axes. It 

might be possible that the recoil energies do not exceed the displacement 

threshold in these axes or conversely that they far exceed the threshold and 

the material rapidly damages into an altogether different structure. HREM
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Figure 5.10 Recoil energies for the cations in YBCO at three electron 
energies. This plot is provided by Dr. Kirk.

images down a- or b-axis axes support the later, see for instance Fig. 5.11. The 

atomic structure seen in Fig. 5.11 is heavily distorted and the amorphous 

edge was growing into the crystal indicating the structure was amorphizing, 

this is a fingerprint for preferential oxygen loss at the edge of the crystal due 

to electron beam damage (Marks et al. 1988; Zandbergen, Gronsky, and 

Thomas 1988).
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Figure 5.11 a-axis HREM image after brief exposure to 300 keV electrons 
showing a highly distorted structure and an amorphous edge which was 
growing into the material.
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5.610 to 100 nm Stacking Faults

This section presents evidence for large (10 to 100 nm) defects which 

appear to be extrinsic stacking faults in the a-b plane. These stacking faults, 

see for instance Figs. 5.12 and 5.13, appeared only in proton irradiated YBCO 

crystals grown in Zr02  crucibles and only in c-axis strain contrast images. 

Stacking faults in YBCO typically are extrinsic, consisting of an extra Cu02 

plane parallel to the a-b plane (Li et al. 1988; Zandbergen et al. 1988).

There are several experimental clues regarding the faults reported in 

this section:

(1) They disappear under 300 keV electron irradiation but not 100 or 200 

keV, see for instance Fig. 5.12.

(2) There are no extra spots in the c-axis electron diffraction patterns, 

although the streaks discussed in 5.5 are present.

(3) There are no B/W defects in these areas.

(4) The faults are visible in (200) and (020) dark-field images. However, 

there are two sets of faults; one set is visible using the (200) and invisible 

using the (020) and vice-versa for the other set. Both sets are visible in (110) 

dark-field images.

(5) The dark-field image contrast of some faults is unchanged when a 

twin boundary is crossed.

(6) These faults were not found in dark-field images down the a- or b- 

axes; this observation, however, is somewhat statistically limited.

(7) Both the densities and sizes of the faults are similar in the two proton 

fluences studied, namely, 6xl015 H+-cm2 and 3xl016 H+-cm2. The faults in 

the lower fluence, however, are slightly larger and more dense, which is
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Figure 5.12 c-axis dark-field images of stacking faults in YBCO irradiated to 
a fluence of 3xl016 H+-cm' 2 with 3.5 MeV protons, (a) 100 keV electron 
energy (b) 300 keV after 1 hour. The faults disappeared with time at 300 keV.
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Figure 5.13 (200) and (020) c-axis dark-field TEM images (100 keV electrons) 
of the same region of a YBCO crystal irradiated to a fluence of 6X1015 H +-cm'2 
with 3.5 MeV protons.
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consistent with the electron irradiation destroying the faults [clue (1)], i.e., 

the higher proton dose may have partially destroyed the faults. This suggests 

the faults are as-grown structures.

(8) EDS analysis did not show the presence of any impurities, e.g., rare 

earth elements which are known to substitute onto the Y site with very little 

change in either the structure or properties (Fisk et al. 1987).

The electron diffraction patterns do not contain any extra reflections 

which indicates the structure of the defects is commensurate with YBCO (at 

least down the c-axis). This is consistent with the defect being a stacking 

fault. Recall that stacking faults were not found in YBCO crystals grown in 

Au crucibles. This may be the result of the Au impurity related defects (see 

Chap. 3) acting to prohibit the formation of stacking faults during crystal 

growth.

The existence of simple stacking fault structures in polycrystalline 

YBCO with fault displacement vectors of the type R = 1/6[301] has been 

reported (Tafto, Suenaga, and Sabatini 1988). HREM studies of such faults 

have demonstrated that these faults are extrinsic in nature, suggesting that 

the faults result from the insertion of an extra Cu02 plane (Li et al. 1988; 

Zandbergen et al. 1988). This assumption was directly confirmed by a high- 

resolution Z-contrast imaging experiment in a scanning transmission 

electron microscope (Pennycook 1990) and further verified with EDS and 

EELS (Dravid et al. 1992). A report by Ringnalda et al. demonstrated that the 

faults are Cu02 planes inserted with a half unit cell shift in either the a or 

the b direction and either adjacent to the Cu02 superconducting plane or the 

CuO chain plane, referred to as type-1 and type-2 respectively (Ringnalda et
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al. 1994). For type-1 faults [301] is equivalent to [031]; hence, R will switch 

across a twin boundary. Note that this symmetry does not hold true for type- 

2 faults. The visibility criteria in a dark-field image is that g-R does not equal 

zero; this explains experimental clues (4) and (5) listed above. First there 

were two sets of faults one visible with g = 020 and the other with g = 200 and 

both visible with g = 110. This is readily explained by inspection of g-R for 

each of these three imaging conditions. It also justifies faults which cross 

over twin boundaries without a change in the dark-field image contrast, as 

both g and R will switch across the boundary, e.g., (200) becomes (020) and 

1/6[031] becomes 1/6[301], thereby maintaining the visibility criteria.

The possibility that the defects are surface artifacts had to be examined. 

This seems unlikely in light of a two experimental facts: (1) The gray level in 

the dark-field images of the different faults varies from black to white with 

many levels of gray in between, indicative of defects lying at different depths 

in the thin foil; (2) Moire patches are seen overlapping the faults. It is 

generally assumed that the Moire fringes result from surface decomposition 

into various oxides; hence, if the surface has these oxides then the faults 

must lie beneath the surface.

It is not clear if these faults are as-grown or formed under the proton 

irradiation. The absence of B/W defects could be explained under either 

scenario. If as-grown, then the faults act as sinks for the irradiation induced 

Cu and O interstitials. If formed under the proton irradiation, then the 

faults may simply be much larger agglomerates of the irradiation induced 

point defects and hence include the defects that otherwise would have 

formed the B/W defects. The quantity of point defects produced by proton
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irradiation should be insufficient to create stacking faults this large and 

locally dense, refer to Table 5.1, which supports the notion that the defects 

are an as-grown structure.

5.7 Discussion
This chapter presented some new and interesting data regarding the 

defects found in proton irradiated YBCO. While there are several new 

experiments that still need to be performed as well as obtaining more 

observations of the phenomena presented in this chapter, the author was 

unable to pursue them due to the rather limited supply of YBCO crystals 

grown in Zr02 crucibles, which was not under the author's control.

It would be interesting to understand the flux pinning discrepancy 

(both pre- and post-irradiation) between YBCO single crystals grown in Au 

crucibles versus Zr02 crucibles. In light of all the defects present, however, 

this seems a rather daunting task. The size of defects ranges from point 

defects to 100 nm stacking faults with a non-homogeneous distribution, and 

to further complicate matters, the type of defect can be dramatically altered by 

the electron beam. This makes it difficult to associate the magnetic flux 

pinning properties with a specific defect structure. It is very easy to 

hypothesize all sorts of models that fit with parts of the data. Unfortunately, 

there always seems to be a data point or two that is unexplained. It seems 

clear that many point defects are created by proton irradiation and may 

coalesce either over time at room temperature or under the influence of 

high energy electrons. A few of the defects seen are of the appropriate size 

and density to be considered as strong flux pinning defects.
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The presence of stacking faults surprised the crystal growers 

sufficiently that they checked their records and found they had been slowly 

using a greater fraction copper in the melt so that larger crystals could be 

achieved. This explains the presence of the stacking faults, but unfortunately 

the flux pinning data on YBCO grown in Zr02 crucibles is from crystals 

grown from melts with a lower Cu concentration, and thus is not easily 

correlated to these Cu-rich YBCO crystals. The following paragraph is based 

on the speculation that the Zr02 grown YBCO has similar post-irradiation 

values of Jc regardless of the Cu concentration in the melt. This could be a 

very poor assumption and certainly warrants further investigation, see 7.4.

YBCO crystals grown in Zr02 crucibles with lower Cu concentrations 

in the melt exhibit superior post-irradiation flux pinning at 70 K over Au 

grown YBCO. In light of the defects observed (Cu-rich YBCO), this might 

support the hypothesis that point defect are the primary pinner. This is 

because there are no B/W defects in the regions containing stacking faults 

and only point defects. Note that the results of the annealing experiment, 

presented in 5.4.3, suggest that the defects responsible for the post-irradiation 

enhancement in Jc are thermally recovered at 100 to 300 °C. Both individual 

point defects as well as point defect clusters (B/W defects) are recovered; 

hence, this experiment does not differentiate between the two defect types, 

but it does support the theories that one of these two defect types or a 

combination of the two is responsible for the enhanced Jc.
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5.8 Conclusion

The investigation of irradiation induced point defects, some species of 

which may migrate and coalesce into larger defects, is a very difficult task 

and in the presence of many pre-irradiation point defects and non- 

homogenous extended defects produces confusing and conflicting results. 

This chapter does not provide the final word on the defect structures in 

proton irradiated YBCO, but does present some new defects as well as 

confirm several aspects of defects previously reported.

Three types of defects were reported; 3-4 nm diameter platelets 

(possibly CuO) in the b-c plane, point defects which cluster under the 

influence of the electron beam at high voltages, and stacking faults probably 

extrinsic in nature and consisting of an extra CuO chain plane inserted 

parallel to the basal plane. The electron beam induced point defect clustering 

was found to be common to areas with either the platelets or the stacking 

faults, however, no region containing both stacking faults and platelets was 

found.
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Chapter ^
Ch e m ic a l  D o p in g  o f  H g -  
B a s e d  S u p e r c o n d u c t o r s

A remarkable enhancement of flux pinning behavior achieved by 

chemical substitution in HgBa2Can-lCun02n+2+8 compounds has recently 

been reported (Shimoyama et al. 1994). In earlier experiments it had been 

found that substitution of Cr (and later Re) on the Hg site enabled the 

synthesis of (Hg,Cr)Sr2Cu04+5, where all of the Ba had been replaced by the 

smaller Sr ion (Shimoyama et al. 1994). These new Sr-substituted 

compounds were initially of interest because of their improved chemical 

stability. It was later realized that these new materials exhibited better flux 

pinning properties than the Ba-containing compounds (Shimoyama et al. 

1994). This behavior was attributed to the decrease in the interlayer distance, 

i.e., the thickness of the blocking layer between Cu02 planes, resulting from 

smaller Sr ions. Decreasing this distance would be expected to increase flux 

pinning by increasing the coupling between pancake like vortices to form 

vortex lines (Gray and Kim 1991).

6.1 Chemical Modulation in Hgi-xCrxSr2CuC>4+S
In this section, the structure of an incommensurate chemical 

modulation in the solid-solution compound Hgi-xCrxSr2Cu0 4 +§ (for x = 

0.4) is reported, as determined by neutron-powder-diffraction, electron 

diffraction, and lattice imaging. The local structures around Cr and Hg

100
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atoms are sufficiently different that a refinement of the average structure 

provides a clear picture of the distortions resulting from the incorporation of 

Cr. Electron diffraction and HREM show how Cr- and Hg-rich regions order 

in all three crystallographic directions to form a supercell of approximate 

dimensions 5ax5ax2c. Cr is incorporated in the form of CrC>4 tetrahedra, 

resulting in a dramatic lengthening of the corresponding Cu-O apical bond to 

0.313 nm. Thus the Cr06 octahedra of the ideal HgBa2Cu04+§ structure are, 

in effect, replaced by CuOs pyramids that either point up or point down as 

dictated by the supercell ordering.

The work presented here is the result of an analysis based upon 

neutron diffraction, electron diffraction, and HREM, and is published 

elsewhere (Chmaissem et al. 1995). It should be noted that Dr. Jorgensen's 

group was responsible for the materials synthesis as well as the neutron- 

powder-diffraction analysis, while Prof. Marks' group was primarily 

responsible for the electron microscopy [excluding chemical analysis of the Sr 

containing compound (performed by Prof. Dravid's group)]. Both groups 

(Jorgensen and Marks), however, were equally involved in generating a 

structural model which works equally well for both the local- and long-range 

order found experimentally. Hence, while the neutron-powder-diffraction 

data and analysis were not performed by the author, they are included here 

as they are an integral part of the final model, which electron microscopy 

alone cannot explain.
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6.1.1 Neutron Powder Diffraction

Neutron-powder-diffraction measurements were performed at ANL, 

and analyzed by the Rietveld technique over the d-spadng range 0.05-0.4 nm. 

Since no supercell reflections were visible in the neutron-powder-diffraction 

data, the average structure (i.e., superposition of cells containing either Cr or 

Hg) was refined, with partial occupancies for the sites associated with Cr and 

Hg local environments. This technique provides useful information in the 

present case because the local structures in the vicinity of Cr and Hg are 

sufficiently different to be resolved using the neutron-powder-diffraction 

data. SrCu02 and SrHg02, which appear in small concentrations, were 

included as impurity phases in the Rietveld refinement. Refined values of 

the widths of the diffraction lines were comparable to the instrument 

resolution, suggesting no significant strain or particle size broadening.

It was found that Cr substitutes for Hg (as expected ), but the Cr atoms 

are displaced from the ideal (0,0,0) site along the <100> direction. This 

displacement allows the Cr atom to achieve a tetrahedral coordination to 

four oxygen-atom neighbors. Two of these neighbors are the original apical 

oxygen atoms [0(2)], see Fig. 6.1, which are displaced to a new (x,0,z) site 0(2)', 

to form the appropriate bonds to Cr. Interstitial oxygen [0(3)] provides the 

other two oxygen atoms for the tetrahedron around Cr. These 0(3) oxygen 

atoms are also displaced from the ideal interstitial ( l / 2, l / 2,0) site, along the 

<110> direction to an (x,x,0) site (with x = 0.372) to achieve appropriate bond 

lengths to Cr. Each Cr atom pulls enough interstitial oxygen [0(3)] into the 

structure to achieve tetrahedral coordination to oxygen. The fraction of 

displaced apical oxygen atoms, n[0 (2)'], is nominally equal to the number of
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interstitial oxygen atoms, n[0(3)]. One might expect n[0(3)] > n[0(2)'] since 

additional oxygen may be required to create carriers in the CuC>2 planes. 

Such a difference is observed, but the error bars are not small enough to 

assign any physical significance to this observation. The local structure 

around the Cr site is illustrated in Fig. 6.1.

Figure 6.1 (a) Proposed local structure for Hgi-xCrxSr2Cu04+§ based on
the refinement of an average structure model of the fundamental cell 
dimensions using neutron-powder-diffraction data. Cr atoms achieve 
tetrahedral coordination by displacing the apical oxygen atoms to a new site 
[0(2)'] and incorporating two additional oxygen atoms per Cr atom at the in­
plane site 0(3). The coordinated tilting of Cu06 octahedra and spatial 
constraints on the placement of 0(3) atoms tends to produce the local Cr 
ordering shown. Bond lengths are in A units, (b) The ideal structure of 
HgBa2Cu04+5 (Wagner et al. 1993) is shown for comparison.

In modeling a structure such as this, in which atoms are displaced 

from their ideal (high-symmetry) sites, multiple new sites are produced. In 

the actual structure only one of these sites can be occupied, since the 

multiple sites are typically too close together to allow simultaneous 

occupation. Thus the actual local structure violates the symmetry of the

(a) (b)

(HgQ.7Cro.3 )S i2Cu0 4 +5 H gB a2CuC>4+5
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average structure being used as a refinement model. A combination of Cr, 

0(2)', and 0(3) sites that defines a nearly perfect Cr04 tetrahedron was 

selected, as shown in Fig. 6.2. This configuration together with the short Cr- 

O bond lengths suggest that Cr is in the +6 state.

0 2 '  1.732 A

114'
112

03

1.656 A

Figure 6.2 Bond lengths and angles between Cr and its surrounding 
oxygen atoms. A near perfect tetrahedron is formed.

6.1.2 HREM and Diffraction Results

Although the neutron-powder-diffraction data are analyzed in terms 

of the basic HgBa2C u04+5 tetragonal unit cell, electron-diffraction 

measurements done on the same samples show that the actual structure is a 

supercell of approximate dimensions 5ax5ax2c. The supercell reflections are 

clearly defined in the electron-diffraction data and were always found in the 

diffraction patterns along the right zones (for instance, <110>, <111>, etc.). 

Hundreds of grains have been checked; no other superlattice was found. 

Even though these superlattice spots are not visible in the neutron-powder- 

diffraction data (signal to noise ratio is lower for neutron diffraction
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compared to electron diffraction), a fairly detailed picture of the actual 

structure emerges by combining the electron diffraction results with what is 

learned about the local structure from neutron diffraction. Before 

continuing I would be remiss if I did not specifically acknowledge Dr. Zhang, 

for although I was integral in the TEM sample preparation, experimental 

microscopy, and image interpretation, she alone was responsible for the 

computer modeling of this large superstructure.

Electron diffraction patterns for the major zone axes: <001>, <100>, 

and <110> are shown in Fig. 6.3. All diffraction patterns will be indexed 

based on the unit cell. Sharp modulated reflections exist along gi/51 /5  and 

gl/5 -l/5i/2 for all of the <110> patterns observed. The modulation was only 

found close to gi/51/5 \/i or g i/5 -1/5 1/2, as such it was also observed in the 

<301>, <112>, and <111> zone axes, but not in the <100> and <001> zone 

axes. The modulation is actually incommensurate with the reflections lying 

along gi/491/491/2; for simplicity, gi/Si/Si/2 will be used to approximate it. The 

presence of reflections along both giys 1/5 1 / 2  and gi/S .1 /5  \/i combined with the 

lack of a twin structure in <110> HREM images require the modulation to be 

in both directions.

Based on the neutron diffraction analysis, which showed a near 50% 

Cr doping for Hg, a chemical ordering was assumed in modeling the 

modulation. A 5ax5ax2c supercell was used to approximate the 

incommensurate modulation with a cosine squared wave to model the Cr 

occupancy:

a{cos2[2rc(x+y)] + cos2(2rc(x-y)]} 6.1

l-a{cos2[2;c(x+y)] + cos2[2it(x-y)]} 6.2
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Figure 6.3 Experimental electron diffraction patterns for the <001>, <100>, 
and <110> zone axes (a)-(c). Corresponding multislice simulations of the 
model in Fig. 6.4. reflections due to the modulation are evident in the ,110 
zone axis (c) and (f) and are forbidden in the <001> and <100> (a), (b), (d) and 
(e).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



107
where x and y are along [100] and [010] respectively and a  is one for 50% Cr.

A cosine squared wave is justified by the rapid dampening of the 

higher order modulated reflections in the diffraction patterns, see for 

instance, Fig. 6.3(c). The Cr and Hg compositions for the two different layers 

are illustrated in Fig. 6.4(a)-(b), where the Hg occupancy is one minus the Cr 

occupancy on any given cation site. While the neutron data provides detail 

regarding the oxygen ordering, no modeling was attempted as the small 

electron scattering factor of oxygen makes it difficult to detect. The shifting 

of the Cr, predicted by the neutron data analysis was also not modeled, 

instead a random Cr shift in <100> was approximated by a relatively large 

Debye-Waller term. Simulated electron diffraction patterns are shown in 

Figs. 6.3(d)-(f) for each of the experimental zone axes presented in Figs. 6.3(a)- 

(c); a good match was obtained for each.

Because there is little phase information in a diffraction pattern, any 

structural model constructed from diffraction patterns must be verified with 

HREM. Figure 6.5 shows a <110> HREM image with an inserted multislice 

simulation based on the model in Fig. 6.4. The simulation provides a good 

visual fit with the experimental image. Such a fit should generally be 

considered insufficient without strong supporting data, namely, the electron 

and neutron diffraction analysis. Simpler structures may be quantitatively 

refined for the atomic positions (Zhang et al. 1995); the modulation 

presented here, however, is currently too large and complicated for this 

method. The modulation is evident by the broad fringes in the (225) and (2- 

25) planes. HREM of the [100] and [001] axes show the basic undoped
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structure, this is because the modulated reflections are forbidden in these 

zone-axes as the modulation is body-centered.

•  Cr/Hg 
O  Oxygen

[010] •  •  • • • •  •o o o o o o o o
— ►tioo] a

• • •  •  •  • •o o o o o o o o
b

Figure 6A Average occupancy of Cr atoms at Hg sites for two alternating 
Hg-O planes along the [001] axis. The occupancies in (a) and (b) are 
determined by Eqs. 6.1 and 6.2 respectively. The sizes of the solid circles are 
proportional to the Cr fractional occupancies. The Hg occupancy is one 
minus the Cr occupancy.

Evidence for chemical disorder can be seen in the c-axis diffraction 

pattern, see Fig. 6.6. Although the modulated reflections are forbidden in the 

ZOLZ of the [001] zone axis, weak diffuse reflections are present at the Bragg 

locations of the modulation. The modulation has allowed Bragg reflections 

in the FOLZ and strong sharp reflections are evident. Calculations show the 

FOLZ to be 1.75 nm'1 along c* which clearly shows the doubling of the c-axis. 

Several other zone axes, e.g., [100], in which the modulated reflections are 

also forbidden show similar diffuse intensity resulting from the chemical 

disorder.
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Figure 6.5 A <110> zone axis HREM image with an inserted multislice 
image simulation, based on the model presented in Fig. 6.4.
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Figure 6.6 A much longer exposure of the <001> pattern in Fig. 6.3(a) 
shows diffuse intensity and the FOLZ. Chemical disorder is indicated by the 
presence of diffuse intensity at the forbidden Bragg locations for the 
modulation in the ZOLZ, inset (b). The Bragg reflections for the modulation 
are allowed in the FOLZ and are easily seen as sharp spots, inset (b).
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Quantitative x-ray microanalysis in an analytical electron microscope 

(Hitachi HF-2000) was utilized in conjunction w ith standards for 

composition determination. Sensitivity factors (k factors) were obtained 

from SrHg02, SrCu02, and SrCrC>4 compounds. The overall cation 

composition is indicated in Table 6.1. These measurements indicate a Cr 

concentration of 0.38(3) atoms per formula unit. This is consistent with the 

observation of SrCu02 and SrHg02 as minor impurity phases, suggesting a 

Cr concentration higher than the starting composition (0.3). Site occupancies 

obtained from the Rietveld refinement of neutron-powder-diffraction data 

can also be used to estimate the Cr concentration, but these can be subject to 

systematic errors when nonharmonic static displacements are present in the 

structure [as is certainly true for the Hg and 0(2) atoms]. The average of Cr, 

0(2)', and 0(3) occupancies from the refinement suggest a Cr content of about 

0.42, in reasonable agreement with the x-ray microanalysis. We conclude 

that the Cr content is near 0.4. Unsuccessful attempts to form other 

compositions with different Cr concentrations suggest that Cr may not form 

a continuous solid-solution in the compound.

Table 6.1 Quantitative x-ray microanalysis of Hgi_xSr2CuC)4+5. The 
numbers are normalized to two Sr atoms per unit cell.

Element Nominal composition Chemical analysis

Hg 0.7 0.73(3)

Cr 0.3 0.38(3)

Sr 2 2

Cu 1 1.04(8)
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6.1.3 Discussion and Conclusion

A simplified picture of the supercell structure is that Cr-rich regions of 

dimensions 2.5ax2.5axlc (0.96x0.96x0.87 nm3) alternate in all three 

dimensions with the Hg-rich regions (which have a nearly normal 

H gBa2Cu04+5 structure except for the shortened Cu-O apical bond). 

Perpendicular to the <001> axis, distorted Cu02 planes mark the boundaries 

between these regions. Because the apical Cu-O bond in the direction of Cr is 

elongated to 0.313 nm while that in the direction of Hg is shortened to 0.225 

nm, the conduction plane is best viewed as consisting of CuOs pyramids 

(pointing towards Hg) rather than Cu06 octahedra. These pyramids point up 

or down in accordance with the supercell.

The local structure, obtained from neutron-powder-diffraction, 

provides important insight concerning why the superstructure forms. The 

cell doubling along the c-axis occurs because of the tendency for Hg and Cr to 

alternate along this direction. A local structure in which Cr is present both 

above and below the same Cu atom is energetically unfavorable because it
, <3

requires the Cu atom to be in square planar coordination (nominally Cu ) 

rather than pyramidal or octahedral coordination. The size of Cr clusters in 

the a-b plane is limited by frustration effects involving 0(3) oxygen atoms, as 

illustrated in Fig. 6.7. Each Cr atom is bonded to two 0(3) atoms in the plane. 

This places constraints on the orientation of Cr04 units as the size of the 

cluster grows. At a cluster size of two or three fundamental unit cell 

dimensions, it is no longer possible to add additional Cr04 units. Figure 6.7 

shows only one layer, but the problem becomes even more constrained 

when the next layer along the c-axis is considered, where, for 50% Cr content,
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CrC>4 units are located above Hg atoms in the first layer. From these 

considerations we can see that frustration in the orientation of Cr0 4  units 

limits the cluster size to about 2.5 cell dimensions, in agreement with the 

supercell observed by electron diffraction. Additionally, we can conclude 

that the solubility for Cr is likely to be less than 50%. We also see that 

considerable disorder, resulting from different ways to orient individual 

Cr04  units, will be present in the supercell.

0 2 'Hg
i.Cr

03 03

----------- ----------

T —

b
▲

Figure 6.7 Representation of one layer of the a-b plane of H gi - 
xCrxSr2Cu04+5 showing a possible arrangement of Cr04 units on the 
available sites to form a cluster that agrees with the probability illustrated 
Fig. 6.4(b). Frustration of the orientation of Cr04 units requires disorder in 
the cluster and limits cluster size.

From the structural features determined in this study, it is not clear 

why this solid-solution compound should exhibit enhanced magnetic flux
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pinning. The Cr- and Hg-rich regions are smaller than typical magnetic 

vortex dimensions and are regularly arranged in the crystal. Thus the 

average superstructure does not define any strongly preferred location for a 

vortex. If extended defect formation contributes to flux pinning, it must 

involve defects in the superstructure. Since the supercell is necessarily 

disordered, extended defect formation is likely. Such defects, however, were 

not evident in this work.

The ability to enhance magnetic flux pinning by chemical substitution 

could have important consequences for the application of copper-oxide 

superconductors. The results of this study suggest that structural 

modifications in which clustering and extended defects occur should be 

investigated. A troublesome side effect is that such defects can significantly 

distort the Cu02 plane and may substantially lower Tc. The highest Tc's are 

thought to be achieved for flat Cu02 planes and long Cu-O apical bonds, as 

are present in the HgBa2Can_iCun02n+2+8 compounds (Radaelli et al. 1993; 

Wagner et al. 1995; Wagner et al. 1993). The effect of distortions of the Cu02 

plane have been studied in La2-xMxCu04 (M=Sr, etc.) compounds, where Tc 

decreases systematically as the tilt angle of the Cu06 octahedra increases 

(Takahashi et al. 1994). One would like to enhance flux pinning as much as 

possible while minimizing the decrease in Tc caused by the chemical 

substitution. Thus, in future work, it will be important to investigate the 

structural effects of different chemical substitutions and the effects of varying 

the defect concentration, especially in the dilute limit.
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6.2 Chemical Analysis o f Hgi-xCrxBa2CuC)4+S

This section is included even though the author's involvement was 

limited to performing the EDS analysis (using a Philips CM30 at ANL) and to 

determining the absence of any chemical modulation [unlike the case for Cr 

doping of the Sr-containing compound (see 6.1)]. Given the author's 

minimal involvement, this section contains only the direct results obtained 

by the author and the corresponding compositions as determined by 

neutron-powder-diffraction. For further details regarding this work, the 

reader is referred elsewhere (Chmaissem et al. 1996).

Quantitative EDS was used to determine the amount of Cr in H gi- 

xCrxBa2CuC>4+5, where the nominal values of x include: 0.1, 0.2, 0.3, and 0.4. 

There are many factors that one must consider to ensure that an accurate 

spectrum is collected; several of these details are mentioned below, for 

further information see (Joy, Romig, and Goldstein 1986). (1) The count rate 

was typically between 500 and 2000 counts per second yielding a low (10-30%) 

dead time. (2) A holey-carbon film on a Mo TEM grid was used to support 

the sample particles. While this ensures that the Cu signal is not from the 

grid there are other sources of Cu in a TEM and these must be accounted for 

as well. Fortunately, there were various oxide particles that did not contain 

any Cu but had similar densities to Hgi-xCrxBa2CuC>4+5. These particles did 

not show the presence of Cu, indicating the spectra of interest were free of 

spurious Cu x-rays. (3) The total collection time was approximately 150 live 

seconds, which produced about 5000 counts under the FWHM for the peaks 

of interest. Under these circumstances, the relative counting error is 2.8% at
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the 95% confidence level (Joy, Romig, and Goldstein 1986). A typical EDS 

spectrum is presented in Fig. 6.8.

An undoped, i.e., Cr free, sample was used to determine the k factor 

for the Hg Li to Cu Ka peak. The k factor was obtained by collecting several 

spectra from the Cr free compound and applying the Cliff-Lorimer relation 

(Cliff and Lorimer 1975):

CHt
 2L — lr
r  ~  HgCu

Cu

—  I 6.3
l e u )

where C is the composition and I is the total intensity under the FWHM of 

the characteristic x-ray peak. Note that Eq. 6.3 is for a thin film 

approximation, i.e., absorption and fluorescence are negligible; the use of this 

approximation is called into question later. For the standard sample Q jg = 

Ccu = 1; hence kffgCu ^  simply Icu divided by Ij^g- A mean value from 

several crystals was obtained, and the standard error (standard deviation 

divided by the square root of the number of measurements) was used as an 

error on the mean value of kHgQu. Similarly, k.^gBa, kcUBar £BaCu were

determined.

Approximately ten crystals were sampled for each Cr stoichiometry so 

that an average Hg to Cu intensity ratio could be obtained. Assuming C^u to 

be one, then C^g is simply k^gCu times the average intensity ratio. The 

standard error for the product of two averages is determined as follows:

Std. Error =
X  crY t Y a; t ct'ct;

N r Mx NxN y j
6.4
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Figure 6.8 Typical EDS spectrum for the nominal doping of 0.4 Cr atoms 
per unit cell in Hgi-xCrxBa2Cu0 4 +5. The peaks used for the quantitative 
analysis are labeled.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

En
er

gr
 (

ke
V

)



118
where X and Y represent the two distributions, a  is the standard deviation, 

and N is the total number of counts. The standard error relates to the 

confidence of a mean value for a distribution. The results for this analysis 

are presented in Tables 62  and 6.3; the data in Table 6.2 is normalized to one 

Cu atom per unit cell and the data in Table 6.3 is normalized to two Ba atoms 

per unit cell. The two tables both show that the Cr composition increases to 

a solubility limit of 0.3 to 0.4 Cr atoms per unit cell. Note that the Cr 

composition is calculated as one minus the Hg composition, i.e., it is not 

measured directly. This is because the Cr Ka peak overlaps with one of the 

Ba L peaks.

Table 6.2 Quantitative x-ray microanalysis of Hgi-xCrxBa2Cu04+5. The 
numbers are normalized to 1 Cu atom per unit cell.

Element

Hgl-xCrxBa2Cu04+5 (nominal values of x = 0, 0.1, 0.2,0.3, 0.4) 

X = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4

Cr (=x) 0 0.20(2) 0.26(2) 0.31(2) 0.34(2)

Hg (= 1-x) 1 0.80(2) 0.74(2) 0.69(2) 0.66(2)

Cu 1 1 1 1 1

Ba 2 2.0(1) 2.3(1) 2.4(2) 2.3(1)

The problem with Table 6.2 is that Cu may be substituted on the Hg 

site, i.e., the standard may not be very reliable for Cu. This would push the 

Cu concentration up, and by normalizing to one Cu atom per unit cell the 

Hg stoichiometry (already low due to Cu substitution) would be forced lower. 

This results in the calculated Cr content (1-Hg) being larger than its actual
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value. Similarly, the calculated Ba content would be expected to be less than 

two atoms per unit cell; however, it is larger than two for the larger Cr 

doping levels. This is explained by the Hg K« x-rays fluorescing the Cu; 

hence, as Cr substitutes for Hg, less Cu is fluoresced and the intensity of the 

Ba, fluoresced by the Cr Kqc x-rays, peak is enhanced relative to the Cu peak. 

This situation could arise if the crushed particle was very thick. Crushed 

powder tends to have extremely large wedge angles so that a slight sample 

drift might change the thickness to well over 100 nm. While fluorescence 

can explain the larger Ba content at higher Cr doping levels, the observed Ba 

content does not increase systematically with the Cr content.

Table 6.3 Quantitative x-ray microanalysis of Hgi-xCrxBa2Cu0 4 +S. The 
numbers are normalized to 2 Ba atoms per unit cell.

Hgi-xCrxBa2Cu04+g (nominal values of x = 0, 0.1, 0.2,0.3, 0.4) 

Element x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4

Cr (= x) 0 0.20(2) 0.36(2) 0.41(2) 0.41(2)

Hg (=l-x) 1 0.80(2) 0.64(2) 0.59(2) 0.59(2)

Cu 1 1.00(2) 0.87(2) 0.86(3) 0.90(2)

Ba 2 2 2 2 2

The reason for generating Table 6.3 is that the Ba site is very likely to 

be fully occupied by only Ba; thus two Ba atoms per unit cell is a more 

reliable reference point than one Cu atom per unit cell. The decrease in Cu 

fluorescence coupled with the increased Ba fluorescence could explain the 

lowered Cu concentrations at higher Cr doping levels when in fact the Cu is 

possibly greater than one due to substitution on the Hg site.
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The Cr compositions as determined by Reitveld refinement of the 

neutron-powder-diffraction data are provided in Table 6.4. Note.that the Cr 

fraction per unit cell was determined by two methods. The first method was 

to hold the Hg plus Cr equal to one atom per unit cell. The other method 

was to infer the Cr from the interstitial oxygen concentration [0(3)]; two 

interstitial oxygen atoms were presumed to form a Cr0 4  tetrahedron with 

two regular oxygen atoms.

Table 6.4 Cr compositions as determined by Rietveld refinement of 
neutron-powder-diffraction data (Chmaissem et al. 1996). Note that the 
following conditions were required in the refinement Ba = 2 and Cu = 1.

Hgl-xCrxBa2Cu04+§ (nominal values of x = 0.1,0.2,0.3, 0.4)

x = 0.1 X ii o KJ x = 0.3 x = 0.4

Cr if Cr+Hg = 1 0.215 0.352 0.431 0.420

CrbyO(3) 0.114 0.254 0.302 0.292

The Cr concentration was experimentally determined in five different 

manners. Four of these have been discussed (EDS with Cu = 1 or Ba = 2 and 

Reitveld refinement of neutron-powder-diffraction with Cr+Hg = 1 or Cr 

dependent on the interstitial oxygen concentration) the fifth was allowing 

the EDS software to use built in k factors to analyze the x-ray spectra. The 

results from these five methods are plotted in Fig. 6.9. It is clear that a 

saturation limit seems to be reached at a nominal composition of 0.3 Cr 

atoms per unit cell; the level of this saturation varies from 0.26 to 0.42. The 

quantitative EDS analysis with Ba = 2 produced nearly identical results with 

the Reitveld refinement in which Hg+Cr = 1. Coincidentally these two
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methods also suggest a doping limit that matches the only Cr solubility 

obtainable in HgSr2CuC>4+§ (see 6.1).

i ...
o>
a.
s  0 . 3
Q

u
«— SemiQuant 
«— Cu=l

s0>
s
"Ca»
a.xm -a— Neutron Cr+Hg=l 

e — Neutron Cr=Oxy

0 . 3 0 . 40.2 0 . 50.10

Nominal Cr atoms per unit cell

Figure 6.9 Cr concentration as determined in five different manners using 
both neutron-powder-diffraction (blue curves) and x-ray emission 
microanalysis (red curves). SemiQuant used the built in k factors, Cu = 1 and 
Ba = 2 utilized k factors determined from the undoped material and are 
normalized to Cu = 1 or Ba = 2.
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Chapter F u tu r e  W o r k

This thesis is no different than most in that it represents a work in 

progress. Several new paths are evident for future work; a few are described 

in the following pages.

7.1 Au-Doped YBCO
Chapter 3 showed that in YBCO Au forms small defect clusters with O 

vacancies or interstitials. Previous magnetic flux pinning work suggested 

that crystals doped with Au have an enhanced Jc compared to crystals free of 

cation doping. It would be of interest to dope pure YBCO single crystals with 

Au to various degrees and monitor Jc-

The undoped YBCO can be obtained by growing the single crystals in 

Z r02 crucibles; crystals grown in this manner have 1-2 ppm Zr substituted 

for Cu. Polycrystalline pellets can be doped up to 3 wt. % before the solubility 

limit is reached and Au precipitates form at the grain boundaries, while 

improved, single crystals probably have a similar doping limit. Several 

concentrations of Au (at least up to 3 wt. %) should be attempted. The actual 

concentrations should be determined not only as a bulk average but also on 

local levels. Chemical analysis techniques that should be used include: 

neutron activation, EELS, EDS, and SIMS.

It will be very difficult to investigate the point defect clusters at low

doping levels of Au, as it was rather difficult to do for 3 wt. %, see Chap. 3.
122
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Indeed if the Au doping is very low there may be little or no clustering due 

to the long diffusion distances required. Off-zone electron diffraction 

patterns are probably the best way to look for evidence of point defect 

clusters.

7.2 Shape o f Defect Cascades in YBCO
This project finds its audience not in the field of superconductivity, 

but rather, with those interested in the physics of irradiation damage. The 

idea here is to determine more precisely the shape of defect cascades in YBCO 

(or possibly other highly anisotropic materials) and correlate the shape with 

the anisotropic thermal conductivity. It seems likely that a model could be 

devised that would predict the shape of a defect cascade based on the thermal 

conductivity. Any model arrived at should be verified by irradiating a 

material with a different degree of anisotropy in thermal conductivity. 

There are a few areas of consideration; they are outlined below.

The irradiation direction in a given crystal must be known and 

controlled. This could be achieved by irradiating a large single crystal or thin 

film, i.e., not using a crushed, randomly dispersed sample. If the irradiation 

direction is not in the same direction as the imaging direction, then due to 

projection effects there will be a broadening in one direction as the defect 

cascade is elongated in the direction of the irradiation.

If a large thin area is obtained in the TEM sample, it would allow 

HREM to be used for the direct sizing of the defect cascades, which I believe is 

a more reliable method. More importantly, it provides unequivocally the 

aspect ratio for each defect cascade, as opposed to DF images which only yield
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the size in one direction for a given imaging condition. Note that the HREM 

images should be taken near the optimal defocus so that image 

delocalization artifacts are avoided, see Appendix A.

In the modeling of the energy dissipation (cooling) the bulk thermal 

conductivity must be used for cooling that occurs very locally and over a 10" 

11 s time scale; this assumption may be highly inappropriate (I have no 

insight here). Estimation of the initial core temperature can be made; 

however, the initial radial temperature profile is more difficult.

7.3 Structure Surrounding a Defect Cascade
As a thermal spike cools, the disordered region recrystallizes. It is 

likely that this recrystallized material surrounding the amorphous defect 

cascade core contains a degree of disorder as well. If this is true then the 

relevant size of the magnetic flux pinning defect may be the diameter of this 

recrystallized region and not simply the amorphous core.

HREM might reveal the presence of a high point defect density 

surrounding the defect cascade. There may also be a significant degree of 

chemical disorder.

7A As-grown Stacking Faults in YBCO
If there are as-grown stacking faults in the YBCO crystals grown in 

Zr02 crucibles at UIUC, it would be quite interesting. First of all, these single 

crystals are assumed by many to be the best in the world and nearly free of 

even the smallest defects. As such many physics experiments probing the 

fundamentals of superconductivity are performed on these crystals under
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the assumption that they are perfect. Secondly, much research is being done 

to create stacking faults (using both chemical and mechanical means) in 

high-temperature superconductors in hopes enhancing Jc. This might be ill- 

advised if there are stacking faults in these single crystals, because Jc is very 

low for these crystals. Finally, it appears that the stacking faults act as sinks 

for the point defects produced by proton irradiation damage; thereby 

prohibiting the migration and coalescence of the point defects. This alters 

the post-irradiation defect structure and consequently the flux-pinning 

enhancement.

The concentration of as-grown stacking faults should be controllable 

by the concentration of Cu used during the growth conditions. This could 

lead to a method of controlling whether the B/W defects (see Chap. 5) are 

present or not after irradiation, and by combining this w ith the 

corresponding Jc measurements, the pinning strength of the B/W defects 

might be discerned.
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Appendix I m a g e  D e l o c a l iz a t io n  in

H R E M  I m a g e s

It is important to be aware that in HREM images the apparent size of a 

small object is a function of defocus due to image delocalization (Marks 1984; 

Marks 1985). A through focal image simulation series of an amorphous 

region surrounded by a square lattice shows how the apparent size of a defect 

will change with defocus, Fig. A.I. This effect is particularly important in the 

study of small particles, defect cascades, interfaces, etc.

Periodicities in the sample with a certain frequency will be displaced 

from their true location in the image. The amount of image delocalization 

is equal to the gradient of the contrast transfer function (CTF).

where X is the electron wavelength, u is a spatial frequency, Cs is the 

spherical aberration coefficient, and Az is the objective defocus. The defocus 

at which there is no image delocalization is referred to as the overlap 

defocus, i.e., the image of the spacing in question overlaps it's true location 

in the image. The overlap defocus is found by setting Eq. A.1 equal to zero:

Az = -X^Csu“ A.2

VX(u) = 2tcX(Azu + Cs^^u^) A.1
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The effect of delocalization is a major problem for defoci near 0 nm, 

indeed the structure of the defect may become extremely obscured, see for 

instance Fig. A.1 (b). Figure A.1 (b) to (i) were generated by applying a 

contrast transfer function using linear imaging theory to the sample or object 

in Fig. A.1 (a). Note the lattice fringes are not parallel to the edges of the 

image, so the effects seen are not aliasing artifacts. Besides the obvious 

fringes seen in the amorphous region there is also a curving of the lattice 

image towards the center. This could easily be seen in an experimental 

image and misinterpreted as an inwardly directed strain field, when it is 

merely an imaging artifact dependent on the defocus, e.g., it is not seen in 

Fig. A.1 (f).
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Figure A l A simulated through focal series of the object iiPthe top left 
comer (linear imaging theory). The object is intended to represent an 
amorphous cylinder surrounded by a square lattice; the lattice parameter is 
0.385 nm. The objective defocus is indicated in each image. This series 
clearly shows two imaging artifacts dependent upon the defocus: the 
apparent size of the cylinder and a bending of the lattice fringes. Both of 
these effects are minimized at the overlap defocus (160 nm).
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