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ABSTRACT

CHARGE STRIPES AND LOCAL STRUCTURAL INHOMOGENEITIES IN

Lay_,(Sr,Ba),CuO,; HIGH TEMPERATURE SUPERCONDUCTORS

Emil S. Bozin

We have investigated the possibility that the doped charge distribution in the CuO,
planes of the high temperature superconducting cuprates is microscopically inho-
mogeneous, possibly with a striped morphology. The existence and importance to
the properties of charge stripes in superconducting samples is not fully established.
No long-range ordered static stripes have been observed in superconducting samples
which means that either such formations are not present, or they are short range
ordered and not observable crystallographically.

Atomic pair distribution function local structural study has been carried out to
investigate the nature of the doped-charge distribution within the CuO, planes of
La;_,(Sr,Ba),CuQy as a function of doping and temperature. The data were ob-
tained by time-of-flight neutron powder diffraction experiments. Evidence is found
for temperature dependent atomic-scale structural inhomogeneities at low tempera-

ture in the underdoped and optimally doped regions of the phase diagram, compatible
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with the presence of inhomogeneous charge distribution in the CuO, planes. Inhomo-
geneities are seen as a planar Cu-O bondlength distribution, accompanied by a sig-
nificant degree of the CuOj-octahedral tilt magnitude and directional disorder. The
inhomogeneities disappear on crossing into the overdoped region at low temperature.
They also disappear in underdoped samples at temperatures which correlate with
spin and charge freezing in this system inferred from transport, NQR, and XANES
measurements.

Recent theoretical calculations suggested that the doping in the Las_;Sr,CuQOy4
system has predominantly apical character, perpendicular to the CuO, planes, in
contrast to the established understanding that doping has planar character. This
new way of understanding the doping, if it is right, would result in a paradigm shift
in the understanding of cuprate physics. The orbital character of doped holes in the
LSCO system has been reexamined from the structural perspective. The structural
results, in contrast to the above theoretical prediction, are in agreement with the
planar-doping picture in the underdoped and optimally doped regime, and indicate
that a small amount of doped charge may have apical character above the optimal

doping.
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“There is surely nothing other than the single purpose of the present
moment. A man’s whole life is a succession of moment after moment.
If one fully understands the present moment, there will be nothing else

to do, and nothing left to pursue.”

(Tsunetomo Yamamoto, September 10, 1716)
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3.2 Possible alternative structures that may result from LSCO-type synthe-

3.3
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sis: (a) T-phase, (b) T’-phase, (c) T*-phase, and (d) T”-phase. Black
circles represent copper atoms, white circles represent oxygen atoms,
while gray circles represent lanthanum/strontium atoms. The favor-
able case for this study is the T-phase. However, not all the phases
occur in the synthesis of pure LSCO, some of them appear when an-
other rare earth element is co-doped in addition to strontium.
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pattern of low-quality sample, containing impurity peaks: sample ob-
tained by only one prereaction, with an additional impurity peak com-
ing from the reaction between the sample and the crucible. Positions
of T’-phase and T”-phase impurity peaks, as well as LaAlO; impurity
peaks are marked. (b) After two prereactions and with the absence of
the sample-crucible reaction: a clean XRD pattern corresponding to
T-phaseisobtained. . . . . ... ... ... ... ...........
XRD patterns of LSCO samples characterized at room temperature,
with strontium content specified. Note: LSCO samples exhibit a struc-
tural phase transition from high temperature tetragonal to low tem-
perature orthorhombic phase, with transition temperature being dop-
ing dependent. Depending on strontium content samples of various
compositions at room temperature will therefore be in one of the two
structural phases, hence having slightly different XRD patterns. This
difference is recognized by direct comparison of the patterns for end-
member samples (x=0.0 and x=0.3). Heavily underdoped samples at
room temperature have a lower symmetry structure, and therefore their
XRD patterns contain more Bragg peaks. In terms of oxygen arrange-

ment, all the samples still have the T-type structure. . . . ... ...
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3.5

3.6

3.7

3.8

3.9

Rietveld fits of selected XRD patterns for LSCO samples: (a) x=0.125
and (b) x=0.15. Solid lines denote structural models, crosses are the
data. Difference curves are shown below thedata. . . . . . ... ...
Oxygen deficiency per formula unit, J, versus strontium content for
LSCO samples obtained using various synthesis routes (after Radaelli
et. al.). The lines are guides to the eye. The reported accuracy of the
measurement is about 0.01. . . . ... ... ... L.
The c-axis parameter versus strontium content for stoichiometric LSCO
samples of Radaelli and collaborators (open circles), and for our sam-
ples (solid circles), from Rietveld refinement of neutron powder diffrac-
tion data at 10 K. Solid line is a guide to theeye. . . . . ... .. ..
Superconducting transition temperature (onset T.) as a function of Sr
content for LSCO samples: literature values are given as open circles
and open squares, and values for the samples considered for this study
are represented by solid circles. Inset: dc magnetization (per unit
mass) as a function of temperature, for x=0.15 LSCO sample. The
arrow denotes onset of superconductivity. . . . . . . .. ... ... ..
Meissner fraction as a function of doping at 5 K temperature as es-
timated from dc susceptibility measurements using external magnetic
field of 100 Gauss (solid circles). The solid square symbol marks su-
perconducting fraction for the Nd-codoped sample. Left inset: mass
density of LSCO samples versus doping at 10 K temperature. Right
inset: normalized magnetic dc susceptibility as a function of temper-
ature, for x=0.15 LSCO sample. Dotted line denotes behavior within

zero-field cooling cycle. . . . . . .. ... oo
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3.10 Orthorhombic to tetragonal structural phase transition in La,CuQy,

3.11

3.12

characterized by splitting of the 400/040 superlattice peak. X-ray
diffraction data has been collected with the in-house diffractometer
(see text) using copper radiation. The normalized intensity is plot-
ted as a function of the scattering angle, 20. Note the presence of
the satellite shoulder-peak with the intensity of one half of that of the
main contribution. It originates from the copper Ka, radiation. Cop-
per Ko, and Ko, lines correspond to the wavelengths of 1.54056 A and
1.54439 A respectively, and are known to give Bragg peaks having 2:1
intensity ratio. . . . . . ... ... Lo
(a) Orthorhombic LTO phase is characterized by splitting of the 400/040
superlattice peak (La;CuQ4 case shown). (b) In the tetragonal HTT
phase these two peaks coincide (La,; gSrg2CuQO4 case shown). The ver-
tical axis is the scattering intensity (arb. units), horizontal axes are
temperature and d-spacing. Data were collected at GEM, ISIS facility,
UK. . .
Lay_,Sr,CuQO4 400/040 superlattice peak evolution with temperature
for x=0.05 (a), x=0.10 (b), x=0.125 (c), and x=0.15 (d). The ver-
tical axis is the scattering intensity (arb. units), horizontal axes are
temperature and d-spacing. Data were collected at GEM, ISIS facility,
UK. . . e
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3.13 The structural phase diagram for LSCO and LBCO systems. Struc-

4.1

4.2

4.3

tural phase transition temperature, Ts, is plotted as a function of
Sr/Ba concentration, based on Rietveld refinement results. Solid sym-
bols denote values for the samples used in this study. Circles corre-
spond to LSCO samples, while triangles mark the LBCO sample. Open
circles are literature values. Lines are guides for the eye. The dashed
line denotes the LTO-LTT low temperature phase transition, occurring
in LBCO samples. This transition has not been seen in the average
structure of LSCO system*. Inset: Tg determination for the LTO-HTT
transition in the LBCO sample from lattice parameter considerations.

Dotted line denotes the phase transition. . . . . .. .. ... .....

Examination of the CuO, plane using the PDF information: schematic
view of the plane in 214 system. Small circles represent copper atoms.
Filled circles represent sites with doped holes. Thick circles denote
two dimensional cuts of the PDF probing sphere with various probing
radii: low r (left panel) and intermediate r (right panel). . . . .. ..
The first two peaks in the PDF's of 214 system. Local structural in-
formation on the in-plane and apical Cu-O distances is contained in
the first two PDF peaks. These are marked by arrows, and labeled as
Cu-O1 and Cu-O2 (in-plane and apical respectively). . ... ... ..
PDF peak coming from the in-plane Cu-O bond for various doping
levels (solid line: undoped case; solid circles: overdoped cases; dashed
lines: intermediate doping cases). The peaks have been shifted so that

their centers lineup at T, = 1.91A. . . . ... ... ... .. ...
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4.4

4.5

4.6

4.7

Peak width of the in-plane Cu-O PDF peak as a function of doping
obtained by fitting a Gaussian (solid circles). The data are plotted
as 02 where o is the Gaussian standard deviation. The inverse peak-
height-squared of the peaks in Figure 4.3 scaled so the z = 0.0 points
line up is shown as open squares. Dashed line is a guide for the eye. .
(a) PDFs from the 10 K data from the z = 0.0 (open circles) and
z = 0.25 (solid line) samples. The difference is plotted below. The
dashed lines indicate expected uncertainties due to random errors. (b)
PDF from = = 0.1 data at 10 K (open circles). The solid line shows
the PDF obtained by making a linear combination in a (1:1) ratio of
the PDF's shown in (a). See the text for details. . . . ... ... ...
(a) Reduced total scattering structure function, Q[S(Q) — 1], from
La; g7551r0.125CuO4 at 300 K. (b) The resulting PDF, G(r) (open cir-
cles). The solid line is a fit to the data of the crystallographic model
with the difference curve below. Arrows indicate the PDF peaks at
r =19 A and r = 7.2 A whose widths are plotted in Figure 4.7. . . .
Mean-square width, o2, of the in-plane Cu-O PDF peak at 1.9 A as a
function of temperature for (a) La,; g75Srg.125CuQy, (b) La; gsBag 15CuQOy,
and (c) La; g5Srg.15CuQO4. The solid line gives the T-dependence pre-
dicted by the Einstein model. The insets show the inverse squared
peak height for the same peak with an Einstein curve superimposed.
(d) Temperature dependence of 1/h? for the PDF peak at 7.2 A for
La, g7551r0.125CuQy4, La; g5Bag 15Cu0y4, and La, g55r0.15CuO4 (triangles,
diamonds, and squares respectively). Inset shows the strontium-doping

dependence of 0?(zx) for Lag_,Sr,CuOsat 10K. . ... ... .. ...
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4.8 Comparison with non-convoluted fitting results: (1) Mean-square width,

4.9

4.10

o2, of the in-plane Cu-O PDF peak at 1.9 A as a function of tempera-
ture for La, g7551¢.125CuQ,4 from standard convoluted fit (solid circles)
and (2) the same quantity obtained using fit with no convolution (solid
squares). Solid line is the Einstein model prediction, as obtained from
fitting of the high-T part of the data. Dashed line around (1) is the
Einstein model line as obtained using parameters from polarized XAF'S
reported by Haskel et. al. Dashed line around (2) is the same as the
dashed line for (1), with an additional static offset of 0.0034 A2, . . .
(a) Typical PWID fit of Gaussian profiles to the experimental PDF for
La) 475Ndo.4Sro.125CuQ4: data (open circles), fit (solid line), and the av-
erage number-density slope (dashed line) with density of 0.0737 A~3 at
10 K temperature. Solid circles denote peak positions, and horizontal
bars denote peak o values as obtained from the fit. The data is ob-
tained using information up to Qmez = 30 A~L. (b) The square of the
nearest neighbor distance distribution width, o2, versus temperature
for the LNSCOsample. . . . . . .. ... ... ... . .........
Inverse excess peak height as an order parameter: absolute values for
LSCO x=0.125 (solid squares) and LBCO x=0.15 (solid circles) sam-
ples versus reduced temperature (left); relative values, obtained by
rescaling the absolute values to the low-T points, versus reduced tem-

perature (right). . . . ... ... ... .. L
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4.11 Phase diagram of La,_,Sr,CuQ4 showing the temperatures of pseudo-

9.1
5.2

5.3

gap opening, T*, XANES anomaly, T;, NQR spin freezing, Ty, trans-
port upturn, T, and the T};’s determined from the present measure-
ments (black hexagons). T; is below 10 K for La;_,Sr,CuQO4 with
z > 0.2 as indicated (gray hexagons). 7T, is shown as solid circles
joined by a line. The inset is the same phase diagram on an expanded

temperature scale. . . . . . . ... ... Lo Lo

Schematics of the LTO and LTT octahedral tilt directions. . . . . .
(a) Comparison between three model PDFs. The models have LTO
symmetry with 5° tilts (solid line), 3° tilts (dashed line), and 0° tilts
(dash-dotted line). (b) Three different 10 K data PDF's that approxi-
mately correspond to the same tilt magnitudes as shown in the models
in panel (a): z = 0 (solid line, = 5° tilt), z = 0.125 (dashed line, ~ 3°
tilt), and z = 0.30 (dash-dotted line, =~ 1° tilt). The PDF technique
clearly differentiates between the presence and absence of the tilts and
these qualitative differences are evident in the data. . . . . .. .. ..
(a) Fully converged PDF for the LTO model (solid line), and exper-
imentally obtained PDF for LSCO with x=0 at 10 K (open circles).
The difference curve is plotted below as a solid line. The dotted line
shows the expected errors at the level of two standard deviations. (b)
Fully converged PDF for the HTT model (solid line), and LSCO with
x=0.30at 10 K (opencircles). . . . ... ... ... ..........
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5.4

9.5

5.6

9.7

5.8

Dependence of the local octahedral tilt angle magnitude (black circles),
|8|, on Sr content, z. Open circles present average tilt angle magnitude
obtained from Rietveld refinement done by Radaelli and collaborators
(see text). The result shows that |#| smoothly decreases when z is
increased. However, significant local tilts persist even when the average
tilts disappear. The data were collectedat 10 K. . . . . .. ... ...
Difference in model PDF's for the LTT and LTO tilt symmetry: (a)
5° case, and (b) 3° case. The PDF for the LTT model is given as a
solid line, while that for the LTO model is presented with open circles.
Difference curve is given below PDFs for both cases. . . . . . . .. ..
(a) Fully converged model PDF with the LTO tilt symmetry (solid
line) compared to experimental PDF for x=0 at 10 K (open circles).
Difference curve is shown below the PDFs as a solid line. The dotted
line shows the expected errors at the level of two standard deviations.
(b) The same for the case of LTT tilt symmetry. . . . . . . ... ...
(a) Fully converged model PDF with the LTO tilt symmetry (solid line)
compared to experimental PDF for x=0.05 at 10 K (open circles). The
difference curve is shown below the PDF's as a solid line. The dotted
line shows the expected errors at the level of two standard deviations.
(b) The same for the case of LTT tilt symmetry. . ... .......
(a) Fully converged model PDF with the LTO tilt symmetry (solid line)
compared to experimental PDF for x=0.10 at 10 K (open circles). The
difference curve is shown below the PDF's as a solid line. The dotted
line shows the expected errors at the level of two standard deviations.

(b) The same for the case of LTT tilt symmetry. . ... .......
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5.9

5.10

5.11

(a) Fully converged model PDF with the LTO tilt symmetry (solid line)
compared to experimental PDF for x=0.20 at 10 K (open circles). The
difference curve is shown below the PDF's as a solid line. The dotted
line shows the expected errors at the level of two standard deviations.
(b) The same for the case of LTT tilt symmetry. . ... .......
Schematic view of the Model I (see text) tilt pattern in the CuO; plane
in the presence of charge stripes. Corner shared CuQOg octahedra are
denoted by squares with dashed crosses inside. The displacement of
the apical oxygen above the plane due to octahedral tilting is shown
with small arrows. In-plane O1 ions lie at the corners of the octahedra
and are displaced up or down by the tilts (not shown). Open circles
at the corners indicates an O1 ion which is undisplaced and lies in the
plane. The presence of a localized hole is indicated by a black circle. .
Schematic view of the Model II (see text) tilt pattern in the CuO,
plane in the presence of charge stripes. Corner shared CuQOg octahedra
are denoted by squares with dashed crosses inside. The displacement
of the apical oxygen above the plane due to octahedral tilting is shown
with small arrows. In-plane O1 ions lie at the corners of the octahedra
and are displaced up or down by the tilts (not shown). Open circles
at the corners indicates an O1 ion which is undisplaced and lies in the
plane.The presence of a localized hole is indicated by a black circle at

the center of the octahedron. . . . . . . . .. ... ... .. ......
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5.12

5.13
5.14

9.15

(a) Comparison of PDFs produced by a mixture of large and small
tilt amplitudes and the data from the z = 0.10 sample. The solid
line is the PDF obtained by mixing the z = 0 data set (5° tilts) with
the £ = 0.25 (< 2° tilts) data set in the ratio 1:1 to mimic the effect
of a coexistence of large and small tilts in the local structure. The
open circles show the PDF from the the z = 0.10 sample. (b) The
z = 0 and z = 0.25 data-PDFs are plotted for comparison. There are
large differences between these PDFs, yet when they are mixed they
reproduce the PDF of the intermediate composition extremely well.
The data were collected at 10 K. . . .. ... ... ... .......
Comparison of the fluctuations in the PDF difference curve at low-r.

Mixing test comparison over a wide r-range. Comparison of PDFs
produced by a mixture of large and small tilt amplitudes and the data
from the z = 0.125 sample. The solid line is the PDF obtained by
mixing the z = 0 data set (5° tilts) with the z = 0.2 (< 2° tilts) data set
in the ratio 41:59 to mimic the effect of a coexistence of large and small
tilts in the local structure. The points show the PDF from the z =
0.125 sample. Data shown are from GEM at ISIS at 10 K, and use the
total scattering information up to Q=28 A-1. The difference curve
is plotted below the data and is offset for clarity. Shaded rectangle
represents an agreement window, and the solid circle is the agreement-
window center. The arrows indicate how the agreement window is
translated to extract an r-dependent measure of agreement. . . . . .
(a) Weighted agreement as a function of the mixing fraction. Horizon-
tal dashed line indicates the optimal mixing fraction. (b) Weighted

agreement as a function of . The dashed lines are guides for the eye.

Xxviii
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5.16 Schematics of the spatial extent of inhomogeneous domains within the

6.1

6.2

6.3

Model II. From the PDF-based analysis summarized in Figure 5.15,

the radial extent of the domains is about 8 A. . . . .. ... ... ..

Schematic view of the tilt distortions. The top part of the scheme
gives a side view of the CuOg octahedra in the HTT and LTO phases,
showing the local tilt angle. The shaded circles are in-plane oxygen
atoms (O1) and the black circles are the apical oxygens (O2). The
top-view of the same tilts is shown schematically below. Note that the
structure in the top view is 45° rotated with respect to the side view.
The [023] superlattice peak for La;gsBag15CuO4 sample, compared
for 10 K (solid line) and 325 K (dashed line) data. The peak clearly
disappears in the high temperature phase of the material. Lines are
guides to the eye. The background slopes as a result of the incident
spectrum. Neutron data collected at MLNSC at Los Alamos National
Laboratory. . . . . . . . . . . . . . . e
Schematic representation of the (a) HTT, (b) HTTLS, (c) FSITE, (d)
RFSITE, (e) LTO, and (f) LTOLS models described in the text. Pan-
els give top view of a few neighboring CuOg octahedra indicated by
the dashed lines. Crosses indicate the average positions of the apical
oxygen atoms (O2) obtained crystallographically. Squares indicate the
positions of atoms in the local structural models. These displaced sites
have partial occupancies ranging from zero to 1 (see text). The size of

the O2 displacements are greatly exaggerated. . ... ... ... ..
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6.4

6.5

6.6

Temperature dependence of the square of the octahedral tilt-angle am-
plitude for LBCO, determined independently from both O1 (triangles)
and O2 (squares). This represents the local behavior of the octahedra.
Temperature dependence of the superlattice peak intensity (open cir-
cles) is shown to compare the local with the long-range behavior of the
octahedral tilts. . . . . ... ... ... ... ... L 0.
Temperature dependence of the square of the octahedral tilt-angle am-
plitude for LSCO, determined independently from both O1 (triangles)
and O2 (squares). This represents the local behavior of the octahedra.
Temperature dependence of the superlattice peak intensity (open cir-
cles) is shown to compare the local with the long-range behavior of the
octahedral tilts. . . . ... ... ... ... ... . .
Energy difference per primitive cell for different structural phases of
LBCO with tilts relative to the H'fT structure. Inset shows a surface
plot of the octuple-well energy surface for X-point tilts with minimum
along the diagonal that corresponds to the LTT phase (after Pickett
etal). . ... e
The lanthanum coordination cage: La atom surrounded by 9 oxygen
atoms, four of Ol1-type and five of O2-type. Note that out of five La-O2

bonds, there is one very short bond (‘apical’ with respect to La site),

and four longer La-O2 bonds (almost ‘planar’ with respect to La site).
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6.8

6.9

6.10

7.1

Schematic view of the LTO-tilt type size defect (see text). Tilt pattern
in the CuO, plane is associated with presence of a single defect. Corner
shared CuOg octahedra are denoted by squares with dashed crosses
inside. The displacement of the apical oxygen above the plane due to
octahedral tilting is shown with small arrows. In-plane O1 atoms sit at
the corners of the octahedra and are displaced up or down by the tilts
(not shown). Additonal defects can be placed, but it requires energy
to flip the tilts in order to satisfy tilt-symmetry requirements for all
the defects embedded. . . . . . .. .. ... ... oL
Schematic view of the LTT-tilt type size defect (see text). Tilt pattern
in the CuO, plane is associated with presence of a single defect. Corner
shared CuOg octahedra are denoted by squares with dashed crosses
inside. The displacement of the apical oxygen above the plane due to
octahedral tilting is shown with small arrows. In-plane O1 atoms sit
at the corners of the octahedra and are displaced up or down by the
tilts (not shown). Dashed circles and crosses indicate where additional
defects can be placed without additional energy-cost (no tilt-flip is
required). . . . . ... ...
Tilt symmetry and the stripe breakup. Concentric circles represent
doped sites, and crosses represent sites that are excluded from the
strain relaxation. The arrows denote local LTT tilts within different

domains resulting from the Cu-O bond shortening on doping.

Schematic view of the spatial extents of the apical and planar orbitals
in CuOg octahedra. Note that a and b crystal axes are rotated 45°

about the c axis with respect to planar Cu-O distances. . . ... ..
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7.2

7.3

7.4

7.5

7.6

Crystal structure around Sr impurity within proposed anti-Jahn-Teller
(A-JT) model (after Perry et al.). Arrows indicate local destruction of
the JT-elongated apical Cu-O bonds. . . . . . ... ... ... ....
Representative full profile PDF fit of standard LTO model to 10 K
data for undoped sample. Experimental profile shown as open circles,
model profile as solid line. Difference curve is shown below the fit as
solid line. Dashed lines denote experimental uncertainties at the 2o
level. PDFs studied in this chapter utilize diffraction information up
toQumax =35A “L L
Evolution of roy—02 and 7rq/sr—02 (a), and rcy_o1 (b) average bond
lengths with hole doping at 10 K: Rietveld result (solid circles) and
PDF result (solid squares). Dotted lines: slope predicted from simple
electrostatics considerations. Dashed lines: slope prediction based on
PTG model. Arrows (from left to right): IM transition, structural
phase transition, and disappearance of superconductivity. . . . . . . .
Sum of displacement parameters Uiz for Cu and O2 as a function of
strontium content at 10 K, from PDF refinements. Solid line is a
guide to the eye. Dashed line denotes expected increase in the PDF
displacement parameters, estimated from PDF simulation based on
PTG model for 1/8 doping (see text). . .. .. ............
(a) Partitioning parameter vs. Sr content. (b) Estimated average dis-
tribution of doped charge at 10 K based on bond valence calculations
using Rietveld obtained distances: net apical share (solid squares), net
planar share (solid circles), total doped charge (open circles). Inset: a

measure of the amount of charge doped into the apical orbitals.
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8.1

8.2

8.3

8.4

8.5

CuOg octahedral volume at 300 K as a function of doping. The vertical
dashed line denotes the LTO-HTT phase transition. Solid and dashed
sloping lines are guides to the eye. Note the position of zero on the
dopingaxis. . . ... ... ... ...
CuQOg octahedral volume at 10 K as a function of doping. Arrow indi-
cates anomalous kink in the volume at optimal doping, where the slope
changes. Vertical dashed line denotes the LTO-HTT phase transition.
Solid and dashed sloping lines are guides to the eye. Note the position
of zeroon thedoping axis. . . . ... ... ... ... .........
CuOg octahedral volume at 10 K (open symbols), 70 K (solid sym-
bols), and 300 K (crossed symbols) as a function of doping. Arrow
indicates anomalous kink in the volume at optimal doping, where the
slope changes in the low temperature data stets. Vertical dashed line
denotes the LTO-HTT phase transition at both 10 K and 70 K. Note
the position of zero on the doping axis. . . . . ... ... .......
CuOg octahedral volume at 10 K (solid circles) and 300 K (open
squares) as a function of doping. Vertical dashed lines indicate LTO-
HTT phase transitions at the two temperatures. Sloping lines are
guides to the eye. Top inset: qualitative doping dependence of the
apical Cu-O distance at the two temperatures. The arrow indicates
optimal doping concentration. Bottom inset: qualitative doping de-
pendence of the planar Cu-O distance at the two temperatures.

Evolution with doping of Cu-O distances at 10 K (solid circles) and
300 K (open squares): (a) apical Cu-O distance, and (b) planar Cu-O
distance. Dashed lines are guides to the eye. Explanations of the insets

and other details are provided in the text. . . ... .. ........
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Chapter 1

Introduction and Motivation

“According to what one of the elders said, taking an enemy on the battlefield is like a
hawk taking a bird. Even though it enters into the midst of a thousand of them, it gives

no attention to any bird other than the one that it has first marked.” (T. Yamamoto)

1.1 Introduction

The discovery of the high temperature superconductivity (HTS) in La;_,A;CuQy,
A=(Sr,Ba), (LSCO and LBCO respectively, also known as the ‘214’ family) [1] in 1986,
and later other layered copper oxides with perovskite-like structure [2, 3], renewed
interest in the superconductivity and opened one of the most complex and exciting
fields in contemporary condensed matter physics. The importance of understanding
the mechanism behind the HTS phenomenon, as well as being able to utilize the
properties of the HTS materials, is enormous. Potential technological applications of
this type of materials span a wide spectrum from the field of microelectronics such as
quantum computing to the more macroscopic applications such as levitated maglev
trains. However, in order to facilitate the engineering stage, fundamental properties
of these systems have to be understood in detail.

Superconductivity in the conventional low temperature superconductors is well
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understood within the framework of the BCS theory [4]. Pairs of electrons hav-
ing opposite momenta and opposite spins form Cooper pairs [5] in reciprocal space,
through an effectively attractive phonon-mediated interaction. The resulting charge
carriers for the superconductivity are these pairs with a charge magnitude of 2e. This
is known as a phonon-mediated pairing mechanism. Such pairs of electrons have
integer net spin, and since they are bosons, are subject to Bose condensation at suf-
ficiently low temperature. Despite their spatial separation, electrons forming a pair
do “communicate” to each other via the crystal lattice. Below the superconducting
transition temperature, T, the pairs condense resulting in superconductivity. The
transition from the normal to the superconducting state is second order. At T, the
resistivity drops to zero, and the material exhibits perfect conductivity and perfect
diamagnetism, in contrast to perfect conductors that exhibit the former only [6]. One
of the key issues in the HTS field that has remained unresolved to date is the pairing
mechanism in these novel superconducting systems.
While the HTS systems have many common features to those observed in the
conventional superconductors, such as paired carriers, energy gap in the supercon-
ducting state, repulsion of the external magnetic field (Meissner effect) and a vortex
structure, there are remarkable differences as well [6, 7). The HTS systems possess
many unusual properties, the extremely high values of T, [3] and extremely short co-
herence lengths (8, 9] being merely the most obvious of them. Unusual properties of
the normal state of HTS materials, such as a linear with temperature dc-resistivity in
the normal state [10], highlight another important aspect of interest in studies of the
HTS systems. Unlike the conventional BCS superconductors that are metallic in their
normal state, the HTS copper oxides are doped antiferromagnetic (AF) insulators and
are relatively poor conductors in the normal state [6].
Onne of the most remarkable features of the HTS materials is a highly anisotropic

Crystal structure [3]. An anisotropic superconducting gap [11, 12, 13, 14], anisotropy
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Figure 1.1: Example of the layered HTS structure: 214 family. The CuO; layers are
separated by the insulating (La/Sr)20; blocks, as schematically presented. So-called
T-structure in the LSCO system is shown for illustration. In some HTS cuprate

families the CuO, planes come in blocks of several consecutive planes (up to 3).

of the superconducting coherence length [6, 7, 15], and anisotropic resistivity with
large ratio of the in-plane resistivity to the perpendicular resistivity [16] are observed
in the HTS systems. The extent to which the lattice may be relevant for the physics
of the HTS materials is addressed in more detail below.

The HTS cuprates have layered structures [3], and an example of the LSCO system
is shown in Figure 1.1. The structure contains copper-oxygen (CuO,) planes separated
by the rare-earth oxide insulating layers frequently referred to as the charge reservoir
layers. The number of successive CuO, planes varies from one family to another. The
214 family contains only one CuO, plane, while other families have up to 3 or more
Successive planes. The electronic coupling between separated planes is considered to
be very weak, giving rise to a huge anisotropy in resistivity [17]. The CuO, planes

represent the most prominent structural link between all the HTS cuprates. The three
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Figure 1.2: Schematics of the CuQO, plane structure, and three typical building blocks

of the planes that occur in various cuprate families [17].

typical building blocks that form the planes, as well as the structure of the plane, are
shown in Figure 1.2 [17].

The HTS is achieved by a doping process, where an excess charge, either hole-
like or electron-like, is introduced into the system at the synthesis stage by either
appropriate chemical substitution or by varying the oxygen content. It is widely
understood that the CuO, planes are the hosts for the doped charges [10, 16, 18, 19,
20, 21, 22, 23, 24]. There has been mounting interest in the possibility that the doped
charge distribution in the CuQO, planes of the high-temperature superconductors is
microscopically inhomogeneous, possibly with a striped morphology [25, 26], and that
this has a bearing on the high temperature superconductivity itself. However, the
existance of charge stripes in superconducting samples is not fully established. No
long-range ordered static stripes are observed which means that either such formations
are not present, or they are short range ordered and not observable.

The primary interest of this study is to investigate the local nature of the doped
charge distribution in the LSCO and LBCO systems. The method used to access the
information about the charge distribution is indirect, and involves a study of the local
Structural properties as a function of doping and temperature. This type of study

benefits from the strong charge-lattice coupling evidenced in variety of experiments



S

on these syste
In what fc
magnetic, Supr

served in the |

by a review of

followed by th

12 Ph;

Soon after the
tlass of coppe
they share 5

iSfreunm]}. ,
CUprates, pri
that hag 1, o0
L8O (35
Such a5 mag)
tmper ature.
La?-xSr,Cuc
doping issue‘

anomalolls f(x



on these systems [18, 26, 27, 28, 29, 30, 31].

In what follows in this chapter, we first review the 214 phase diagram, addressing
magnetic, superconducting and structural properties, as well as certain anomalies ob-
served in the phase diagram. The stripe phase concepts are introduced next, followed
by a review of the experimental results. Motivation for the current study is given,

followed by the thesis outline that closes the chapter.

1.2 Phase diagram of 214 HTS cuprates

Soon after the discovery of superconductivity in the LBCO and LSCO systems, a wide
class of copper oxides was found to exhibit HTS properties, and it was realized that
they share a quite universal electronic phase diagram (32, 33, 34]. The 214 system
is frequently used as a prototype for constructing the universal diagram of the HTS
cuprates, primarily because it could be doped over a wide range and is a system
that has been extensively studied and characterized. The very rich phase diagram
of LSCO [35] is presented schematically in Figure 1.3, highlighting various aspects
such as magnetism, superconductivity, and structure. The phase diagram is in the
temperature-doping phase space, with the doping axis featuring the Sr-content, z, in
La,_,Sr;CuQy, rather than the charge concentration. After a short digression on the
doping issue, we review a variety of properties of the HTS cuprates, as well as certain

anomalous features that were observed.

1.2.1 Doping

Properties of the 214 family, as well as of various other layered cuprates, can be
interpreted in terms of the charge doping into the CuQO, planes. It is common to
classify the materials of any given family of HTS cuprates with respect to doping as

undoped, underdoped, optimally doped, and overdoped. This jargon relates to the
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Figure 1.3: Schematic phase diagram of the 214 HTS cuprates featuring the LSCO

system [35]. Note that this diagram does not show several anomalous features which

are addressed in the text.

amount of doped charge relative to the concentration for which 7, of the material
is a maximum. The undoped endmember of a series is commonly referred to as the
parent compound.

The doping process can be illustrated by exploring the 214 case. The parent
compound of this system is La,CuQO4 (LCO), whose valence states are identified
as La3*Cu?*02~. We note that the Cu-ion has the configuration 3d°, having one
partially filled shell. This is important both for the magnetism of the system and a
barticular structural distortion that occurs in the 214 family, which will be addressed

further in this Chapter. In this sense the Cu-ion could be considered to have one d-
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hole. The doping in 214 could be achieved by chemical substitution of La3* with Sr?*
or Ba?* for example, and this is described using the chemical formula La,_;A;CuQO,
(A=Sr,Ba). The dopant ions contribute one electron less to the system than La does,
and hence nominally act as acceptors. Keeping the formal ionic charges of +3 and -2
for La and O respectively, the formal ionic charge of Cu is 2+x. Another possibility
to introduce charge into the 214 system is to vary the O-content of the sample, when
the sample either contains excess oxygen that occupies interstitial sites, or is oxygen-
deficient and vacancies are present on some oxygen sites. Both doping routes are
summarized using the chemical formula La;_,A,CuQO4_s.

When evolution with doping of various HTS properties is investigated, a distinc-
tion has to be made between the concentration of the doped charge and the concentra-
tion of the chemical species used for doping. The knowledge of the later is ensured by
proper synthesis of the sample and its careful characterization, as discussed in detail
in Chapter 3. For every HTS cupraté family there is a unique relationship between
the concentration of the doped holes and the concentration of the dopant ions. For
the 214 materials this relationship is p = z — 2§ [20], where p is the concentration of
holes per copper, z is the dopant ion concentration, and & is the oxygen deficiency
parameter. When 4 is zero, the sample is said to be stoichiometric.

Throughout this thesis the ‘214’ label refers to La,_,A,CuO, (A=Sr,Ba,Nd) sys-
tems only, and not the entire 214 family, which in addition includes excess-oxygen

doped La,CuQO4_; and electron-doped Nd;_,Ce,CuO,_s, for example.

1.2.2 Magnetism

The parent cuprate compounds, such as La;CuO,4 and YBa;Cu3Og, are Mott insu-
lators [16, 36], due to the strong electron-electron correlations. These correlations
induce a gap of ~2 eV in a half-filled band. The spins of the unpaired electrons in

the CuQ, planes exhibit an antiferromagnetic (AF) order [35]. This AF state occurs
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Figure 1.4: In-plane resistivity of LSCO as a function of temperature and doping, as

obtained for single crystal samples {10].

in the parent compound at lower temperatures and persists in a very narrow range of
temperature and doping [37, 38]. In the phase diagram in Figure 1.3 this AF phase
is labeled as the ‘Néel state’, and the corresponding phase line is presented as dashed
and with solid triangles. In the limited underdoped regime, above z = 0.02 and
at very low temperatures, as indicated, there is also a spin-glass phase [39, 40, 41].
The magnetic correlation strength is weakened as doping progresses [42]. At higher
temperatures, and outside the AF phase, the system is in a paramagnetic state. The
phase transition from an insulating to a metallic phase [36] at low temperature occurs

at around z = 0.06 [16, 35], as denoted by the thick solid line.

1.2.3 Superconductivity

Superconductivity in the LSCO [43, 44] and LBCO [45, 46] occurs for 0.06 < z < 0.26
at low temperatures. The HTS transition temperature, T, is denoted on the phase

diagram in Figure 1.3 by the solid line with cross-symbols. This bell-shaped curve
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has a maximum at around z = 0.15 for stoichiometric LSCO and LBCO samples.
Within any given HTS cuprate family the doping at which T, = T"** occurs is
referred to as the optimal doping. Above and below optimal doping T, decreases.
The optimal doping in the LSCO family of stoichiometric samples occurs at z = 0.15.
The region of the phase diagram with z < 0.15 corresponds to the underdoped regime,
while the overdoped regime is when z > 0.15. The portion of the overdoped region
where the superconductivity is completely suppressed [20] is often referred to as the
heavily overdoped region. Within the 0.06 < z < 0.26 region and at T > T, as far as
superconductivity is concerned, the material is in its normal state. It should be noted
that T.(x) curve exhibits an anomalous dip at z = 1/8 (not shown in Figure 1.3),
reflecting suppressed superconductivity at this doping level. This and other anomalies
observed in the phase diagram of the HTS cuprates will be addressed in Section 1.2.5.
In the superconducting state the resistivity drops to zero, as illustrated in Figure 1.4
that shows LSCO in-plane resistivity for various dopings and over a wide temperature
range, as observed in single crystal samples [10]. The out-of-plane resistivity (not
shown) is an order of magnitude higher than the in-plane resistivity [16], in accord
with the structural anisotropy and the notion of the doping being into the CuO,

planes.

1.2.4 Structure

The crystal structure of high-T, superconductors [48] plays an important [27] and
still not fully understood [25] role in their interesting properties. The different struc-
tural phases of the first discovered [1] 214 superconductors Las_.(Sr,Ba),CuQy, for
example, may have a direct impact on their physical properties [25]. The 214 sys-
tem exhibits several structural phases [48]. The parent LCO, as well as its Sr-doped
family, exhibit one structural phase transition [49, 50, 51, 52]. In the range of dop-

ing 0 < z < 0.2, and at various transition temperatures, LSCO undergoes a second
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Figure 1.5: Structural phase diagram for the LBCO system [47].

order structural phase transition from a low temperature orthorhombic (LTO) phase
to a high temperature tetragonal phase (HTT) [50], as indicated by the dash-dotted
line in Figure 1.3. The LBCO system undergoes the same phase transition [53], and
also features an additional low temperature tetragonal (LTT) structural phase [47] for
doping in the approximate range of 0.05 < z < 0.15 at lower temperature. This phase
transition is first order. The corresponding structural phase diagram of the LBCO
system [47] is shown in Figure 1.5. The LTT phase also appears in Nd co-doped
LSCO samples [54, 55].

The structural phases in question can be visualized in a simple manner if the
HTT structure is taken as the starting point [56]. The HTT structure (also known
as T-phase structure, see Chapter 3 for more details) features corner-sharing CuQOg

octahedra and La atoms surrounding it, as shown in Figure 1.6. The structure has a

10



a
[10x

body cengoreq
Per unit c))
represmtation ‘ 
eely g COm'enl
of a1 that ,
“mczum Parg
Cahegy, are

The LTO sty |
I‘D[&Ijng the Cu

by,

W @en near(‘st




CuO 2 plane

O La, Sr

® Cu

Figure 1.6: The HTT structure.

body centered tetragonal lattice, space group I4/mmm [56], and two formula units
per unit cell. It is common practice to present this structure using an equivalent
representation [44], where the a and b axes are 45°-rotated about the c-axis. This is
merely a convenience, since the HTT phase is then described using the same number
of atoms that is necessary for description of the LTO and LTT phases, and the
structural parameters obtained from the data are directly comparable. The CuQOg
octahedra are aligned along the c-axis.

The LTO structure, space group Bmab (or isomorphic Cmca) [44], is obtained by
rotating the CuOg about the [010] axes such that the rotation direction alternates
between nearest neighbors in the basal plane, as governed by the corner-shared octa-
hedra. The CuOg planes are then buckled, with all planar O-atoms displaced out of

their basal planes, as illustrated in Figure 1.7. The apical O and La sites are displaced

11
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Figure 1.7: Comparison of the CuOg behavior in the HTT and LTO structures.

parallel to the a,b-planes since the octahedra are approximately rigid.

In the LTT phase, space group P42/ncm [47], the displacements are obtained by
rotating the octahedra about [110] directions. The tilt axis is along the planar Cu-O
bonds, in contrast to the octahedral tilting in the LTO phase which is 45°-rotated
about the c-axis with respect to the planar Cu-O bonds. Note that in the LTT phase
half of the planar O atoms are undisplaced from the basal planes. The apical O and
La sites are again displaced parallel to the a,b-planes, parallel to [110] directions. This
is illustrated in Figure 1.8, where all three phases occurring in the LBCO system are
compared.

The CuOg octahedra in all three structural phases are Jahn-Teller (JT) distorted,
featuring 4 short in-plane bonds and 2 long apical bonds. The effect in 214 system

is present in the parent compound, as well as in the doped variants. We briefly

12
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Figure 1.8: Comparison of the LBCO structural phases: (a) HTT, (b) LTO, and (c)
LTT. The top portions show the c-axis perspective of the CuOg octahedra. Arrows

denote the octahedral tilting patterns.

highlight the origin of this effect, and for greater details refer the interested reader to

the literature [57]. The d-hole in the case of Cu?* is in the E-state in the octahedral

2 2

environment, and the possible orbital symmetries are 322 —r? or 22 —y2. According to
the Jahn-Teller theorem, the system lowers its energy by distorting the octahedron in
such a way as to lift the degeneracy of the orbitals. The structural distortion occurs
such that originally regular octahedron is elongated. This is schematically presented

in Figure 1.9 [57].

1.2.5 Anomalous features of the phase diagram

The rich phase diagram of HTS cuprates exhibits several peculiar features. A number
of anomalies observed in the properties of the cuprates are reviewed in light of the
universal phase diagram shown in Figure 1.10.

Early systematic studies of doping in HTS cuprates revealed the existence of an

13
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Figure 1.9: The Jahn-Teller distortion: (a) Rigid-band schematic representation of
the Cu?* level structure in octahedral environment. Orbitally degenerate E and T,
levels are created in the large cubic crystal field. Further splitting of the levels occurs
in the presence of a small tetragonal distortion. The Jahn-Teller distortion lifts the
degeneracy [57]. (b) Ideal CuOg octahedron (dashed lines), with Cu in the middle
and O atoms at the vertices, has six equal Cu-O bonds. When Jahn-Teller distorted,
the octahedron elongates (solid lines), as indicated by the arrows, which results in

two long and four short Cu-O bonds.

anomalous suppression of T, in a narrow doping range around rational value of 1/8
holes per copper, as indicated by the arrow in Figure 1.10. This was first established
in the LBCO system from magnetization and resistivity measurements [45], and is
known as the 1/8-anomaly. Similar observations followed in LSCO [43] and other
HTS cuprates. The suppression of T, is most prominent in the LBCO system, and
is incomplete in some HTS systems, where it typically appears as a shoulder in the
T. doping dependence. After the structural diagram of LBCO was established [47],
it was proposed that the anomaly relates to the LTT structural phase [30, 54, 58],
which was also blamed for the overall lower values of T, in the LBCO system, as
compared to the LSCO. A possible relationship between the anomaly and the LTT

phase has been further considered for the LSCO system, but crystallographic studies

14



faled 1 evid
dvery Joy
for Varioys
Another §
b the normg
dlanges in th
e Teglon
temperatme :
%o iy Ordi
Tetg] While |
bey Bueg y),

"t Mperg,



600 - \

\
\

\
SN

%
00 Ch*
Hole Doping cp,

T(K)
Underdoped
P
Optimally Doped
Overdoped

AFM

Figure 1.10: Universal phase diagram of the HTS cuprates.

failed to evidence the LTT phase, suggesting that the LSCO is in the LTO phase even
at very low temperature [30]. The 1/8-anomaly established an important checkpoint
for various theories of the HTS phenomenon in cuprates.

Another set of anomalies is seen in measurements of various physical properties
in the normal state of the underdoped HTS cuprates. Different probes sensitive to
changes in the electronic and magnetic channels all observe anomalies in the under-
doped region and well above T.. The anomalies disappear at some characteristic high
temperature and also in the overdoped region, where the properties resemble those
seen in ordinary metals. The anomalous normal state is often labeled as a “strange
metal”, while the state where anomalies disappear is referred to as “metallic”. It has
been argued that the system exhibits a crossover behavior from one state to the other

when temperature or doping are changed [59)].

15
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For example, dc-resistivity measurements revealed an anomalous linear behav-
ior up to very high temperatures in the optimally doped case, and similar linear
behavior, but with a change in slope at some characteristic temperature in the un-
derdoped samples (see Figure 1.4) [10]. Also, temperature dependent normal state
Hall coefficient was observed below certain temperature in the “strange metal” state,
whereas temperature independent Hall coefficient was obtained for high tempera-
ture and in the overdoped regime [60]. Various anomalies were also observed by
infrared spectroscopy (61, 62], electronic specific heat measurements [63], tunneling
spectroscopy [64], angle resolved photoemission spectroscopy [65, 66], and nuclear
magnetic resonance technique [59, 67, 68, 69, 70, 71]. A recent review of the experi-
mental work is provided by Timusk and Statt [59].

Two crossover temperatures were suggested from the experiments, an upper crossover
temperature, T*, and a lower crossover temperature, Ty,. These crossover lines are
indicated in Figure 1.10. However, in the HTS community there is no consensus at
present on whether these two are indeed different, since different probes appear to
suggest different temperature scales. It has been suggested that the upper one is re-
lated to the phenomenon affecting the electronic density of states, whereas the lower
one relates to the magnetic AF excitations [59]. The upper scale, T*, is also known
as the pseudogap in the normal state of the cuprates, since the observed gap-like
features correspond to an incomplete suppression of the density of states, rather than
to a complete gap. The pseudogap appears to be related to the superconducting gap
in the sense that it smoothly evolves into the superconducting gap, and is believed
to be a universal feature of the HTS cuprates [59).

The new energy scale and its relevance to the HT'S phenomenon is not fully under-
stood at present. One possible and rather speculative interpretation of its relationship
to the HTS phenomenon could be as follows. For superconductivity to take place two

conditions have to be met: (i) the superconducting pairs have to be formed and (ii)

16
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the pairs have to Bose condense. These two events are associated with corresponding
energy scales. For the BCS superconductors the two energy scales, in this oversim-
plified scenario, would be the same, leading to a simultaneous pair formation and
Bose condensation. For the HTS cuprates the two energy scales could be different:
at temperature T > T, the pairs are formed, and at lower temperature, T, the con-
densation occurs. Theories for the HTS cuprates exist which incorporate the idea of
preformed pairs in the normal state as one of their key ingredients [59]. One such
model involves charge stripes [72]. This model predicts that phase separation takes
place on a microscopic scale, such that stripes of doped charge are formed at some
characteristic temperature higher than 7,. Above the characteristic temperature the
doped charge distribution is uniform, and below the characteristic temperature the

doped charges are confined to linear stripes separated by undoped AF regions [59].

1.3 Charge stripes

1.3.1 Theoretical highlights

Layered La;CuQO4 and La;NiO; compounds, containing 3d-transition metals, have
attracted considerable experimental and theoretical attention as suitable systems for
systematic studies of the electron correlation effects and their influence on the physical
properties, such as the metal-insulator transition, magnetism, and superconductivity.
These isostructural compounds are controllably dopable and maintain their quasi
two-dimensionality without significantly altering the K,NiF,-type structure. The
parent compounds of both 214 cuprates and nickelates are AF insulators [43, 73].
Although Cu and Ni have the same nominal valence in the parent compounds, they
exhibit different charge and spin states: Cu?* is in the 3d° state with spin 1/2,
while Ni?* is in the 3d® state with spin 1. This results in quite different properties

of these systems when they are doped. On Sr substitution for La in La,_,Sr,MO,

17
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(M=Cu,Ni), the cuprates become superconducting at z = 0.06 and paramagnetic in
the overdoped regime, while the nickelates become paramagnetic at £ = 1.0 and are
not superconducting at any doping [74].

The HTS in cuprates is achieved by introducing holes into an AF insulator in
such a manner that local AF order survives the doping [75]. One way to understand
the coexistence of holes doped into the CuO, planes and the local magnetism in-
volves segregation of the doped holes in such a way that the AF order is preserved
in the undoped regions [76]. Distribution of the doped holes within an AF parent
compound has been considered in a large body of theoretical work, exploring quasi
two-dimensional models featuring the MO, planes. These considerations predicted a
strong tendency for phase separation with an inhomogeneous charge distribution and
suggested their striped morphology (77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88]. Sev-
eral theories exist that incorporate stripe correlations to explain the superconducting
mechanism in cuprates. Details of these theories are out of the scope of this thesis
and this review, and we refer interested reader to the literature [89, 90, 91]. Some
theories also predict that for the charge stripes to be energetically stabilized, they
have to be insulating [77], and therefore competing with superconductivity [92]. This
issue will be revisited after experimental evidence for the stripes is reviewed below.

The concept of a stripe phase, where the doped charges concentrate along spon-
taneously generated domain walls separating local AF insulating regions, is schemat-
ically represented in Figure 1.11. The figure shows a CuO, plane featuring stripes.
Within the plane only the Cu-sites are shown as circles. The arrows indicate spins
and the arrays of successively filled and open circles denote the stripes. The filled
circles denote the dopant-induced holes as centered on Cu-sites, although the charge
order within a single stripe is not suggested by the models. The distribution of empty
and filled circles shown here only indicates that there is one hole per two copper sites

within a stripe for the doping shown in Figure 1.11. The magnetic order within the
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Figure 1.11: Schematics of the stripe phase model for p = 1/8 doping [26].

plane is AF between the stripes, and the stripes represent antiphase domain bound-
aries for the spin order. Theoretical models feature homogeneous charge distribution
within the stripes [26]. The importance of the stripes to the HTS phenomenon in

cuprates is subject of the intensive investigation [85, 89, 93, 94].

1.3.2 Experimental evidence

Charge stripes were first evidenced in Lay_,Sr;NiO4, 4 from electron diffraction exper-
iments [95]. Followup experiments indicated that the stripes in nickelates are “diag-
onal” [96, 97, 98, 99, 100, 101], referring to a stripe direction that is 45°-rotated with
respect to the in-plane Ni-O bonds. The periodicity of the charge stripes is found to be
temperature dependent, suggesting that the charge concentration along each stripe
is also temperature dependent [102]. There is now considerable experimental evi-
dence for the existence of striped charge distributions in two other classes of strongly
correlated materials, Lag_,_,Nd,Sr,CuQOy4s (26, 31, 103] and La,_,Ca,MnOj; [104,
105, 106]. There is also growing circumstantial evidence that similar striped charge

distributions are present more widely in other HTS cuprates [107, 108, 109, 110].
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The most compelling experimental evidence that microscopic charge inhomo-
geneities exist in these systems comes from the observation of superlattice peaks
in neutron diffraction patterns. The stripes of localized charge in these systems are
strongly coupled to the lattice and induce structural distortions. When the stripes
are static and long range ordered (LRO), the corresponding structural distortions are
also LRO and observable in the form of structural superlattice peaks in the diffraction
patterns. However, these peaks typically have weak intensities and a good intuition
on where to look for them in the experimental data is crucial. In addition to this
peculiar charge ordering, a spin modulation occurs and corresponding magnetic sup-
perlatice peaks appear as well [26]. Charge-order supperlattice peaks are shown in
Figure 1.12 for the La;_,_,Nd,Sr;CuO4 sample, as first found by Tranquada and
collaborators [26, 31]. Detailed studies of the temperature and Sr-doping dependence
of the charge stripes in the Nd-codoped LSCO samples revealed several important
issues. First, the long-range static charge stripe order seems to appear only in the
LTT phase of the Nd-codoped LSCO system, suggesting that the stripes in the 214
family are strongly coupled to the LTT environment [111] and are most pronounced at
rational 1/8 doping [112, 113, 114]. Second, on cooling the magnetic order sets in at
lower temperature than the charge order, suggesting that the observed phenomenon
is led by the charge rather than the spin degrees of freedom [26, 31, 75]. This is
shown in Figure 1.13 where the temperature evolution of corresponding superlattice
peak intensities is presented. The charge order and spin order appear to be coupled,
and probing either of them may indicate the presence of the stripe phase. Third,
for rational 1/8 doping the charge and spin order are periodic, with the spin order
having periodicity twice as large as that of the charge order, as shown in Figure 1.11
with the magnetic unit cell indicated. The stripes observed in cuprate samples are

“vertical”, i.e. along the direction of the in-plane Cu-O bonds [26].
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Figure 1.12: (a) and (b) Charge order superlattice peaks in La; 43Ndg 4Srg.12CuO4
at 10 K (solid circles) and 65 K (empty circles). (c) and (d) Difference in intensity
measured at 10 K and 65 K. The data have been fit using Gaussian profiles (solid
lines) [31].

1.3.3 Stripes and superconductivity

The direct evidence for the LRO charge stripes has only been seen in the insulat-
ing nickelates and in selected cuprate samples where this ordering appears to com-
pete with superconductivity [115]. The static LRO charge stripes in Nd co-doped
samples appear to be pinned by the LTT structure, and in samples where the su-
perconductivity is suppressed. This is shown in Figure 1.14, where the correlation

between the suppression of superconductivity in La, g_;Ndg4Sr,CuOy at z = 1/8 and
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Figure 1.13: The superlattice peak intensities in La; 4sNdg 4Srp12CuQy4 as a function
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open symbols correspond to the charge-order peak, and solid line shows the behavior

of the structural superlattice peak of the LTT phase [31].

the maximum in the charge-ordering temperature for the long range ordered static
stripes is brought to light. This observation could provide a natural explanation of
the 1/8-anomaly observed in the HTS cuprates, since the formation of long-range
charge stripes in this system appears to be stabilized at this rational doping frac-
tion [26, 31, 113, 115, 116, 117).

The role that stripes play in the HTS is not fully understood at present, al-
though there is a strong sense that these two phenomena are related. While the LRO
stripes appear to suppress superconductivity, weak stripe order was evidenced in the

vicinity of T, in the excess-oxygen-doped La;CuQO,,s [118]. The superconducting
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Figure 1.14: Phase diagram of La,; ¢_,Ndo 4Sr.CuQy4. Note that the suppression of su-

perconductivity at z = 1/8 correlates with the maximum in the charge-ordering [121].

T. is suggested to be linearly dependent on the inverse stripe spacing. For exam-
ple, single crystal La,_,Sr,CuO, low-energy neutron scattering studies [119] revealed
that the low-energy spin-fluctuation peak position shifts on doping from (1/2,1/2) to
(1/2+ ,1/2) and (1/2,1/2 £ &), where a is the incommensurability. The T, scales
linearly with a up to the optimal doping. In YBa,Cu3QOg,, similar behavior was
observed for the width of the peak in the spin susceptibility [120], which also has a
linear relationship with T,. In the overdoped regime the stripe order disappears [75].
Based on these empirical observations it was suggested that superconductivity re-

quires stripes that are neither static and LRO, nor too wildly fluctuating [75].
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1.4 Motivation

As presented, two unusual phenomena are observed in the normal state in the un-
derdoped cuprates: a pseudo-gap [59] in the electronic [33, 122, 123, 124] and mag-
netic [125, 126] densities of states, and the possibility that the doped charge in the
CuO, planes of these materials is inhomogeneously distributed, possibly in a striped
arrangement [26, 75, 85, 86, 87, 88, 90, 119, 127, 128, 129]. However, unlike the pseu-
dogap phenomenon, the universal observation of stripes among different HTS systems
has not been established.

The strongest evidence for stripes in the cuprates is the observation of long range
ordered static charge stripes in La;_;_,Nd,Sr;CuO, compounds [26]. These have
been seen in both insulating and superconducting compounds but they appear to
compete with the superconductivity [121]. There is currently no direct evidence that
the stripe phases exist in superconducting samples, although there has been an obser-
vation where stripes and superconductivity were observed in the same samples [115].
While static and long-range stripe order seems to suppress the superconductivity,
fluctuating short-range ordered charge stripes may play an active role in the HTS
phenomenon [75, 85, 86, 87, 88, 90, 129]. Such stripes would provide a natural
explanation for incommensurate spin fluctuations [119, 130, 131, 132] observed in
Lay_,Sr,CuO4 [119] and YBa;Cu30¢4s [133], as well as for various other experimen-
tal observations [121, 127, 133, 134, 135, 136).

Due to their possible role in the HTS phenomenon, it is clearly important to estab-
lish whether local charge-stripe ordered domains really exist in the superconducting

regions of the phase diagram.
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1.5 Approach

Various lattice effects in the high-temperature superconductors have been described
in a number of recent reviews [25, 137, 138, 139, 140, 141]. The doped charges in the
214 system are coupled to the lattice, and produce a structural distortion [26, 44].
When the charges form LRO stripes, the structural modulation becomes periodic
and a superlattice is observed in neutron, x-ray and electron diffraction [26, 31, 104,
105, 112, 115]. The absence of superlattice peaks can mean that the stripe order
has disappeared. However, it is also possible that the stripes persist locally but are
not long-range ordered and are fluctuating. In this latter case the local structural
distortion due to the inhomogeneous charge distribution will persist even when the
superlattice peaks have disappeared. A probe of the local structure can therefore
give information about whether local stripe order exists even in the absence of the
superlattice peaks.

In this study we use the atomic pair distribution function (PDF) analysis [142,
143, 144] of powder neutron diffraction data to look for evidence of local charge stripe
order in Lay_,Sr,CuQO4 and La;_,Ba,CuQO4. The aim is to explore the nature of the
charge-distribution in these systems over a range of doping and temperature.

The atomic PDF technique is based on diffraction experiments, and it utilizes
both the Bragg scattering that carries information on the average atomic positions
and the diffuse scattering that carries local structural information. The PDF yields
structure on various lengthscales, and is suitable for studies of the short range order,
the intermediate range order, and the long range order in materials. The PDF can
address the charge distribution issue only indirectly. By studying the local structure,
that is expected to carry a fingerprint of the charge behavior, it is possible to infer
information about the charge distribution. The rationale for our study came from the
results of NMR studies, that indicated possible locally inhomogeneous doped charge

distribution within the CuO; planes [107, 145, 146]. Also, detailed crystallographic
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structural studies of La;_;Sr;CuQ4,s showed that the average in-plane Cu-O bond
rapidly contracts on doping [44]. The effect of the in-plane bond shortening on dop-
ing is accompanied with the reduction in the octahedral tilt angle [44]. Therefore,
detailed PDF local structural study of the CuO, planes and the behavior of the CuQOg
octahedra have the potential of yielding important new information on the nature of

the local charge distribution in this class of HTS cuprates.

1.6 Thesis outline

The material presented in this thesis is organized as follows. Chapter 2 represents
a description of the PDF experimental technique, including explanations of several
peculiar methods for extracting relevant information from the PDF, such as PDF
peak height and width analysis. A detailed description of the sample preparation
and characterization constitutes Chapter 3. Results on the structural response to
local charge order in the CuO; planes of the LSCO and LBCO as a function of
doping and temperature are presented in Chapter 4, which form the backbone of the
thesis. Further local structural evidence that is supportive of the results presented in
Chapter 4 is discussed in Chapter 5, where different tilt patterns are explored in more
detail. The local structural aspects of the orthorhombic to tetragonal structural phase
transition occurring in LSCO and LBCO are explored in Chapter 6. These results
support the important relationship between the crystal structure and charge doping.
Finally, motivated by recent ab initio theoretical results, in which the importance
of the out-of-plane copper-oxygen bands has been emphasized, we searched for the
experimental evidence in the structural data that would confirm (or otherwise) the
theoretical findings. The results of this investigation are presented in Chapter 7.

Concluding remarks and possible avenues for further work are given in Chapter 8.
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Chapter 2

The Pair Distribution Function

Technique

“It is bad when one thing becomes two. One should not look for anything else in the
Way of the Samurai. It is the same for anything else that is called a Way. If one
understands things in this manner, he should be able to hear about all ways and be

more and more in accord with his own.” (T. Yamamoto)

2.1 Introduction

The structure of materials often has profound consequences for their physical proper-
ties, and our understanding of these properties critically relies on the accurate struc-
tural determination. Various techniques have been developed over the time, focusing
on different structural aspects. Diffraction based techniques have long been used to
reveal microscopic structure of the materials [147, 148, 149, 150]. In a diffraction
experiment the sample is exposed to a beam of x-rays, neutrons, or electrons, and
scattered radiation is detected and recorded as a diffraction pattern. The structural
information should be the same irrespective of the probe used. In practice, the choice

of the probe is governed by the type of the interaction and the scattering properties of
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the material. The structural information is obtained from the data, either via struc-
tural modeling, where applicable, or by other means. Structure is frequently studied
under various conditions, such as pressure, temperature, electric and magnetic fields.

Conventional crystallographic structural studies of powders use diffraction infor-
mation contained in the Bragg peaks only. The positions of the Bragg peaks provide
information on the lattice constants and the underlying symmetry, while the inten-
sities reveal details of the atomic arrangement within the unit cell. The structural
information is routinely obtained using a least square Rietveld-type structural refine-
ment method, where a model structure is proposed, its diffraction pattern is calculated
and compared to the measured one [151]. The structure determined in this manner
is known as the average crystallographic structure. This method is based on the as-
sumption of the perfect three dimensional periodicity of the crystals. However, when
dealing with nanocrystalline materials, or materials with significant degree of struc-
tural disorder, the average crystallographic description of the structure is no longer
appropriate and does not provide information about local structural deviations which
may be of key importance for understanding the physical properties of interest.

Structural disorder in a material, defined as any deviation from a strict long-
range order, yields a diffuse scattering signal in the diffraction pattern. The signal is
widely spread in reciprocal space, and of low intensity. Local structural information
could be obtained by direct analysis of the diffuse scattering signal [152]. Obtaining
local structural information in this manner is a subject of the single crystal diffuse
scattering studies, that are both intensity-limited and require long data-collection
times [153].

Alternative approach in studying the local structure and short range order in ma-
terials is found in the x-ray absorption experiments. The changes in the absorption
spectrum are examined using x-rays tuned through the resonant energy of particular

atomic species. Final state of the photoelectron is modified by the atoms surrounding
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the excited atom, hence providing information on the local structure [154]. The ab-
sorption spectrum can be divided into two parts, distinguished by the strength of the
electron scattering. At low electron energies the cross section is high, which results
in strong modulations of the absorption spectrum. At higher energies modulations
are weaker due to the weaker scattering. The low energy part of the absorption spec-
trum is considered in the x-ray absorption near edge spectroscopy (XANES), while
the higher energy part is considered in the extended x-ray absorption fine structure
(EXAFS) technique. In an EXAFS measurement, oscillations of the x-ray absorption
coefficient on the high energy side of an absorption edge are studied [155, 156]. It
provides structural information on the local environment of a specific atomic type in
the structure. However, local structural information from EXAFS is typically limited
to near neighbor distances. Furthermore, this information is problematic to analyze,
due to phase shifts and multiple scattering effects of the photoelectron [157].
Another alternative way to study the local structure using diffuse scattering in-
formation is through a total scattering measurement on powder samples. Although
in a powder diffraction measurement all directional information is sacrificed, it is still
possible to obtain significant local structural information [144]. The total scattering
structural study utilizes both Bragg and diffuse scattering information. The atomic
pair distribution function (PDF) technique is based on a total scattering experi-
ment [158], and is obtained by a sine Fourier transform of the scattering data [157].
The PDF method has been widely used to study the structure of glasses, liquids and
amorphous materials [159], and more recently has been applied to study crystalline
materials as well [143]. The advantages of the PDF method are that it provides struc-
tural information on various lengthscales (short, intermediate and long range scale),
and provides information in direct rather than reciprocal space. In this chapter fun-
damentals of the total scattering experiment using neutron time-of-flight probe and

the PDF method are presented.
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2.2 The PDF method

The atomic PDF method is based on a total scattering experiment where both Bragg
and diffuse scattering information are utilized to obtain structural information. The
incident beam of neutrons of known state is scattered from a powder sample. The
sample is seen by the beam as a collection of scattering centers characterized by a
potential. The interaction of the incident beam particles with the potential affects
their momentum and, in general, their energy. By experimentally determining the
final states of the scattered particles and knowing the initial state the information
on the scattering potential and the underlying sample structure can be determined.
In a powder measurement the scattering intensity is obtained as a function of the
scattering-vector magnitude, Q. The structural information is contained in the co-
herent part of the scattering intensity, that is extracted from the measured total
intensity. The coherent intensity determines the total scattering structural function,
S(Q), which is then reduced and Fourier transformed into real space yielding the PDF.
Here we will show how this comes about, and what kind of structural information is
contained in the PDF.

The PDF foundations are deeply rooted in scattering theory. An important com-
ponent of the scattering process is the nature of the interaction between the probe
and the sample. Both neutrons and x-rays are weakly scattered by matter. Neutron
scattering involves a strong and short ranged interaction between the beam and the
sample nuclei, and in principle, due to the spin of the neutron, dipolar scattering from
any magnetic moments in the sample. The interaction between the neutron beam and
the nuclear scattering centers has the effective range of the order of femtometers. The
typical separation between the scattering centers is of the order of angstroms. There-
fore most of the incident neutron beam with thermal energies will simply pass through
the sample unchanged. More important consequences of the potential’s short range

are that (i) the scatterers as seen by the beam of neutrons are point-like, and that
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(ii) the scattering from each scattering center is isotropic. The neutron scattering
formalism starts with a consideration of the scattering of a neutron beam from a
single isolated nucleus. Such a point-like scattering center will scatter the incident
plane wave into a spherical scattered wave [160]. The Born approximation applies
for weak perturbat