UNIVERSITY of CALIFORNIA SANTA CRUZ LOCAL STRUCTURE, DISTORTIONS AND DISORDER IN ADVANCED PEROVSKITE MATERIALS A dissertation submitted in partial satisfaction of the requirements for the degree of DOCTOR OF PHILOSOPHY in PHYSICS by Corwin Hammond Booth December 1996

The dissertation of Corwin Hammond Booth is approved:

Professor Frank Bridges, Chair

Professor George Brown

Professor Peter Young

Dean of Graduate Studies

Copyright cfl by Corwin Hammond Booth 1996

Abstract

Local structure, distortions and disorder in advanced perovskite materials by Corwin Hammond Booth

Both high-temperature superconductors and the lanthanum-manganate-based giant magnetoresistors have a perovskite-like structure and interesting electronic properties. In each case, the deviations from the perovskite structure may be the key to understanding the novel behavior of these materials. These deviations can take the form of a distortion of the crystal structure, such as a Jahn-Teller distortion, or distortions that only occur on the local scale and thus do not affect the average crystal structure as determined by diffraction experiments. Disorder of the individual atomic sites can also have an effect on the electronic properties. For instance, various phonon modes may be very important for understanding change transfer if an electron-phonon coupling exists. Correlation measurements provide an important indicator for certain kinds of disorder, such as optical phonons and polaron distortions. In this dissertation I present x-ray-absorption fine-structure (XAFS) data that demonstrates such disorder in the La_1�_xA_xMnO_3 materials and consider the possibility in the high-T_c superconductors YBa_2Cu_3O_7 and HgBa_2CuO_4. I also consider the effect of static distortions in these materials, and in particular, I explore the effect of substituting praseodymium for yttrium in YBa_2Cu_3O_7 in light of the anomalous suppression of T_c for this substitution. A monotonic decrease of the Pr-O XAFS amplitude with increasing Pr concentration is best fit by including a short Pr-O bond. Such a bond is evidence for a localized hole.

During the course of these studies, some improvements to the XAFS analysis technique were necessary. These include an improved self-absorption correction for measuring fluorescence yields, an understanding of the use of solid-state detectors and dead-time, and accurate background-absorption removal from the data. The latter often generated background-absorption curves with spurious features. With the help of Prof. J. J. Rehr, we considered the possibility that these features were not the result of multiple electron excitations (as was previously thought), but were actually the manifestation of the outgoing photoelectron backscattering off the absorbing atom’s potential in a manner analogous to the Ramsauer-Townsend effect.

Contents

List of Figures viii

List of Tables xiii

Dedication xvi

Acknowledgements xvii

1 Introduction 1

I XAFS Methodology 7

2 Experimental introduction 9 2.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Correlations between the positions of neighboring atoms 14 3.1 random distortions and disorder . . . . . . . . . . . . . . . . . . . . . . . . . 16 3.2 non-Gaussian PDF’s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.3 polarons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4 X-ray-absorption fine-structure in embedded atoms 23 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 4.2 Experimental Backgrounds . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 4.3 AXAFS Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 4.4 Comparison with Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 32 4.5 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

5 Fluorescence-XAFS 35 5.1 solid-state detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 5.1.1 dead time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 5.1.2 Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 5.2 self-absorption correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 5.2.1 effect of XAFS on correction . . . . . . . . . . . . . . . . . . . . . . 48

6 Phase-lock XAFS (PLEXAFS?) 50 6.0.2 Interpretation of phase-lock data . . . . . . . . . . . . . . . . . . . . 51 6.0.3 A sample problem in high-T_c . . . . . . . . . . . . . . . . . . . . . . 53 6.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 6.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 6.3 Limits on structural changes . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

II Experimental studies on perovskite materials 67

7 Local oxygen disorder around praseodymium in Y_1�_xPr_xBa_2Cu_3O_7 69 7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 7.2 Samples and data collection . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 7.2.1 XAFS Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 7.3 General Features of the data . . . . . . . . . . . . . . . . . . . . . . . . . . 77 7.3.1 Standard reduction and comparison of different absorption edges . . 77 7.3.2 Background features in high-energy K-edge XAFS . . . . . . . . . . 84 7.4 Detailed analysis and fit results . . . . . . . . . . . . . . . . . . . . . . . . . 85 7.4.1 Fitting procedures and constraints . . . . . . . . . . . . . . . . . . . 85 7.4.2 Determining substitution site of Pr . . . . . . . . . . . . . . . . . . . 86 7.4.3 Y K-edge fits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 7.4.4 Pr K-edge fits to a variety of models . . . . . . . . . . . . . . . . . . 88 7.4.5 Cu K-edge fits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 7.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 7.5.1 Consistency between various K-edge data . . . . . . . . . . . . . . . 94 7.5.2 On the question of valence . . . . . . . . . . . . . . . . . . . . . . . . 95 7.5.3 On the question of the relative position of O(4) . . . . . . . . . . . . 97 7.5.4 On the question of clustering in RBCO:Pr (R=rare earth and Y) . . 97 7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

8 Negatively correlated atomic displacements in HgBa_2CuO_{4+δ} 100

9 Comparison of local structure between a film and a single crystal of YBa_2Cu_3O_7�_δ as a function of temperature 111 9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 9.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 9.3 Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 9.3.1 Basic XAFS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 9.3.2 Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 9.4 Isolating the XAFS signal due to the O(4) contribution . . . . . . . . . . . 123 9.5 Fits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 9.5.1 Fitting procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 9.5.2 Fitting results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 9.5.3 Correlations of the further neighbors . . . . . . . . . . . . . . . . . . 136

9.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 9.6.1 Split O(4) site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 9.6.2 Changes in broadening parameters . . . . . . . . . . . . . . . . . . . 144 9.6.3 Correlations between atomic positions . . . . . . . . . . . . . . . . . 145 9.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

10 Evidence of temperature-dependent polaron distortion in La_1�_xA_xMnO_3, A=Ca, Pb 150

A publication list 162

Bibliography 165

List of Figures

3.1 Snapshots in time of two vibrational modes that illustrate correlated broadening measurements. The top panel shows a long wavelength acoustical phonon at three different times. Notice that while the average displacements of the individual atoms may be significant, the bond length does not change with time. The bottom panel shows a short wavelength optical phonon. Here, the bond length changes twice as much as the average site positions. . . . . . . 18 3.2 Ti-O chain with ferroelectric distortions, as along the c-axis in BaTiO_3. Dotted circles show position of atoms according to diffraction above the Curie temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 3.3 Schematic picture of a hopping charge and the lattice distortion that can accompany it, i.e. a small polaron. A large polaron occurs when the charge is delocalized over some area, and the lattice distortion is thus spread out over a larger range in the crystal. This figure represents the particular case of “double exchange.” The large arrows represent the magnetic moment of the t_{2g} electrons on the Mn atoms (dark circles). The smaller arrows are the spin of the e_g electron that may be present under certain doping conditions. Double exchange describes the ability of the e_g electron to hop to a neighboring Mn if its t_{2g} electrons’ moments and the hopping e_g electron’s moments are aligned. Since there is a strong Hund-coupling of these states within a given Mn atom, double-exchange hopping occurs below a Curie temperature. See Chap. 10. . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4.1 Top curves: Ce K-edge absorption μ(E) (dotted) and μ_0(E) (solid) from CeO_2 vs. energy E above the Ce K-edge (40441 eV). All spectra in this paper have their step height normalized to unity, and shifted as displayed. The oscillatory structure above the edge (dotted) is the XAFS. The solid curve is the experimentally obtained “atomic background” absorption μ_0(E) (see text). Note the sharp dip in this background at ≃ 115 eV. Middle curves: residue function and fit for Ba K-edge data from BaO. The residue functions are the difference between the data and the fit in E-space, i.e., μ_{res}(E) = μ(E)/(χ_{fit}(E) + 1). Bottom curves: simulated background (solid) and extracted background (dotted) as a test of our extraction method. . . . 27

4.2 Experimental (dotted lines) and theoretical (solid lines) background absorptions, μ_0(E), for the Ba, Ce, and Pr K-edges of BaO, CeO_2, and PBCO. ΔE is the energy above threshold, i.e., 37,444, 40,441, and 41,991 eV for the Ba, Ce and Pr edges, respectively. Both the experimental and the theoretical backgrounds have been adjusted to fit the Victoreen formula with a 4th-order polynomial. The calculations are currently limited by discontinuities at R_{mt} which can effect the AXAFS amplitude. The BaO calculation has an additional threshold energy shift of +20 eV. Arrows indicate the positions of Z+1 excitation thresholds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5.1 (a) Fluorescence yield (F.Y.) for the integrated count rate from channel 7 from the SSRL 13-element Ge detector array (I_{ICR}/I_0). The broad bump centered near 9450 eV is from diffraction off a 5000-Å film of YBCO on a MgO substrate. (b) Fluorescence yield from the same channel into the single channel analyzer windowed on the Cu K_α fluorescence (I_{mSCA}/I_0). (c) The “true” fluorescence yield from the same channel after the dead-time correction ((I_{tSCA}/I_0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 5.2 Schematic diagram showing the experimental setup for determining the appropriate dead-time correction. Flux on the sample is held at a fixed energy and changed in magnitude by varying the table height, and thus the overlap between the entrance slits and the sample slits. . . . . . . . . . . . . . . . . 40 5.3 Dead-time curve for the total count rate (ICR) into detector #3. The I_0 counter has a negligible dead-time associated with its read-out, and therefore is assumed to be proportional to the real count rate. This figure shows that τ_{ICR} << 1μs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 5.4 Dead-time curve for the windowed count rate (SCA) into detector 3. The peak in SCA occurs at ICR ∼ 2×10^5 cps, which indicates that τ_{SCA} ∼ 5 μs. The dotted line shows a fit of Eq. 5.1 to the data. . . . . . . . . . . . . . . 42 5.5 Corrected dead-time curve for the windowed count rate (SCA) into detector 3. The dotted line shows the fit in Fig. 5.4 for comparison. . . . . . . . . . 42 5.6 Geometry used in calculating self-absorption correction in XAFS . . . . . . 46 5.7 Correction given by Eq. 5.13 for Cu K-edge absorption data from a 17 μmthick single crystal of YBa_2Cu_{2.958}Ni_{0.042}O_{6.95}�_{0.005}. The sample is oriented with the polarization vector ⃗ϵ perpendicular to the surface of the film, which maximizes the correction term. . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.1 Basic set-up for modulating the state of a thin film of YBCO. . . . . . . . 55 6.2 Reference signal used for switching detector memory. (a) Signal C, determining whether data is collected (high) or not (low), (b) signal M, determining state of sample (high indicates normal), and (c) V_{SC}, the voltage across the sample. Triggering points for C and M were set either by a reference voltage compared to V_{SC} , or by a separate timing circuit. . . . . . . . . . . . . . . . 56 6.3 Amplified voltage measured across the YBCO film (V_{SC} ) with a 10 mA current flowing thought it as a function of temperature. . . . . . . . . . . . . . 57 6.4 S vs. E for the difference between the normal and superconducting state absorption coefficients. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

6.5 (a) The XAFS signal from the part of the modulated absorption that was below T_c. (b) kΔχ(k). (c) Difference of traces at T < T_c and T > T_c collected at different times for comparison to (b). . . . . . . . . . . . . . . . . . . . . 61 6.6 The FT of kΔχ(k) from 1.5-18.5 Å�^1 and Gaussian broadened by 0.3 Å�^1 for difference between data (a) below and above T_c, (b) at and above T_c and (c) always above T_c. See text for temperatures. . . . . . . . . . . . . . . . . 63

7.1 T_c vs. Pr concentration. The inset shows the structure of YBa_2Cu_3O_7 with the notation used in this paper. . . . . . . . . . . . . . . . . . . . . . . . . 73 7.2 kχ(k) for the 50% Pr sample from the Y, Pr and Cu K-edges (at 17080 eV, 41991 eV, and 8979 eV, respectively). . . . . . . . . . . . . . . . . . . . . . 78 7.3 Fourier Transforms of kχ(k) for (a) PrBa_2Cu_3O_7 and (b) CeO_2, together with fits to the first two major peaks (dotted). The outer envelope is the magnitude of the FT, while the modulating curve is the real part. All the fits discussed in the text are of similar quality to the PBCO fit shown here. The first peak in both cases is an eight-fold coordinated oxygen peak. Single pair peak positions are approximately given by vertical lines that meet the x-axis. These peak positions are shifted from the actual positions by phase shifts at the absorbing and backscattering atoms. Both transforms are from 3.5-17.0 Å�^1, with a 0.3 Å�^1 gaussian window. . . . . . . . . . . . . . . . . 79 7.4 Fourier Transform of kχ(k) for Y K-edge data for 0% (solid), 30% (dotted), and 50% (dash) Pr concentrations. The only dramatic changes occur in the Y-Ba, Y-Y, Y-Pr region. These transforms are taken from 3.5-15.5 Å�^1, with a 0.1 Å�^1 gaussian window. . . . . . . . . . . . . . . . . . . . . . . . . . . 80 7.5 Fourier Transforms of kχ(k) for Pr K-edge data for 30% (solid), 50% (dotted), and 100% (dash) Pr concentrations. Notice the decrease of the first peak with Pr concentration. This decrease is most likely due to a combination of the relative amplitudes of two Pr-O distances and additional disorder in the shorter bond. The second peak is the Pr-Cu peak. It shows relatively little change with Pr concentration, indicating that the Pr is well ordered with respect to the Cu, and thus to the unit cell. The peaks in the 3-4 Å range are due to a mix of Pr-Y, Pr-Pr and Pr-Ba. This region is difficult to fit accurately because the Y and Pr backscattering amplitudes are similar, but π out of phase. The FT ranges are from 3.5-17.0 Å�^1, with a 0.3 Å�^1 gaussian window. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 7.6 Fourier Transforms of kχ(k) for Cu K-edge data for 0% (solid), 30% (dotted), 50% (short dashed), and 100% (long dashed) Pr concentrations. The first Cu-O peak decreases with increasing Pr concentration by about 10% in PBCO. The Cu-Y, Cu-Pr, Cu-Ba region also changes dramatically, due to the changing phase shifts between these peaks; see text for further discussion. These transforms are taken from 3.0-15.8 Å�^1, with a 0.1 Å�^1 gaussian window. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 7.7 “Free-atom absorption” μ_o (solid) and total absorption μ (dotted) coefficients times sample thickness, t, as a function of energy above the K-edge. μ_ot was determined by an iterative procedure[27]. . . . . . . . . . . . . . . . . . . . 85

8.1 The crystal structure for HgBa_2CuO_{4+δ}. The O(3) site is a defect site and has a small occupation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 8.2 Fourier transforms (FT) of kχ(k) for Hg 1201 (T_c=96 K) at various edges.

The top panel (a) is Hg L_3-edge data (solid) and fit (dotted), both transformed from 3.5 to 16.5 Å�^1. The middle panel (b) is Cu K-edge data (solid) and fit (dotted), both transformed from 3.0 to 16.5 Å�^1. The bottom panel (c) is Ba K-edge data (solid) and fit (dotted), both transformed from 3.5 to 12.5 Å�^1. All transform windows are Gaussian broadened by 0.3 Å�^1. The Hg and Ba data and fits have been multiplied by a constant factor as indicated in order to compare with the Cu data. . . . . . . . . . . . . . . . 104

9.1 k^3χ(k) vs. k for a YBCO film on MgO at T =20 K with the x-ray polarization parallel to the c-axis of the film. These data have been dead-time corrected and had some minor glitches removed, as described in the text. Data from the single crystal are of comparable quality. Data from the film on LaAlO_3 have similar signal-to-noise, however, the energy range is shorter. . . . . . . 124 9.2 The Fourier transform (FT) of k^3χ(k) (≡ χ̃^3(r)) vs. r for (a) the same sample as in Fig. 9.1, and (b) the single crystal of YBCO: Ni 1.4%. Data are transformed with a Gaussian window between 3-15.5 Å�^1 and broadened by an additional 0.3 Å�^1. The oscillating curve is the Re(χ̃^3), and the envelope of this curve is the amplitude, [Im(χ̃^3(r))^2 + Re(χ̃^3(r))^2]^12 . The peak at 1.55 Å corresponds to the Cu(1)-O(4) atom pair, while the shoulder of this peak at 2.0 Å corresponds to the Cu(2)-O(4) atom pair. The multi-peak between 2.4 and 3.4 Å is a combination of the Cu(2)-Y, Cu(2)-Cu(2), Cu-Ba and Cu(2)-O(2,3) atom pairs. Lastly, the peak at 3.8 Å is the Cu(1)-O(4)-Cu(2) multiple scattering peak. The peak positions are shifted from the actual pair-distances because of the combined effect of δ_c, δ_i and F_i(k) in Eq. 9.2. 125 9.3 O(4) contribution to k^3χ(k) vs. k at several temperatures for the single crystal of YBCO: Ni 1.4%. The solid lines are the data and the dotted lines are the fits. Each fit assumes a split O(4) site except the T =100 K fit. The O(4) contribution was obtained by back-transforming r-space data (Fig. 9.2) between 1.3-2.2 Å. Contributions from higher shells (say, from the Cu(2)-Y peak) have been shown to be negligible[40]. . . . . . . . . . . . . . . . . . . 127 9.4 O(4) contribution to k^3χ(k) vs. k at several temperatures for the YBCO film on MgO. The O(4) contribution was obtained in an identical fashion to the data in Fig. 9.3. Only half the data are displayed for clarity; an additional scan was taken in between each of the temperatures displayed here. The bottom two panels show fits to the O(4) contribution to k^3χ(k) vs. k for the YBCO film on MgO at T =20 K and 88 K. Fits assume a single O(4) site. 128 9.5 O(4) contribution to k^3χ(k) vs. k for the YBCO film on LaAlO_3 at T =70 K.

Full spectrum k^3χ(k) data were transformed between 3.5-13 Å�^1 (Gaussian broadened by 0.3 Å�^1), and then back-transformed between 1.4-2.2 Å. The range of data does not extend to as high k as the data in Fig. 9.3 and Fig. 9.4, however, there is no beat feature in the 11-12 Å�^1 region in contrast to the data in Fig. 9.3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

9.6 Full fit to (a) kχ(k) vs. k and (b) FT of kχ(k) vs. r for the YBCO film on MgO. Data in (a) are the back transform of the data in (b) from 1.3-4.0 Å in r-space. FT range in (b) is same as in Fig. 9.2. Notice that the quality of the fit is very good at low k and degraded somewhat at high k. . . . . . . 137 9.7 σ vs. temperature from the film of YBCO on MgO for all single scattering paths up to 4.15 Å, except the Cu(2)-Cu(2) (at ∼3.38 Å) and the Cu(2)- O(2,3) (at ∼3.66 Å) pairs. Errors are estimated from the covariance matrix, and in no way reflect any systematic errors, as discussed in Sec. 9.5.1. These errors should thus be taken as relative errors which indicate the reproducibility of the data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 9.8 The correlation coefficient ϕ vs. temperature from the film of YBCO on MgO for the same atom pairs as in Fig. 9.7. Errors are propagated through Eq. 9.6 using the errors for the diffraction data reported in Ref. [45]. . . . . . . 140

10.1 Magnetization vs. T for all samples. The applied fields were (from top to bottom) 2.5 kOe, 10 kOe, 2.5 kOe and 5 kOe. The magnetization data for the Ca_{0.50} data has been multiplied by 15. . . . . . . . . . . . . . . . . . . . 154 10.2 r-space data of each sample at (solid) T =100 K and (dotted) T =300 K. Data are transformed from 3.5-14.5 Å�^1 and Gaussian broadening by 0.3 Å�^1. . . 156 10.3 σ^2 vs. T for the Mn-O peak for all samples measured. The Ca_{0.5} measurements are shifted down by 0.001 Å^2 for clarity. Error bars indicate reproducibility of the data and fit, and in no way attempt to estimate systematic errors, with may be as large as 20%. The dotted line shows a correlated- Debye model for Θ_D=950 K with 0.0011 Å^2 static broadening, also shifted down by 0.001 Å^2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 10.4 σ^2 vs. T for the La_{0.75}Ca_{0.25}MnO_3 Mn-O, Mn-La/Ca and Mn-O-Mn scattering paths. The vertical dotted line marks T_c. . . . . . . . . . . . . . . . 160

List of Tables

5.1 Typical fit results of dead-time data to Eq. 5.1. “det” refers to the detector number (out of 13), χ^2 is the statistical measure of the goodness of fit, and ν is the degrees of freedom. . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.1 Signal statistics for a modulating signal between below T_c to above T_c. . . . 59

6.2 Limits on shifts of r_i and σ_i for data above and below T_c (Δ_{ri,big},Δ_{σi,big}), at T_c and above T_c (Δ_{ri,big},Δ_{σi,big}), and a similar ΔT but always above T_c (Δ_{ri,big},Δ_{σi,big}). All units shifts are in Å. |χ(r_i)| and σ_i are based on FEFF simulations, and are known to be accurate to 10% for this crystal and this calculation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7.1 Sample information: a, b, and c lattice parameters for the Y_1�_xPr_xBa_2Cu_3O_y samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7.2 Y K-edge fit results. These fits include further peaks than the Y-Cu peak, but these peaks are plagued by an interference effect when Pr is present (see Sec. 7.4.4). Y-Cu amplitudes are consistently larger than those calculated by FEFF5 by nealy 25%. Since we do not have data for a similar standard pair, we have normalized the Y-Cu number of neighbors to the YBCO result. The number of Y-O nbrs is not normalized. The fits are from 1.0-3.1 Å in R, and from 3.5-17 Å�^1 in the wave vector k. Each bond is expected to be comprised of 8 neighbors. The errors are ±0.01 Å in R, and ±10% in both σ and number of neighbors for all XAFS fits reported in this work, unless otherwise noted. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

7.3 Fit results on PrBa_2Cu_3O_7 to a variety of models. Fitting procedures are detailed in the text. C^2 is the fitting parameter, and is approximately proportional to the statistical χ^2, as described in the text. The r-space fits are from 1.0 - 3.0 Å in R, and the FT from 3.5-17.0 Å�^1 in wave vector k. The number of Pr-O neighbors is normalized to the CeO_2 result. No normalization has been applied to the Pr-Cu peak. Model 1 only allows for one Pr-O distance, with no constraints on the fit parameters. Model 2 also only allows for a single Pr-O bond, but constrains the amplitude to be 8, as is expected from the known crystal structure. Model 3 allows for two Pr-O bonds (Pr-O_{short} and Pr-O_{long}, as do all the subsequent models) with no further constraints. Model 4 constrains the total number of Pr-O bonds to 8. Model 5 constrains the number of Pr-O bonds to 8 and holds their bond lengths equal. Model 6 constrains the total number of Pr-O bonds to 8 and holds their broadening factors (σ) equal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7.4 Pr K-edge fit results to Y_1�_xPr_xBa_2Cu_3O_7 as in model 4 in Table 7.3. . . . 91

7.5 Cu K-edge fit results to YBa_2Cu_3O_7 (YBCO) and PrBa_2Cu_3O_7 (PBCO).

The “pseudo-YBCO” is calculated from the lattice parameters of PBCO[67] and the relative atomic positions in YBCO[74]. The last column shows the differences between the XAFS results and the diffraction results for PBCO. The samples used in the diffraction measurements for PBCO had a mean oxygen content of ≃ 6.77. The PBCO XAFS results agree with the diffraction results, within calculated errors, except for the Cu(1)-O(4) and the Cu(2)- O(4) bond lengths, as discussed in Sec. 7.5. The calculated errors are the same as discussed in Table 7.2 except for the Cu-Ba,Pr neighbors in PBCO (± 1.5), and the positions of the Cu-Ba, Pr and Y peaks for both PBCO (± 0.03 Å) and YBCO (± 0.02 Å). . . . . . . . . . . . . . . . . . . . . . . . . 93

8.1 Fit results for σ_{ab} and R from XAFS at the Hg L_3-edge, and the Cu and Ba K-edges of a T_c=96 K sample of HgBa_2CuO_4. All the results reported here are consistent with the measurements on the T_c=45 K sample. The values of σ_a and σ_b are from Ref. [77]. ϕ was calculated via Eq. 8.2. Both the XAFS and the diffraction data were collected at 80 K. Quoted errors do not include any possible sample differences between the XAFS and the diffraction samples. A single value of the amplitude reduction factor S^2_0 was used for the Ba and Cu edges. The Hg edge data required a separate reduction factor for the first peak. The fit to the Hg-Hg and the Hg-Ba peaks is of poor quality, indicating distortions exist which we are currently unable to model. The Ba-O(2) pair distance had to be held fixed in the fit, so no error was determined. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

9.1 Comparison between fit results to the single crystal of YBCO:Ni 1.4% (xtal) and the film of YBCO on MgO at T =50 K. n.b. stands for “number of bonds per unit cell.” Neutron diffraction results of Sharma et al.[45] are also given for comparison, and measurements of ϕ are reported for the film data. Errors marked with an “x” are unreliable because the pair-distribution function deviates significantly from a gaussian. Imaginary Debye-Waller factors often accompany these distributions; such parameters cause the XAFS oscillations to increase with k. Some parameters were held fixed or constrained in the fits. See Sec. 9.5.2 for further discussion. . . . . . . . . . . . . . . . . . . . 135

To my wife,

Margaret Coffey Booth and my parents, Corwin and Caroline and my siblings, Chris, Doug, Julie and Lyn.

Acknowledgements This dissertation reflects and reports not only the work of the author, but of many other people as well, and I wish to take this opportunity to acknowledge them. First and foremost, I want to thank my advisor, Prof. Frank (Bud) Bridges. His scientific program and his personality have allowed us to work together towards many goals and projects, and only with this happy collaboration could any of the work in this dissertation have been completed. I also want to thank Prof. Sue Carter for her advice and inspiration. In addition to these individuals, virtually everyone in the Physics Department at UCSC has had some positive impact on my education, especially Prof. Peter Young and Prof. Howard Haber.

I did not arrive at UCSC a complete neophyte to experimental physics, and I need to acknowledge and thank Dr. Andrew Buffington at UCSD for providing me with a strong and critical foundation.

None of the experiments performed for this dissertation were performed alone. I thank Guoguang Li, Jim Boyce, Tord Claeson, Brad Hubbard, Bill Warburton for their time, expertise, advise, and mostly for being colleagues. I must thank Z. X. Zhao, Bruce Lairson, R. Liang, Doug Bonn, Walter Hardy, H. Kinder, Q. Xiong, C. W. Chu, Jeff Snyder, and Ted Geballe for making/providing samples.

Lastly, I want to thank Eric Bauer, Zev Kvitky for listening to me, helping me, and putting up with me, but really for being friends.