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Abstract

In science the questions found are almost as important as the answers. High tempera-
ture (high T.) superconductivity is a phenomenon that has made researchers question
accepted notions of solids in many aspects. Many ideas need revision such as BCS
superconductivity and the quasiparticle notion. Clearly, these are large issues and
this body of work seeks only to add some insight into these things.

This work contains angle resolved photoemission data from BSCCO (Bi; Sry Ca
Cuy Ogys), a high T, material chosen for convenience with respect to the experimental
technique. In particular, the studies included O doped BSCCO, single plane BSCCO,
and Zn doped BSCCO. O doping, a common tool for altering the carrier concentra-
tion, helped to establish the origin of T, as being limited by either phase fluctuations
or the superconductor pairing strength. While reestablishing the agreement of the
data with d-wave pairing, the data also demonstrated the relevant energy scales of
interest across the doping regime. In studying single plane BSCCO as a function of
carrier concentration, d-wave pairing again was reinforced and the limiting factors of
T. in the single layered compound proved to be quite similar to that of the bilayer
compound. The results for Zn doped BSCCO are presented in a more phenomeno-
logical flavor. Significant changes occurred in the spectra such as the suppression of
the superconducting dip and the spectral peak along I'Y. While a unique microscopic
theory does not readily present itself, these are dramatic changes to key portions
of BSCCO spectra. Also, an anomalous change of spectral weight appeared in this

material.
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Chapter 1

Introduction

1.1 Scientific Context

In 1911 Kamerlingh Onnes, the first man to liquefy Helium (4°K), discovered su-
perconductivity in mercury. Superconductors not only exhibit zero DC electrical
resistivity but also the Meissner-Oschenfeld effect, i.e., the expulsion of B field lines
from its interior. They were truly novel materials. The following years produced
landmark experiments, such as the isotope effect and flux quantization, and sundry
superconducting materials. These early superconducting materials resembled ele-
mental metals or simple alloys. At the time, the normal state of these materials
was regarded as within the bounds of band theory, and, therefore, knowable to some
significant extent. Therefore, an effort was made to develop a microscopic theory for
this exotic effect below T,. Later, such a theory was put forth by Bardeen, Cooper,
and Schrieffer. The microscopic theory (known as BCS theory) explained many of the
effects seen by experimentalists. Wonderfully elegant equations came out of this such
as the relationship between the superconducting gap and the critical temperature
(A(0) = 1.7kT,).

Usually, technology lags some years behind scientific theory, but even in the 1970’s-
80’s, there was no really practical use of this exotic phenomenon called super conduc-

tivity (with the exception of MRI, of course). The reasons for this stem mostly from
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the temperature required for most materials to go superconducting, which was typi-
cally less than 20°K. The necessity of large amounts of liquid helium made practical
application cost prohibitive. This severely limited the appeal of this novel effect.

However, in 1986, Bednorz and Muller at IBM-Zurich found the La-Ba-Cu-O sys-
tem, the first high T, compound, which superconducted at about 30°K. Very soon it
was realized that there was something special about the CuO; plane. The race began
to find similar compounds of slightly different stoichiometry to achieve truly high T..
The goal, of course, was to find something higher than liquid nitrogen temperature,
77°K, so one could exploit the relatively large abundance and inexpensive aspect of
this coolant. The race is exemplified in Fig. 1.1, where we see a plot of T, versus year
of discovery for a few superconductors. The dramatic slope over the past ten years
demonstrates how rapid the pursuit has been.

However from a technological and engineering standpoint, these materials have
been wanting in several regards. Quite evident is the complexity of their manufacture;
these are are transition metal oxides, i.e., ceramics, whose growth is difficult. The
ceramic nature presents problems as they are not malleable and cannot be drawn
into fine wires unlike their earlier metallic counterparts. Also, through the years it
was found that these materials are truly not well understood. Therefore designer
engineering of these systems seemed less and less likely.

The worth of these systems come in the challenges they present in their under-
standing. Since their discovery, the foundations of solid state physics have been
challenged and re-evaluated. In that sense, their worth has been immeasurable be-
cause they have shown us where our framework is not stable. It is this which is the
challenge, not the fanciful levitating trains or the lossless power conduits. Although,
these things may very well follow if we unlock the mystery. Nevertheless, the aim of

this work is only to shed some light on this monumental problem.
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Figure 1.1: T, versus the year of discovery of superconductivity in a few of the oxide
supercunductors. n is the number of immediately adjacent Cu-O planes. Figure taken
from Ref. 1.
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Chapter 2

Experimental Details

2.1 Historical background

Hertz observed the phenomenon of photoemission in 1887. Using a relatively crude
apparatus by today’s standards, he studied the photoelectric effect, a phrase later
coined by Einstein and given to the phenomenon. Light was generated by an arc,
d, as seen in Fig. 2.1. A secondary arc, f, was observed. Hertz systematically
varied the material, p, between the arcs in an attempt to study the effect more. It
wasn’t until Einstein proposed the photoelectric effect as a possible explanation for
the phenomenon that it was understood well. Einstein noticed that electrons weren’t
emitted until a characteristic energy, w, was reached such that Exin mez= hw — ¢ - Ep
where the left hand side is the maximum kinetic energy of the photoexcited electrons,
w is the angular frequency of the light, and Eg is a quantity known as the binding
energy. The quantity, ¢, was found to be material dependent; it became known as the
work function and is typically 3-4eV. The workfunction is the threshold energy for
photoemission, below which, the light does not have enough energy to emit a photon
in a classical sense.

Photoemission was later understood in terms of the three step model (see Fig. 2.2)
put forth by Spicer and Berglund [3]. The model assumes three separate processes in
the interaction of light with a valence band electron in a solid. Basically, the first one

involves photoabsorption by the electron to some excited state. Next, the electron
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finds its way to the surface via a diffusion process. Lastly, the electron escapes the
solid altogether and is detected in the experiment. Under some assumptions, this
picture of the photoemission process describes the effect very well.

The whole aim of this was to better understand the density of states within a
solid. The density of states give the number of states for the electron a given energy.
It is this quantity that acts as a fingerprint for a given solid. It is our ability (or
inability) to predict this that determines how well solids are truly understood. Given
the density of states, we can develop a good idea of conduction (or lack of conduction)
in a material. Also, a rough idea of the carrier density, thermal properties, etc. can be
made. Knowing the individual contribution of various bands to the density of states
provides one with even more information about various things as well. In short, there
is a wealth of information in the density of states and even more in knowing the actual

band structure.

2.2 Band Theory Interpretation

Band theory is one of the cornerstones of our paradigm for electron transport within a
solid. Succinctly, it is the graph of E vs. k for an electron in a solid. Conventionally,
angle resolved photoemission is used to find the band structure of a solid. It involves
not only detection of an electron of a given energy but also the direction whence it
was ejected from the solid. There is a one to one correlation of the parallel component
of the electron’s momentum in the solid to the parallel component out of the solid.

We have the following equation

“;—“ —| Ky |= %’;Ekm sin 8 (2.1)
where K is the wavevector of the photoexcited electron inside the crystal,  is the
wavevector of the photoexcited electron in vacuum, and all other constants have
the usual meaning. (The advanced reader will now note that K| = k; + Gyj.) The
preceding description works well for samples that are optically flat,i.e., samples where
there is a ‘good’ definition of the parallel component; otherwise, this mapping analysis

breaks down. It is also worth noting that absolute K determination is most practical
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in the case of a sample with strong 2D characteristics. Since ky is only conserved,
k, varies due to lack of knowledge of the work function and ‘inner potential’, two
spurious quantities which warrant further discussion themselves but not in this work.

The other aspect of photoemission is that electrons at this energy tend to escape
from only 104 below the surface. This is due to the ‘electron escape depth profile’
seen in Fig. 2.5. This necessitates a very clean surface; to this end, most samples
are cleaved in situ at very low pressures of 2x5e~!!Torr to reveal a fresh, unoxidized

surface.

2.3 Quasiparticles

A brief word on quasiparticles is in order. Typically, ARPES data is interpretted as
band structure information in the majority of the community. It is a fact that the
photocurrent, I, (under certain approximations, e.g. the sudden approximation and
others) is exemplified by this equation

Iy |< bpBun | 7| dis >|* Ak, E) (2.2)
fr

where f and 7 stand for initial and final states respectively, which, when coupled with

r and squared, make up the matrix element, and A(k, E) is the spectral function

defined in terms of the Green’s function, G, by
Ak, E) = n7' Im[G(k, E)] (2.3)

Defining the unperturbed system with ‘0’ and the system with correlations with
‘V’(i.e., BEi - E) -3(k,EL) = 0), one has an expression for the spectral function in
photoemission

1 ZiIm[Ey]

m (E — Re[Ey])? + (Im[Ey])

The poles of A(k, E) determine the quasiparticles positions in energy. Zj is a number

Ak, E) =

2 + Ainc (24)

less than one called the renormalization factor. The lifetime of the quasiparticles is
determined by the Im[¥]. Having a long lifetime is important to be able to meaning-
fully describe quasiparticles. The above is a terse discussion on an elaborate subject.

The reader is referred to Ref. 1 from which this discussion was borrowed.
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2.4 Instruments

Angle resolved photoemission experiment were carried out in three different ARPES
systems for all types of samples giving consistent results. In one case the photon source
is unpolarized 21.2eV photons and a total energy resolution of 20meV FWHM, while
in the other case 22.4eV linearly polarized photons were used with a resolution of
35meV FWHM. The analyzer acceptance angle was +1° corresponding to a k-space
window of radius 0.045Z or 0.037A~!. Base pressures of the vacuum system were
4x107* torr, and Fermi energies were determined from a reference Au film. Other
ARPES spectra were recorded with a Scienta analyzer attached to beamline 10 of the
Advanced Light Source. The total energy resolution was typically 15meV and the
angular resolution was #+0.15° with the spectrometer operating in angle mode. The
nominal chamber pressure was 6x107!! torr and the photon energy used was 25eV.
Low energy electron diffraction (LEED) measurements confirms the quality of the
UHV-cleaved surfaces and show a Bi-O plane superstructure that is well known in

the Bi-based cuprates.

2.5 References

1. Stephan Hufner, Photoelectron Spectroscopy, Springer-Verlag, Berlin 1995
2. Barry Wells, private communication

3. C.N. Berglund and W.E. Spicer, Phys. Rev. A 136, 1030 and 1044 (1964)



CHAPTER 2. EXPERIMENTAL DETAILS

) 7 induction coil
[o 3 1 .
f C 1
secondary arc
battery

shielding material

driving arc
o—T— —7T°
g d g switch
1| o
L vl j
a - e

induction coit

Figure 2.1: An early photoemission experiment. Figure taken from Ref. 1.
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Superconductivity and BSCCO

Bi,Sr;CaCu;0s45 (BSCCO or Bi2212) is a layered high temperature superconductor
‘with a T.~70-91K depending on the hole doping and impurity concentration. High T,
compounds are layered transition metal oxides (e.g., CuOz) with varying numbers of
CuOg planes per unit cell and sundry interlayer materials. Doping is usually achieved
with the addition of holes (NdCeCuO is a notable exception) through the addition
of oxygen or altering the ratio of cations to ions. The structure is given in Fig. 3.1.
Because of the number of cations and ions, the growth of the ideal compound is more
difficult than that of other superconductors, say LSCO for example. BSCCO is also
notorious for its superstructure, the effect of which is demonstrated by back-scattered
X-ray (Laue) diffraction in Fig. 3.2.

The phase diagram for HT'SC is shown in Fig. 3.3. While BSCCO itself does not
cover the whole range via oxygen doping alone, the general shape is still characteristic
of it as well as that of other compounds such as YBCO and LSCO. We generally speak
of BSCCO as being either underdoped, optimally doped, or overdoped. These names
are just delineation of areas on the phase diagram to the left of, precisely at, or to
the right of T .z. A more complete phase diagram would include a third orthogonal
axis indicating impurity concentration in the plane (as will be shown spectroscopically
in later chapters). However, impurities in BSCCO are hard to quantify due to the
presence of so many other elements in the compound. In general, we travel across

the phase diagram via oxygen doping (done in an annealing furnace at 400-500°).

14
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Oxygen sits in the Bi-O layer, not in the Cu-O layer, and the Bi-O layer serves as
a charge reservoir. T¢ mez Bscocom™91°K with the boundary scaling appropriately on
both sides. The inset of Fig. 3.3 provides characteristic p vs. T plots in the different
regions. Since we operate normally in the SC region, we turn our attention to plots
of that sort for different Ni and Zn concentrations.

Fig. 3.4 and Fig. 3.5 show in-plane resistivity curves for various dopings of BSCCO.
It is noted that Ni and Zn substitute for Cu in the CuO, planes, i.e., intraplanar
vs. interplanar impurities. As can be expected the residual resistivity, which is
obtained by extrapolating the linear part down to 0°K, increases monotonically with
doping increase. T. also follows this trend of decreasing monotionically with increased
impurity concentration. Also, the small upturn in the maximum doping is indicative
of extra inhomogeneity, which is expected at the solubility limit. These limits are
very small; about a percent for Zn and 2.5% for Ni. Of course, varying oxygen will
produce a reduced T, but will not have the same, dramatic effect on p(0).

Fig. 3.6 depicts the band structure of BSCCO. It is included to demonstrate the
complexity of bands in the valence band. In principle, ARPES could generate a
mapping of this sort, but, due to the ‘spaghetti’ nature of the electronic structure, it
becomes unpractical. In fact, we are only concerned with bands that cross the Fermi
level as those are the important ones for transport. As the figure illustrates, that is

a less dense space in the band structure.

3.1 References
1. Barry Wells, private communication
2. B. Battlog, Phys. Today 44(6), 44 (1991)

3. D.-S. Jeon et al., Physica C 253, 102 (1995); R. Yoshizaki et al., Jrnl. of Low
Temp. Phys. 105, 927 (1996)

4. S. Massidda et al., Physica C 176, 159 (1991)



CHAPTER 3. SUPERCONDUCTIVITY AND BSCCO 16

Legend
Q - Bi
@ - Sr
@ -Cu
O -Ca
o -0

Figure 3.1: Ideal structure of BSCCO. Oxygen in the original compound resides the
Bi-O layer. Taken from Ref. 1.



CHAPTER 3. SUPERCONDUCTIVITY AND BSCCO

Figure 3.2: Laue photograph of BSCCO sample.
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Figure 3.4: Diagram illustrating the in-plane resistivity curves for various amounts

of Zn. Figure taken from Ref. 3.

Figure 3.5: Diagram illustrating the in-plane resistivity curves for various amounts

of Ni. Figure taken from Ref. 3.
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Figure 3.6: Band structure of Bi2212. Brillouin zone is included for clarity. Figure
taken from Ref. 4.



Chapter 4

The SC Gap in OD Regime

4.1 Data and Discussion

Exciting advancement towards the understanding of high T, superconductors has
come with the observation of the normal state excitation gap in underdoped (UD)
materials [1]. The gap and other unusual behaviors have been observed or inferred in
many experiments, including NMR [2, 3], neutron [4], optical [5, 6], transport [7, 8, 9],
and thermal measurements [10, 11]. Recently, this gap was observed in single-particle
excitation spectra measured by angle-resolved photoemission spectroscopy (ARPES)
(12, 13, 14]. These experiments shed light on the problem by providing momentum-
resolved information on the gap. The energy gap, when characterized by the leading
edge position of the spectra, is found to be highly anisotropic. Furthermore, the
anisotropy is very similar to the d,2_,2 superconducting gap [13, 14]. The anisotropic
nature of the gap was subsequently reported [15]. The later experiments yielded
more detailed information of the leading edge as a function of angle and temperature,
providing additional evidence that the normal state gap (NG) is of the same origin
as the d,2_,2 superconducting gap (SG) [15, 16]. Furthermore, it has been found
that the NG (Ref. 15) and the SG (Ref. 16) do not decrease with very significant T,
reduction in the UD regime.

These findings are consistent with the theoretical ideas {17, 18, 19, 20, 21, 22,
23, 24, 25] which postulate that the superconducting transition temperature (T.,)

21
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in the UD regime is not the temperature when pairs start to form, as in the case
of BCS theory. Instead, T. is the temperature when pairs, which form above T.,
become phase coherent. A similar conclusion has also been deduced from muon
spin resonance experiments [26]. In this picture, T, suppression in the UD regime
is caused by a reduction in the carrier density which decreases the phase coherence
temperature, but the T, suppression in the overdoped (OD) regime is caused by a
decrease in the pairing strength. Since the pairing strength is scaled by the SG size,
it is natural to further test the theory by measuring the SG size in the OD regime.
Experimental results for the SG in the OD regime are currently controversial [27, 28,
29]. Optical measurements indicate that the SG is independent of doping [27]. Two
Raman-scattering experiments suggest a significant SG reduction in the OD regime
[28, 29], but they differ from each other by reporting an s-wave gap in one case [28]
and a d-wave gap in another [29].

Presented here are ARPES data suggesting a rapid suppression of the SG in OD
BiySr,CaCuy0s,5 (Bi2212). Compared with that of samples near optimal doping, the
SG of the OD samples is about 35% smaller while the T, is only 10% lower. The rapid
decrease of the SG with T, in the overdoped regime contrasts sharply with the fact
that the SG does not seem to decrease with T, in the underdoped regime [16]. At the
same time, the SG remains highly anisotropic with the anisotropy being consistent
with the d,2_,» pairing symmetry. In addition to the rapid suppression of the SG, we
report a correlated collapse of the NG and a change in the electronic structure near
(w,0) at a much higher energy scale. Our single crystals were grown by directional
solidification and their T.’s were measure by superconducting quantum interference
device magnetometry [30]. Four very slightly UD Bi2212 samples with a nominal T,
of 88K were selected. Two of them were further annealed in one atmosphere oxygen
in order to be overdoped with T,.’s of 78K each.

Fig. 4.1 presents normal and superconducting spectra for the two sets of samples
at the Fermi surface near (7,0.237) where the d,2_,» gap reaches a maximum. The
normal-state spectra of the 78K OD samples are sharper and their leading edges reach
Ef. Due to the opening of the SG below T, the leading edges move to higher binding

energies with a simultaneous growth of resolution limited peaks at the gap edges.
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By contrast, the normal-state spectra of the 88K UD samples are broader and their
leading edges never reach the Fermi level, reproducing the NG [12-16]. Below T., the
leading edges move slightly while sharp but smaller peaks develop. We characterize in
Fig. 4.1 the SG and the NG size by the midpoint leading edge position [31]. Although
the midpoint does not have rigorous meaning and one may get different gap values
with a fitting ansatz [32], this experimental quantity suffices to reflect the systematic
trend of the gap size vs. doping. In all four samples, we see no evidence for a
gap along (0, 0) to (m,7) direction within our experimental uncertainty, consistent
with the gap being of d,2_,2 symmetry [31]. This finding differs from the study by
Kendziora et al. whose analysis of the symmetry independent Raman-scattering peak
position led to a conclusion of s-wave pairing in the OD regime [28]. It is presently
unclear whether this difference is caused by the fact that Kendziora et al. studied a
more overdoped sample (T, of 57K instead of 78K in the present case). On the other
hand, our finding is consistent with the conclusion by Hackl et al. whose analysis of
the low energy power law of the frequency dependence of the electronic Raman signal
suggests an OD sample with T, ~55K has a d-wave symmetry [29]. The different
conclusions between the two Raman experiments are not caused by doping difference
in the samples since the transition temperatures are very similar. Our results also
contradict an earlier ARPES study of an OD sample with similar T, (83K) that
reported a significant decrease of the SG anisotropy leading to an anisotropic s-wave
gap in the OD regime [33]. The discrepancy here is probably caused by the fact that
the earlier study chose to measure the gap minimum along the I'X direction where the
extrinsic effects due to the BiO superstructure are the strongest. We have measured
the gap minimum along the I'Y direction. Values in Fig. 4.1 show that the SG in the
OD sample is about 35% smaller than that of very slightly UD samples, although T,
is only about 10% lower. At the same time, the NG collapses almost completely [13,
14]. The rapid SG suppression is consistent with Raman experiments [28, 29] but
differs from optical experiments [27]. It would be interesting to investigate why the
gap obtained by the c-axis optical conductivity [27] should differ from the Raman and
photoemission experiments which measure the quantity in the a-b plane. In contrast

to the SG reduction, the intensity of the sharp peak near the gap edge below T,
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increases by at least a factor of 2. The simultaneous increase of this peak intensity
and the gap suppression in the OD regime contrasts sharply with earlier results from
the UD samples where the peak decreases with T, suppression while the gap does not
[16]. This suggest that T. reduction in the OD samples has a different origin and is
related to a decrease in pairing energy. This finding provides additional support for
the theoretical ideas discussed earlier [17-25].

Accompanying the suppression of the SG and the NG is a significant change in
the electronic structure at a much higher energy scale near (m, 0), while the electronic
structure along the (0,0) to (7,m) line remains very insensitive to doping [12-14].
Fig. 4.2 shows spectra along (m,0) to (7, ) line for two kinds of samples. For the
88K sample, there is a very broad feature centered around -150 to -200meV at (=, 0).
The centroid of this feature disperses rapidly from (7, 0) to (7,7) and disappears after
crossing the Fermi surface. [34]. Note that the low binding energy portions of the
spectra are cut off by something different from the Fermi function convoluted with
the instrument resolutions, as indicated by the energy position of the leading edge
in the spectra. That is the NG discussed above. In the 78K sample, however, the
feature at (7,0) moves much closer to the Fermi level (~50meV) and the NG is nearly
zero. Further, it becomes sharper with significantly smaller dispersion, reproducing
the flat band reported earlier [35].

Fig. 4.3 summarizes our findings in a phase diagram. The empirical T, versus
doping curve for Bi2212 (Ref. 36) is plotted with the vertical scale to the right. The
trend of the NG and the SG in the UD regime is inferred from previous works where
both the NG and the SG (Ref. 16) or just the NG (Ref. 15) are measured in a wide
range of doping. The data highlight the rapid suppression of energy scales in the
OD regime. Since the SG size decreases much faster than T, suppression and the
% ratio should not be smaller than the mean field value even in the OD regime,
the T, of the nearly optimally doped sample must have been suppressed by phase
fluctuations as well. The shaded area at higher energy depicts the evolution of the
electronic structure near (m,0). The data make clear that the suppression of the
superconducting gap size is closely correlated with a rapid change of the electronic

structure near (m,0).
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There are several reasons why the empirical connection between the SG suppres-
sion and the electronic structure change at (7,0) may be very important. First is
the large energy scale involved. As one goes from underdoped to overdoped cases,
the energy scale of the (,0) feature drops from -150 to -200meV to about -50meV.
This change is much larger than the SG size of about 25meV. On the other hand,
the energy scale of the broad maximum near -150meV to -200meV at (m,0) does not
change much in the UD regime. Second, there is a significant difference in the spectral
lineshape in the two cases. The broadness of the spectra from the UD sample is not
due to poor sample quality, as evidenced by the resolution limited sharp peak below
T, [13, 15, 16]. The spectra from the 88K sample are somewhat sharper than that
of further UD samples [12-16], consistent with the trend in Fig. 4.2. The lineshape
change reveals a key essence of the paradox in the data: bad “quasiparticle” char-
acteristics are actually good for superconductivity as far as the pairing strength is
concerned. In this sense, there may be two aspects of the energy gap in the normal
state. The leading edge NG has similar magnitude to that of the SG and is likely of
the same origin. The ‘energy gap’ reflected in the centroid of the feature near (7,0) is
empirically related to the leading edge NG but of much higher energy scale. Since the
energy scale involved is similar to J, one may wonder whether this change is related
to the antiferromagnetic interactions known to be important in UD materials [25].
Whatever its origin may be, the feature near (7, 0) may underscore the novelty of the

underlying electronic structure upon which high T, superconductivity occurs.
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Overdoped | Overdoped |Underdoped | Underdoped
78K 78K 88K 88K
NG | SG [ NG | SG | NG | SG | NG | SG
35 | 1565135 |18 | 24 | 26 | 27 | 26
(m, 0.23m)
(5) (@) (5) (@) (65) | 4 (5) (4)

26

Table 4.1: Superconducting gap (SG) and normal state gap (NG) size at (7, 0.237) for
the four samples defined by the leading edge midpoint in meV. Parentheses indicate
error bars.
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Figure 4.1: Angle resolved photoemission data recorded above and below T. at
(m,0.237) where the d,2_,2 gap exhibits a maximum. The 78K samples have no nor-
mal state gap (NG) and a much smaller superconducting state gap (SG). The 88K
samples have larger NG and SG. The 78K samples have significantly larger peaks at
gap edge below T,.
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Figure 4.2: Electronic structure near (m,0) for the two samples reveals a striking
difference. The arrows highlight the energy scale difference. The 88K UD sample has
a broad feature near -200meV at (7,0). This feature becomes sharper and moves to
-50meV in the 78K OD sample with much less dispersion.
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Gap versus T,

5.1 Data and Discussion

The superconducting state of a metal is characterized by an energy gap in the
spectrum of electronic excitations. BCS-Eliashberg mean field theory [1] has been
used successfully for decades in describing the superconducting state gap, A, in
conventional superconductors such as Al or Nb. The typical mean-field theory re-
sult that the superconducting transition temperature, T, is proportional to A has
been abundantly confirmed for conventional superconductors. Here we report data
from angle-resolved photoemiSsion spectroscopy showing that this proportionality is
violated in underdoped samples of the high temperature superconductor (HTSC)
Bi;SryCay Dy, Cuz0s45, implying a novel transition into the superconducting state.

A large variety of experimental measurements in underdoped HTSC have shown
evidence for a suppression in the intensity of low energy excitations above T, in-
cluding NMR (2], resistivity [3, 4], specific heat [5], and c-axis optical conductivity
[6]. The relation, if any, between the superconducting state gap and the pseudogap
or normal state gap is still an open question. Measurements on slightly overdoped
BSCCO below T, are consistent with a d-wave gap [7] and show no normal state gap
to within our resolution. The present results on underdoped BSCCO samples with a
wide range of transition temperatures show the same strong angular dependence of

the superconducting state gap, but, in addition, they show a normal state gap with
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similar magnitude and angular dependence in agreement with other recent ARPES
work [8, 9, 10]. The normal state gap persists to temperatures well above T.. These
observations can be related to our finding that the SC gap fails to scale with T, as
expected from mean field theory. We discuss below how models with phase fluctua-
tions in the order parameter predict pairing in the NS of underdoped HTSC up to a
characteristic temperature Tpsp, giving the two gaps a common origin and account-
ing for the non-mean field gap size versus T, dependence. In these models, T, is the
temperature for phase coherence between pairs rather than the onset of pairing.

Raw data on underdoped BSCCO of two different oxygen dopings are plotted in
Fig. 5.1 for temperatures well above and well below T.. The five k-space positions
were chosen by taking five cuts in the Brillouin zone along the Fermi surface. It
was evident that the leading edge positions changed monotonically with angle, and
that the NS and SC positions were similar. Characteristically narrow peaks appeared
in the superconducting state. They are especially clear away from the (0.4m,0.47)
Fermi surface crossing. The observation of the narrow peaks indicates the broad
NS lineshape is intrinsic to the doping level and not primarily the effect of disorder
or impurity scattering since the scattering would also be expectéd to broaden fea-
tures below T. as well. Also, we note a strong and systematic increase in the low
temperature height of the peaks with doping in the UD regime.

The leading edge midpoints of the EDC’s in Fig. 5.1 are plotted vs. 0.5 | coskza —
coskya | in Fig. 5.2. On this plot the d;2_,» gap prediction is a straight line that
passes through the origin. The error bars are a combination of uncertainty in the
leading edge midpoint position and the uncertainty in E; (1 meV). The data agree
reasonably well with the strong anisotropy of the d-wave gap, but in some cases the
measured values show a flattening near the d-wave node position. One explanation is
the dirty d-wave scenario [11, 12] where impurity scattering broadens the point node
into a region of finite width. Systematic impurity doping studies using ARPES would
be useful to clarify this point. Another contribution to the flattening is the finite k
resolution combined with strong energy dispersion in the node direction [13].

The superconducting (13K) and normal state (75K) leading edge shift versus k

curves for the T,=46K sample agree very well, suggesting the two gaps are intimately
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related. In the T.=78K sample, the anisotropy of the gap is similar above and below
T., but the magnitude shows a marked reduction at 100K and 150K. These obser-
vations raise two questions: does the gap change continuously through T. and does
the gap close at some higher temperature? To clarify these issues, more detailed
temperature dependence measurements are shown in Fig. 5.3. The leading edge mid-
point energies on the FS for the maximum and minimum gap are plotted for an UD
T.=85K sample. Measuring the temperature dependence of the gap with ARPES
requires caution because thermal broadening and lineshape changes may affect the
leading edge positions. To partially cancel these effects, we take the gap to be the
difference between the leading edge midpoints at the two k-space locations. This
gives a gap of 2842 meV (~20% larger than a thin film of the same T.) that changes
smoothly above and below T., supporting the idea of a single gap function evolving
with temperature. The gap becomes consistent with zero around 225K.

Next, we focus on the superconducting state gap A, as a function of T, (Fig. 5.4)
using the maximum difference between the leading edge midpoints on the underlying
FS. For these measurements, this internally referenced gap shows the same trend as
the leading edge midpoint near (m,0) (the d-wave gap maximum) versus T, since the
FS crossing near (0.47,0.47w) shows a gap consistent with zero. The nine samples
measured fall into three T, groupings (all underdoped) representing three thin-film
crystal growth and annealing runs. In spite of substantial error bars, it is clear that
the familiar BCS mean fieled result of A,.ox T, is violated (for example, A,.=2.14kT,
for a weak coupling d,2_,2 [14]). Instead A,, stays constant or increases slightly as
T, is reduced.

For a comparison with phase diagrams, Fig. 5.4 shows a A,. vs. doping § (hole con-
centration per planar Cu) for the same underdoped samples, with each T. converted
to & using the empirical relation f‘r‘fnzzl— 82.6(8 — 0.16)? [15]. Once again, the pre-
dicted BCS weak coupling d-wave r’esult, Ay=2.14kT, (Fig. 5.4, dashed line), shows
no resemblance to the observed doping dependence. By contrast, as T, decreases on
the overdoped side, the gap falls rapidly (although it may not be in qualitative agree-
ment with the mean field calculation because of the ad hoc leading edge midpoint

criterion for the gap). The failure of the mean field theory prediction for A, as a
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function of T, (or doping) in the underdoped region is our main result; it indicates
that A,. and T, represent two distinct energy scales for underdoped BSCCO.

The non-mean field As.oc T, behavior is naturally related to the similarity of A
above and below T, in models with phase fluctuations in the complex superconduct-
ing state order parameter [16,17]. Paired electrons, and therefore a gap, exist below a
mean field temperature Tpsr that is proportional to A. The zero-resistance T, is the
temperature at which long range phase coherence is established. Tpr and T, are the
same in BCS theory since fluctuations are not considered, but T, may be lower than
Tar in UD cuprates where phase stiffness is expected to be small. Photoemission is
insensitive to phase, so it measure a gap below Tprr. The phase stiffness is propor-
tional to the superfluid density n,. Thus, if the phase stiffness energy scale instead of
the gap determines T, then T, should decrease as the doping is lowered, quite apart
from any changes in A and Tpyp, in agreement with the data in Fig. 5.4. In this
model, A is determined by the same pairing interaction in the superconducting and
normal states. Muon spin relaxation (uSR) measurements support the idea that T.
is determined by n,. A universal curve with T.xn, from pSR has been reported for
a large number of underdoped cuprates [18]. Also, magnetoresistance measurements
of 60K YBCO show a Lorentz-force independent contribution persisting to 200K [19]
that may be consistent with phase fluctuations in the order parameter.

Various extensions to Anderson’s original RVB idea [20] give a possible microscopic
justification in terms of spin-charge separation for the phase fluctuation model, includ-
ing the two energy scales (kT and A) and a distinct pseudogap regime. Spin charge
separation provides a means of producing pairing of excitations without superconduc-
tivity. The fermionic spin excitation (spinons) pair into singlets at a temperature T,
greater than T, for UD cuprates, where T is proportional to the gap. T, is similar
to Tyr and may represent a crossover instead of a true phase transition. Also, T,
decreases with increasing § in agreement with the trend of the upper line in Fig. 5.4.
The pairing was predicted to be d-wave, another area of agreement with the data.
Because of the apparent flattening of the normal state gap near the d-wave node
position, the data could also be consistent with recent work predicting the pseudogap

regime to be a mixture of d-wave spinon pairing and pockets of spinon FS. In either
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case, the charge excitations (holons) Bose condense at T., so once again T.xn,, the
two dimensional Bose condensation result. T, is also the temperature at which phase
coherence between the singlets appears. These models are in agreement with the
ARPES data in the doping dependence of the gap and in the existence of d-wave
pairing well above T, for underdoped samples.

In summary, the increase in the superconducting state gap with decreasing T.
violates the BCS mean-field theory prediction and suggests the existence of an energy
scale for pairing that is separate from and higher than kT.. This energy scale accounts
for the pseudogap above T.. As measured by ARPES, the normal state gap is highly
anisotropic and it is similar in magnitude and k dependence to the superconducting

state gap, supporting the idea of a common underlying pairing interaction.
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films of Bi, Sry Caj_; Dy, Cuz Og,s in the superconducting and normal states. k-

space positions were selected on the underlying FS to facilitate measuring the energy

gap. The systematic shift of leading edge position with k shows an anisotropic energy

gap.
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Figure 5.2: Leading edge midpoint shifts from Ey, indicative of an anisotropic energy
gap, in the superconducting and normal states of Biz Sry Ca;_, Dy, Cuy Ogys ex-
tracted from the ARPES spectra of Fig. 5.1. The abscissa, 0.5 | coskya — coskya |,
was selected for comparison to a d,2_,2 gap, which would be a straight line on this
plot. The dirty d-wave scenario predicts flattening near the origin.
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Figure 5.3: The temperature dependence of the leading edge midpoints for spectra
taken at FS crossings near (m,0.27) and (0.4, 0.47) of an underdoped BSCCO single
crystal. The difference between the two represents an energy gap that decreases
continuously from 2842 at 25K to near zero at 225K.
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measured came from three growth and annealing runs, and therefore fall into three
T, groups. The dashed line is the standard BCS mean-field d-wave prediction with
Ay=2.14kT,, shown to highlight the non-mean field trend of the data. Main Panel:

A,. vs doping §, with § inferred from T—Tc— The energy scale from T, (2.14kT.,
dashed line) shows very different behavior from the linear fit to the A,, data points
(straight line) from the underdoped samples. By contrast, the gap values for over-

doped samples decrease in the conventional way.



Chapter 6

Single Plane BSCCO

6.1 Data and Discussion

A central issue in the physics of high T. superconductivity is the role of coupling
between the two dimensional copper-oxygen planes in producing superconductivity.
The T, of these materials tends to increase with the number of layers per unit cell.
It is currently an open question whether the superconducting state order parameter
symmetry will be the same in one-layer and the more strongly coupled two-layer com-
pounds. Angle resolved photoemission spectroscopy (ARPES) has the potential to
resolve this issue since it is able to measure directly the anisotropy of the supercon-
ducting state gap (the magnitude of the order parameter). In the two-plane material,
Bi2212, the gap was found by ARPES to be highly anisotropic, consistent with a
dg2_,2 order parameter [1, 2]. We report measurements of the one plane material,
Bi2201, that show a similarly large anisotropy with a smaller overall gap magnitude.

In underdoped Bi2212, ARPES measurements have shown that the anisotropic
gap persists well above T, [3, 4], consistent with many other experiments that have
shown a pseudogap or spin gap in the normal state of the cuprate supeconductors
[5]. Current evidence for the normal state gap in one-plane materials is much weaker
than in two-plane materials, and its existence is controversial [6]. Our results show a
clear normal-state gap up to high temperatures in optimally doped and underdoped

Bi2201, but not in overdoped Bi2201.

42
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Single crystals of Big4Srs_(¢44)LayCuOgs were grown using a floating zone method.
X-ray scattering confirms that the crystals are single phase Bi2201, and electron probe
microanalysis was used to measure the atomic ratios of the cations. Substitution of
trivalent La or Bi for divalent Sr reduces the hole concentration in the CuQ, planes.
The effect of La doping goes beyond changing the carrier density [7], however, and
raises the maximum T, from 10K to 30K. A roughly parabolic dependence of T, on
(z + y) has been observed [8]. Our optimally doped crystals (T, = 29K) come from
substituting La = 0.35 for Sr. With no La substitution, Bi/Sr ratios of 2.3/1.7 and
2.1/1.9 give the underdoped samples with T, < 4K and the overdoped samples with
T. = 8K respectively. The transition temperatures were taken at the zero resistance
values and confirmed by SQUID magnetization measurements. The transition widths
are less than 2K. The resistivity curves give linear-T behavior for the optimally doped
samples [8], positive curvature for the overdoped samples typical of other overdoped
cuprates, and linear-T dependence for the underdoped samples with an upturn at low
T.

Fermi surface (FS) crossing were determined from at least 5 k-space cuts in one
octant of each Bi2201 sample. Two cuts along high symmetry lines are plotted for
three samples with different doping levels in Fig. 6.1. The data consist of energy
distribution curves (EDC’s) taken in the normal state at fixed k, determined by the
angles between the sample normal and the analyzer. A number of nearly equivalent
criteria can be applied to finding the positions of the FS crossings along the k-space
cuts, such as identifying the point where the peak intensity decreases by % in going
from occupied to unoccupied states, or where the leading edge midpoint of the spectral
weight comes closest to E;. The latter (leading edge midpoint position) is useful
because it is also a measure of the gap in the excitation spectrum where it fails to
reach E; [1]. The measured Fermi surface in our samples is similar to previous work
on overdoped Bi2201 [9] showing a large hole pocket centered at (m, 7). We find that
over a wide range of doping, there is little change in the FS and no indication of a
FS topology change.

The cuts in Fig. 6.1 are along the (0,0) to (7,7) [I'Y cut] and (,0) to (m,7)
[MY cut]. The I'Y cuts (left panels) show the largest energy dispersions and clear FS
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crossings in the vicinity of (0.47,0.47). (We plot I'Y instead of I'X because there is less
complication from superstructure effect.) The MY cuts (right panels) show much less
dispersion, but F'S crossings can still be seen near (7,0.257). The most striking change
with doping occurs in the lineshape. As the hole doping increases, the lineshape
becomes much narrower, indicating the imaginary part of the excitation’s self-energy
has dramatically decreased. Only the overdoped Bi2201 sample approaches Fermi-
liquid-like behavior with well defined quasiparticle excitations. The linewidth at (7, 0)
is especially sensitive to doping, as shown in the rightmost panel. The underdoped
sample barely has a peak at all, while the overdoped sample has a large peak that is
nearly resolution limited. Disorder may play a role in the trend of these normal state
spectra, assuming Matthiessen’s rule holds, since the residual resistivity increases
from the overdoped to the underdoped crystals. The residual resistivity ratio (forming
%%Kﬁ by extrapolating to 0K) is 3.7 for the overdoped case, 2.4 for optimal, and
2.0 for the underdoped. However, the similarity to the trend of linewidth in Bi2212
suggests that doping is the primary cause of the linewidth change. In Bi2212, the
linewidths of underdoped samples are very broad, but sharp, resolution limited peaks
still appear below T, indicating impurity scattering is not dominant in these systems
[4].

We next turn to the important issue of the superconducting state gap. As men-
tioned above, the shift in the leading edge midpoint may be used to characterize an
excitation gap. In the overdoped case no gap is observable within our resolution. This
can be seen from the spectra on the FS taken from the I'Y and MY cuts (Fig. 6.2).
The leading edges of both overdoped spectra coincide. Since the BCS gap for T.=8K
is only 1.5meV, it is not surprising that the gap is too small to be seen within our
error bars of +£2 meV. In the optimally doped samples, however, we observe a clear
and reproducible gap of 10+2 meV, in rough agreement with point contact tunneling
measurements on ceramic samples of similar composition [10]. The gap is anisotropic,
with a maximum along the MY cut [i.e., near (7, 0)] and a minimum consistent with
0 on the I'Y cut 45° away. Comparing these two extrema (Fig. 6.2) shows the shift in
the leading edge position quite clearly. Furthermore, we have reproduced the same

gap value within the error bars on 3 other samples. Interestingly, the gap persists into
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the normal state with no noticeable diminution. In the underdoped sample, the lead-
ing edges are not as sharp, but a reproducible gap of 7£3 meV maximum magnitude
is still evident.

The measured Bi2201 superconducting state lineshape differs from that of Bi2212
because it lacks the peak and dip feature. In Bi2212 the sharp peak is at ~40 meV
binding energy, followed by a dip that extends to ~90 meV [11]. If the features scale
in energy with the gap [12], the the factor of 3 decrease for Bi2201 would make them
difficult to resolve. It is also possible that impurity scattering plays a role in obscuring
any lineshape change. Instead of a sharp peak and dip, our spectra show a moderate
linewidth narrowing below T, (Fig. 6.2).

To explore the gap anisotropy, we took a number of k-space cuts between the
'Y and MY cuts of Fig. 6.1 on the same samples. The leading edge shifts for two
optimally doped Bi2201 samples are plotted against 0.5 | coskya—coskya | both below
and well above T, in Fig. 6.3. On this plot, a d;2_,2 gap would be a straight line
through the origin. The curves show considerable flattening near the origin compared
to the pristine d-wave gap, suggestive of either the effect of interlayer tunneling matrix
elements {13, 14] or pair breaking due to impurities [15].

A central purpose of the present study was to determine whether the supercon-
ducting state gap anisotropy persists as the CuO; planes are increasingly isolated from
each other. Our observation of a strongly anisotropic gap in Bi2201 indicates that
it does, since Bi2201 has a large separation between CuQO; planes (12.3A compared
to 3.3A for Bi2212), a huge c-axis resistivity(p=30 at 50K [8]), and nonmetallic
intervening Bi-O layers. A theoretical model that may be relevant to our findings is
the interlayer tunneling (ILT) model [13], since it addresses the effect of interplanar
coupling on the gap magnitude and anisotropy. In the ILT model, the sign of the
order parameter is determined by the in-plane pairing kernel, which acts as a symme-
try breaking field in the space of order parameter symmetries [16, 14]. However, the
anisotropy in gap magnitude is dominated by the effect of interlayer matrix elements
(13, 14] when T, is high. Thus, small s-wave or d-wave in-plane pairing kernels in the
presence of strong interlayer coupling would give nearly identical results in ARPES

gap magnitude measurements. Weakening the interlayer coupling more clearly reveals
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the intrinsic single-plane gap. The highly anisotropic gap in Bi2201 is consistent with
an underlying d,2_,2 symmetry, perhaps with some residual interlayer pair tunneling.

Our results mesh well with the tricrystal experiments of Tsuei et al. carried out
on the single plane cuprate T12201. The half-integer flux quanta observed in the
superconducting state indicate a sign change in the order parameter [17]. Thus, the
intrinsic interaction in a single plane favors d-wave pairing, while the overall increase
in gap magnitude from Bi2201 to Bi2212 by a factor of 3 may indicate that interlayer
coupling enhances the gap {13, 14, 16]. Even in Bi2201 the gap magnitude greatly
exceed the BCS prediction of 4.4 meV for T, - 29K (the leading edge midpoint shift
tends to underestimate the gap).

It is important to consider whether disorder and impurities cause the gap to
be smaller in Bi2201 than in Bi2212. The residual resistivity ratio (RRR) is 2.4
for optimally doped Bi2201, a rather low value that indicates substantial impurity
scattering. However, some thin films of Dy-doped Bi2212 have even smaller RRRs,
and they show no reduction in gap magnitude [4]. Thus, the lower gap magnitude in
Bi2201 is most likely intrinsic.

The measurements of a normal state gap in Bi2201 (Figs. 6.2 and 6.3) show that
the pseudogap can exist in a one plane material. A pairing enhancement based on
interlayer superexchange J |, suggested for bilayer materials [6, 18], will be absent in
Bi2201 because of the large distance between CuQ, planes and the geometric frus-
tration induced by staggering the Cu sites along the c-axis. As in the case of Bi2212
(3], the similarity in gap anisotropy and magnitude above and below T, suggests that
the two gaps are related and that pairing occurs well above T.. Further evidence for
this point of view has come from low temperature gap measurements in Bi2212. The
gap fails to decrease with T, as T, is decreased by underdoping [4]. The persistence
of the gap in the underdoped Bi2201 sample shows the same anomalous pattern; the
gap in underdoped samples represents a different energy scale from kT.. Theoretical
interpretations of separate energy scales for the gap and kT, have included the idea
that pairs form at relatively high temperatures but do not become phase coherent
until T, [19]. Microscopic theories based on spin-charge separation have separate

pairings for spin and charge excitations [20], with spinon pairing occurring in general
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at higher temperature than holon pairing.

The gap measurements on Bi2201 and Bi2212 as a function of doping show a
striking contrast between the effect of lowering T, by underdoping and lowering T,
by weakening the interplanar coupling. The gap (and thus the pairing strength) is rel-
atively insensitive to underdoping but drops roughly proportionally to the maximum
T. in going from a bilayer to a single layer material.

While no detailed theory exists for the lineshape evolution with doping, the change
from a narrow peak to a broad continuum with decreasing hole doping suggests non-
Fermi liquid behavior and a breakdown of the quasiparticle picture. Recently, it was
proposed that the peak width is due to the strong coupling of electrons to collective
excitations with q peaked at (m,7) [21]. The width has also been attributed to the
decay of the hole into a spinon and holon [22], with the hole lifetime decreasing on the
underdoped side. The rightmost panel of Fig. 6.1 shows the lineshape trend clearly
and is insensitive to finite k resolution because the dispersion is small near (7, 0).

In summary, ARPES measurements on the gap and electronic structure of the one-
plane compound Bi2201 open a new window on the occurrence of superconductivity
in a relatively low T. member of the cuprate family. These observations constrain
theories by showing that in a system with very weakly coupled planes, there is a

strongly anisotropic superconducting gap and also a pseudogap above T..
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Figure 6.1: Normal state ARPES spectra for underdoped (T.j4K), optimally doped
(T.=29K), and overdoped (T.=8K) Bi2201, measured at T = 100, 60 and 60K re-
spectively. The left panels for each doping show spectra along the I'Y k-space cut
while the right panels show the MY cut. The rightmost panel shows strong change
in linewidth with doping.
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Figure 6.2: ARPES spectra at F'S crossings for the maximum [near (7,0.257) and
minimum near (0.47,0.47)] gaps for the crystals in Fig. 6.1. Shifts in the leading
edge midpoints indicate an anisotropic gap, as in the 10 £+ 2 meV shift between the
arrows for the T, = 29K samples at T 9K. The spectra are normalized to give the
leading edges equal height in order to show the shifts between them.
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Figure 6.3: Leading edge midpoint shifts from E; for samples A and B, indicative
of an anisotropic energy gap in the superconducting and normal states of optimally
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Chapter 7

Spectral Weight Transfer

7.1 Data and Discussion

In a conventional superconductor, T, is regulated by the superconducting energy gap
A, which is related to the characteristic phonon energy [1] The central physics can be
described with a mean-field approach, as in the theory of Bardeen, Cooper, and Schri-
effer (BCS) [2]. In this paradigm only excitations near A out of the available Fermi
energy E; are modified by superconductivity. The phase-space constraint imposed
by these two drastically different energy scales, a few thousandths of an electron volt
for A and a few electron volts for Ey, limits an electron with momentum k to mix
only with electrons with momenta near k and -k through the coherence factors [1].
We report angle resolved photoemission spectroscopy (ARPES) data from opti-
mally doped BizSroCaCuy0s45 single crystals that suggests a different paradigm in
high T, superconductors. As the temperature is lowered from above T, to well below
T,, the single particle excitation spectra show changes that strongly depend on k. At
certain momenta, the change extends up to an energy close to 300 meV, or 40kT,,
much larger than the BCS value near 2kT,. Furthermore, spectral weight is trans-
ferred from very high energy at momentum k to a much lower energy at another mo-
mentum k' that is far from either k or -k. Along the (1,0) direction, the momentum-

dependent spectral weight transfer seems to broadly peak near |Q|~0.457. This Q

a3
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and the previously found collective excitations of similar energy scale but with a dif-
ferent momentum transfer Q' broadly peaked near (m,) [3] are intriguingly close
to the charge and spin order periodicities that are required if the fluctuating charge
stripes are present.

Special attention is paid during the experiment to ensure the proper normalization
of the data. The spectra above and below T, were first normalized to the integrated
signal intensity above E; that came from scattered electrons excited by higher or-
der light and was roughly proportional to the angle-integrated spectral weight. For
a given pair at each momentum, the spectra were further rescaled so that the high
binding energy tails were also matched, consistent with the general expectation that
the data above and below T, should be the same at these energies. The latter pro-
cedure, which is needed because of subtle effects such as changes in sample position
as a result of thermal expansion of the cryostat, involves only minor rescaling. The
physics discussed here remains the same with or without the application of the second
procedure.

In the normal state, a broad feature in the ARPES data along (0,0) to (7,0)
(Fig. 7.1) was observed to disperse from -300 meV near (0.367,0) to almost the Fermi
level near (m,0). The dispersion is rapid from (0.36m,0) to (0.647,0) but slow from
(0.647,0) to (m,0) [5]. In the superconducting state (Fig. 7.1), a sharp peak emerges
from the broad normal state feature with a dip at higher energy, although the dip is
weaker than typically seen [6]. The most important observation emphasized here is the
strong temperature induced k and E dependent spectral weight transfer. Although
the overall spectral weight appears to gain slightly near (7,0), spectral weight is lost
upon the superconducting transition at momenta (0.36m,0) and (0.557,0). Further-
more, the spectral weight loss extends up to a remarkably high energy of 300 meV
at (0.36m,0). However, the slight gain of spectral weight from (0.737,0) to (,0)
remains concentrated at the low binding energy portion.

Fig. 7.2 plots the frequency integrated spectral weight difference above and below
T, as a function of k. The quantity, Asc-Anormar, Where A is the k resolved single
particle spectral weight, when normalized to the normal state value A, prmai, gives the

difference of the occupation probabilities in the two states, "—k(%)l:ﬂ [here ny and ni(s)
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represent the occupation probabilities of the normal and superconducting states, re-
spectively]. The data make clear that spectral weight is transferred from one k to
another k'. The gain in spectral weight for one k and loss at another k' is consistent
with the sum rule requiring that the k-integrated spectral weight, which is propor-
tional to the particle number, be conserved [7]. The detailed balance of k-integrated
spectral weight requires considerations of other factors, such as photoionization cross
section and phase space volume. It appears that the spectral weight is transferred
by a Q~(0.45m,0) for the following reasons. Among the high symmetry directions
we have investigated - (0,0) to (m,0), (7,0) to (m, ), and (0,0) to (w,n) (Fig. 7.2,
inset) - the k-dependent spectral weight transfer is strongest along the (0,0) to (=, 0)
direction. Along (0,0) to (m, ), %’:ﬁ?ﬂ gives a negative minimum near (0.47,0)
and smaller positive values from (0.77,0) to (7,0). Considering that the spectral
weight should be conserved within the first Brillouin zone, the most reasonable |Q)|
should connect the minimum at (0.4, 0) to the middle of (0.77,0) and (r,0), yielding
a value of 2774 — 0.47 = 0.457. Within this scheme, the uncertainty in |Q| stems
more from the maximum As‘iT"f:ﬁ’lﬂﬂ, as it is very broad. Indeed, the small amount
of the spectral weight gain is close to to the experimental uncertainty. Despite these
uncertainties of finer details, the general feature of the k-dependent spectral weight
transfer as a function of temperature is apparent in the raw data (Fig. 7.1). This
finding deviates strongly from the BCS paradigm.

According to the BCS theory for non-mediated superconductors (1, 8] (Fig. 7.3),
for electrons in the Fermi sea, only a small shell of excitations up to the characteristic
phonon energy htpponon away from the Fermi energy is possible (h is Planck’s constant,
v is the phonon frequency). For two electrons with momenta k; and kj, an exchange of
a virtual phonon will yield electrons with momenta kj and k. The total momentum,
k;+k; = ki+k) = K is conserved, requiring only that the shaded phase space region
in Fig. 7.3B is available for this interaction. Because the typical value of h—"%
is about 102 to 1073, the phase space spanned by Ak is small, except when K =
0. Thus, the pairing interaction in a superconducting condensate is dominated by

electrons with opposite momentum, k; = -k;. In a similar fashion, only the electron

excitations within a shell of A will be modified. Depending on the electron-phonon
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coupling constant, A can be even smaller than Avppenon- In a single particle function
measured by ARPES, one should only see an upward shift of the electron energy from
its normal state value ex to /€2 + A2. This energy renormalization is significant only
when ¢ is smaller and comparable to A ~2kT. (Fig. 7.3A). The shaded area in
Fig. 7.3C depicts the change in occupation probability from that in the normal state
(nxk) to that in the superconducting state (nk(s)). In the superconducting state, the

occupation probability is modified according to the superconducting coherence factor

szé\ll——&———— (7.1)

which stems from the quasiparticle in the superconducting state being a mixture of

an electron and a hole. This factor should always be smaller than 1 for occupied
states along (0,0) to (=,0).

The energy scale of 300 meV, or 40kT,, is much higher than the expected BCS
value of 2kT,. In the strong coupling BCS-Eliashberg theory [1], one may see very
week temperature-dependent changes due to phonons whose energies are higher than
A. Although changes up to very high energies have been observed in cuprates by
other techniques, they are evidently related to the dispersion (Fig. 7.1), ruling out
the phonons as a possible explanation. Because the change extends up the entire
dispersion of the bandwidth~E;, which is regulated by the exchange coupling con-
stant {9, 10], there is no hierarchy of energy scales in the system. Instead of having
only a small energy window A out of E; being available for pairing interactions, the
whole bandwidth of scale E; is available (Fig. 7.3D,E). This expanded window would
probably mean that, instead of only the small fractions of electrons near Ey, all elec-
trons are involved in the pairing interaction {11]. A corollary of the above observation
would be that T, may be limited by factors other than the strength of the pairing in-
teraction. This idea is consistent with a growing indication that the superconducting
transition may not be described by a mean-field theory like BCS [12], especially for
the underdoped cuprate superconductors. Within the context of ARPES data, the
lack of scaling of A with T, [13] and the existence of the pseudogap in the normal

state [14] are consistent with these views.
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In addition to the high energy scale involved, perhaps more striking is the anoma-
lous k-dependent spectral weight transfer above and below T,.. The occupation prob-
ability below T, goes above the normal state value from (0.77,0) to (7,0) (Fig. 7.3F),
violating the BCS picture (Fig. 7.3C), requiring it to be smaller than the normal state
value. This probability appears to come from the k-space region that is Q away. Fur-
thermore, the result depicted in Fig. 7.3D implies that the anomalous excess spectral
weight at k' actually comes from much higher energy at another k, although the
spectral weight at each k shifts toward higher energy as the sample is cooled below
T.. Given such a large value of |Q|, the k-dependent spectral weight transfer is not
caused by the mixing of states with momenta close to k and -k.

There are several possible non-BCS interpretations of the data. The observed q
structure can be readily explained if the system has collective excitations, which have
real space periodicities corresponding to Q, that are enhanced or developed at lower
temperature. The question is the origin of these excitations, which is obviously not
the Bi-O superstructure, which has a very different q value. An earlier observation
indicated that the system has other collective excitations with Q'~(m,7) [3]. It is
intriguing that Q and Q' are close to the expected momenta of charge and spin
ordering in the charge stripes that were first observed in the neutron scattering from
La; 48Ndo.4S10.12Cu0y4 [15]. The stripe model envisages the doped holes segregating
into domain walls (stripes) that separate antiferromagnetic regions with a phase slip
of m across a domain wall (antiphase domains). The model requires the existence
of a charge order peak at q = (£2z,0)27 or (0,42z)27r and a spin ordered peak
at q'=(m,m £ am) or (m £ xm,n) with z being the doping level. The neutron peak
at g seen in La; 4sNdg4Sr0.12CuQy is of elastic nature, making the identification
of the stripe correlation unambiguous. However, earlier neutron experiments from
Lay_;Sr,CuO4 samples of lower doping have also identified inelastic peaks near the
same q' [16]. It has been argued that the inelastic peaks are caused by dynamic stripe
correlations [15]. A recent doping dependent study of Las_,Sr,CuQO4 found that g
stops deviating further from (7, 7) when z is increased to near ¢ [17]. The presence
of stripe correlation has also been predicted theoretically [18, 19]. Recently, it was

found that the spacing between the (1,0) domain walls, which increases with doping



CHAPTER 7. SPECTRAL WEIGHT TRANSFER 58

for z < é, saturates with z near 1, and the situation becomes more complicated for

8
z > 1 [20]. Taking the nominal number of § ~ 0.18 near optimal doping [21], we use
the saturated value of z = { and q= (+0.57,0) or (0,+0.57) and q'=(m, 7 £0.127) or
(m £ 0.127, 7). These momenta are intriguingly close to the observed Q~ (0.457,0)
and Q'~ (,m).

Within the context of the above stripe interpretation, our data have important
implications. First, the effect is observed in a sample with a very high T., un-
like La; 48Ndo.4510.12Cu04 case, where T, is strongly suppressed [15]. Therefore, the
stripe correlations coexist with high T, superconductivity. The stripe correlations
are short lived, as reflected in the broadness of the q structure. Further, because
the spectral weight transferred by Q comes from high to low energies (Fig. 7.1),
the scattering process is energy-dependent, again suggesting the dynamic nature of
the stripes. This picture is consistent with a theoretical model proposed by Emery,
Kivelson, and Zachar connecting the presence of fluctuating stripes and high-T, su-
perconductivity [11]. Second, the data provide complementary information about the
stripe correlation. To date, the most important experimental evidence for stripes cor-
relation stems from neutron scattering experiments, which are most sensitive to spin
order. The information about the charge order stems indirectly from the nuclear su-
perlattice peaks seen in neutron scattering [15], X-ray scattering [22], and extended
X-ray absorption fine structure experiments [23]. The photoemission data provide
more direct information for the valence-charge distribution. Further, the observed
change up to 300 meV, which is an energy scale controlled by J [9, 10], suggests that
the stripe phenomenon is related to the strong antiferromagnetic interactions. This
result is consistent with several theoretical studies using many body models [11, 18,
19, 20]. Third, the stripe interpretation implies that the spectral weight transfer be-
tween data recorded at 20K and those recorded at 100K may not be a direct product
of superconductivity. The spectral change above and below T, may merely facilitate
the identification of the stripe correlations that are gradually enhanced at lower tem-
peratures. Having identified the stripes, ARPES may be used to study the issue of
whether the stripes facilitate or compete with superconductivity.

The above interpretation is the most plausible explanation of our data, but more
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experiments are needed to further check this interpretation. The most obvious check
will be the results from underdoped samples, but this will be a challenging experiment
because the surfaces of underdoped samples are very reactive, making it hard to get
reliable temperature-dependent data with sufficient statistics to see subtle effects in
Fig. 7.1, even in extremely good vacuum. Finally, we need to test our data against
other theoretical models. For example, the change at (0.367,0) and (0.557,0) may
alternatively be interpreted as a shift of the broad feature, as discussed for boson
pairs [24].

The possible presence of stripes may shed light on the long-standing problem
regarding the photoemission lineshape [25]. Given the stunningly sharp peak seen
below T,, the extremely broad feature in the normal state reflects a completely in-
coherent motion. The anomalously strong scattering may be directly related to the
material’s propensity to have a microscopically inhomogeneous charge distribution
because they are manifestations of the same underlying interactions. This propensity
of inhomogeneity is also in concert with the spectral lineshape in the superconduct-
ing state. Below T, the spectra may be broken into two parts, representing the two
corresponding electronic components. The first is the sharp peak that represents the
superfluid density [26]; the second is a higher energy portion of the spectra that is
as broad as those of the normal state. Both components appear to be important
for superconductivity because T, scales with the first in the underdoped regime [13]
and the pairing strength correlates with the second in the overdoped regime [3, 27].
‘Within the context of a recent theory [11], the first component arises from the carriers
of the hole rich region, and the second arises from those in the hole poor region. This
assignment is consistent with the first component scaling with doping and the sec-
ond component being similar to spectra from an antiferromagnetic insulator [28] and
providing pairing interactions that peak near (m,7) [3]. The growth of the first com-
ponent at the expense of the low energy portion of the second component (Fig. 7.1)
suggests that electrons change their allegiance to the two components dynamically.
The coexistence of stripes and and superconductivity helps to visualize the two com-
ponent picture. However, the phenomenology itself does not require the electronic

components to form regular arrays. Thus, the next experimental challenge will be to
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investigate whether stripes are merely windows that reveal the secret of the under-
lying interactions or are the intermediate steps leading to the high T.. Independent
of its outcome, the physical picture that has emerged here calls for a far reaching

revision of our idea of metals and superconductors.
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Figure 7.1: Angle-resolved photoemission data along (0,0) to (7,0) from a Bi2212
single crystal with T, = 88K. The solid line gives data at 100K, and the dashed line
‘gives data at 20K. The momenta are expressed in units of 1, with a being the lattice

constant.
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Figure 7.2: Momentum dependent spectral weight change along (0,0) to (7,m). The
data show that the spectral intensity is transferred from one momentum to another,
with a transferring vector Q broadly peaked between 0.47 and 0.57. (Inset) The

expected Fermi surface. The shaded area depicts the occupied states.
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Figure 7.3: Schematic comparison between (a through ¢) BCS theory and (D through
F) the observed result. (A) Quasiparticle band diagram and expected energy posi-
tion at ek and (/¢f + A? above and below T., respectively. (B) Allowed phase space
(shaded area) for pairing interaction of electrons k; and k. (C) Occupation proba-
bility. The shaded area is the reduction below T.. (D) Spectral weight transfer from
k at higher energy to various k' at lower energy, in contrast to (A). (E) The relaxed
phase space constraint (shaded area). (F) Measured occupation probabilities, which
is the frequency integrated spectral weight. The shaded area is the difference above

and below T..



Chapter 8

Photoemission Studies on

Zn-BSCCO

8.1 Imntroduction

Impurity doping has been a very effective tool to probe the properties of cuprate
superconductors. In particular, Zn substitution of Cu in the CuQO, planes is known
to suppress T, [1] - [6]. An extensive amount of experiments has been conducted to
understand the effect of Zn doping, including specific heat, microwave, NMR, uSR,
optical, neutron, and tunnelling experiments [7] - [20]. Transport and microwave ex-
periments indicate that Zn is a very strong scatterer, resulting in a strong increase in
the residual resistivity in the plane [3] [4] [12]. A similar conclusion was drawn from
pSR experiments, which also found that Zn suppresses the superfluid density [15].
Specific heat, transport, and optical experiments indicate that Zn doping alters the
residual density of states and affects the low energy charge dynamics [10] - [13] [21].
NMR and neutron experiments generally show that Zn introduces low lying excita-
tions in the spin channel [16] - [19] and dramatically affects the dynamical spin fluc-
tuations. In particular, the NMR experiments show that Zn induces local magnetic
moments in the normal state that do not otherwise show local moment behavior.

More recently, Zn doping was also found to enhance the T, suppression and other

anomalies near % doping in La,_,Sr;CuQO4 (LSCO), YBa;CuzO7 (YBCO), and Y

66
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doped BisSraCaCuz0s45 (Bi2212) [22]. This latter result has been speculated to be
due to the charge stripe instability [22], similar to a possible interpretation of neutron
data from LSCO. In addition, a neutron scattering experiment has shown two aspects
of Zn doping. First, it found that Zn shortened the correlation length of the static spin
density wave {20]. Second, it found that the Zn shifted the spectral weight to lower
energy, a fact consistent with the idea that Zn serves to stabilize a short range order
in density wave state which might otherwise be purely dynamic

This issue of microscopic phase separation is of current interest. Based on in-
commensurate neutron scattering data from LSCO (recently also observed in YBCO
[23]), it has been proposed that the cuprates develop stripes at low temperature in
certain doping regimes [19] [20]. Here the stripes refer to microscopically phase sepa-
rated insulating and metallic regions forming spin and charge ordered one-dimensional
structures [24] - [30]. While the interpretation of neutron data is plausible, the exper-
imental evidence for charge ordering remains elusive at present. Except for the case of
Nd doped LSCO, no evidence of charge ordering has been detected. Zn doped Bi2212
may be a good system for an angle resolved photoelectron spectroscopy (ARPES)
investigation of this issue. First, Zn doping is found to enhance the T. suppression
and other anomalies near § doping in LSCO [22], YBCO [23], and Y doped Bi2212
[31). The § anomaly is thought to be associated with the stripe instability [19]. Sec-
ond, from what we will show later, Zn impurities dramatically alter the electronic
structure along the (0,0) to (m,7) line. This data can be rationalized by the fact
that Zn induces an antiferromagnetic region around it and enhances the local charge
inhomogeneity.

By using ARPES, we will explore these aspects in detail. Over the last decade
ARPES has played an important role in advancing our understanding of the low en-
ergy single particle excitations in these novel superconductors, starting with the ob-
servation of band like features [32]. Most notably, ARPES facilitated the observation
of the d-wave superconducting gap structure as well as the normal state pseudogap
[33] [34] [35] [36]. Several groups have attempted to study the impurity doping ef-
fects of the electronic structure using ARPES. Quitmann et al. {37] have performed
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room temperature ARPES of Ni and Co doped Bi2212 to address the changes of the
electronic structure in the normal state but not the changes in the superconducting
state. Our experiments on Bi2212 will address both the normal and superconducting
states. Gu et al. [38] have attempted to study Zn and Co doped YBCO for which
the superconducting property of the CuQ, planes is complicated by the surface chain
signal [39]; Bi2212 lacks the surface chain complication of YBCO.

8.2 Experimental

Single crystals of Bi;SreCa(Cui-;Zn,)20s4s (Zn doped Bi2212, x=0.006,0.01) were
prepared using a traveling solvent floating zone method [40] [41]. These crystals
were characterized according to T, and the Zn concentration, which was determined
by electron probe microanalysis (EPMA). The crystals were grown under the nomi-
nal condition to produce optimal doping, with T. of the Zn doped samples ranging
from 83K to 78K. The transition widths vary from 3-5K according to susceptibil-
ity measurements, indicating the high quality of these crystals. The single phase of
the samples was verified by X-ray scattering. X-ray rocking curves indicate that the
crystalline quality of the Zn doped Bi2212 is comparable to that of the pure Bi2212;
the presence of stacking faults was checked by taking the rocking curves of the (0,0,¢)
X-ray diffraction peaks and the results were comparable between pure Bi2212 and our
Zn doped Bi2212 [40]. In addition, Laue back scattered X-ray diffraction was done
for alignment purposes and no difference was detected between the standard and the
Zn doped sample. In this paper, data from 3 samples of pure Bi2212 are presented
with T,~91K, 89K and 88K. The former two reveal themselves to be typical samples
of high quality, but the last one with a critical temperature of 88K exhibits behavior
between the ones closer to optimal doping and the ones doped with Zn. Therefore,
we conjectured that the 88K sample had some unknown impurities. Attempts were
made to determine the stoichiometry more precisely via EPMA, but owing to the
number of species in the compound and the low concentration of the impurity, this
was difficult with conventional means. While this may seem strange to include, it is

nevertheless presented to make a connection to our previously published results [42]



CHAPTER 8. PHOTOEMISSION STUDIES ON ZN-BSCCO 69

and to provide continuity of our work. This paper is also an homage to the previ-
ously neglected subtleties on our part associated with this kind of doping in Bi2212.
Therefore, we elucidate our old results in light of our new findings.

Data in Figs. 8.1, 8.2, 8.3, 8.4, 8.5 were recorded with a Vacuum Science Workshop
analyzer attached to beamline 5-3 of the Stanford Synchrotron Radiation Laboratory
(SSRL). The total energy resolution was typically 35meV and the angular resolution
was +1°. The nominal chamber pressure during the measurement was 2-3x10~! torr
and the photon energy used was 22.4eV. At this photon energy an ARPES spectrum
mimics the spectral function, A(k,w) [43], weighted by the appropriate factors, such
as matrix elements, the Fermi function, etc. The ARPES spectra in the remaining
data were recorded with a Scienta analyzer attached to beamline 10 of the Advanced
Light Source (ALS). The total energy resolution was typically 15meV and the angular
resolution was +0.15° with the spectrometer operating in angle mode. The nominal
chamber pressure was 6x107!! torr and the photon energy used was 25eV. Spectra
from SSRL were taken within 10-12 hours of cleaving so as to minimize aging effects
as previously reported [33] [44]. Spectra from ALS were taken within a shorter time
to compensate for additional aging caused by the higher photon flux. With the SSRL
apparatus, we can only take selected k points in order to have spectra with low enough
‘statistical noise to identify subtle changes in the lineshape. With the ALS apparatus
we can take about 40 spectra at the same time with 0.15°-0.3° spacing. The flatness
of the surfaces of the pure and Zn doped samples was verified by laser reflection
patterns after the samples were cleaved in situ. Fermi levels were determined by a

gold reference sample in electrical contact to the samples.

8.3 Electronic Structure Evolution

In this section we report detailed results of ARPES on the nature of the Zn doping
effect on the electronic structure of the Zn doped Bi2212 system. We found significant
changes in the electronic structure near the Fermi level with a small amount of Zn
doping. Along the (0,0) to (m,n) direction, Zn doping essentially wipes out the
otherwise well defined spectral peak [45] in samples with T, as high as 83K. This
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behavior contrasts strongly to the case where scattering impurities are located off
the CuO; plane as well as to the case of an underdoped CuO; plane. Zn doping
also causes systematic changes in data near (m,0), which is close to the anti-node
region of the d-wave pairing state. Indeed, the superconducting gap is decreased
as one would expect from pair breaking considerations. At the same time, the dip
seems almost gone in Zn doped Bi2212. This suggests an interesting evolution of the
(m,0) superconducting spectrum as the traditionally two distinct features (the broad
incoherent peak and the sharp spectral peak) seem to evolve simultaneously with Zn

doping.

8.3.1 Experimental Observation

Fig. 8.1 presents ARPES data at selected k-space points along (0,0) to (w,7) for
pure, Zn doped, Dy doped and underdoped samples. Two sets of data from the pure
and the Zn doped samples are shown to illustrate the reproducibility. These points
were chosen for their proximity to the Fermi surface and were spaced sufficiently in
momentum to reveal the behavior of the Fermi level crossing. For data from pure
sample in Fig. 8.1a-b, we see a relatively sharp feature disperse across E; in the
expected way. As the peak gets closer to the Fermi level, it apparently narrows in
width and, at some point, loses intensity until it ultimately vanishes. This observation
is consistent with previous work [32] [34] [35] [36], and much of the peak width is
attributable to angular and energy resolutions. This general behavior is qualitatively
‘what one expects of a quasiparticle. For data from the Zn doped samples from
Fig. 8.1c-d, the dramatic difference is readily apparent. The spectral peak is wiped
out with no sharp feature seen at the expected crossing or before it [46]. (We note
in Fig. 8.1d that the peak is not recovered upon cooling.) For comparison, Fig. 8.1e-
f reproduces our results from two underdoped samples in similar k-space locations
[34]. The underdoping in these samples (T, near 65K for both) was achieved either
by removing oxygen or by substituting 10% Ca by Dy. In both cases the feature
along I'Y remains fairly sharp; this contrasts strongly with data from the Zn doped
samples in Fig. 8.1c-d. For the 10% Dy doped sample there is the additional effect of
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scattering by Dy impurities, whose concentration is much higher than that of the Zn
impurities. It is clear that the Zn impurities in the CuO, plane did far more damage
to the quasiparticle peak than the more highly concentrated Dy impurities, which are
located in the Ca plane sandwiched by the CuO, planes.

Fig. 8.2 shows the (7,0) spectra of the pure and the Zn doped samples and repro-
duces previously published results on overdoped and underdoped samples for com-
parison. Unlike the I'Y line as shown in Fig. 8.1, the normal state spectra of the pure
and Zn doped samples are similar in this region of k-space. Both samples show very
sharp peaks in the superconducting state. The fact that one can see such a sharp
peak below T, in Zn doped samples gave us confidence on the intrinsic nature of the
very broad feature in Fig. 8.1c-d. It is possible that a disordered surface can produce
the effect seen in Fig. 8.1c-d, however the coexistence of a disordered surface and the
sharp feature seen in the data at (,0) is unlikely.

There are several subtle but important differences between the (,0) supercon-
ducting spectra for the pure and Zn doped samples. Readily apparent is the fact that
there is virtually no dip at the higher binding energy side of the sharp peak in the Zn
doped samples, whereas the dip is clearly visible in the pure sample as found before
[47] [48]. The superconducting quasiparticle peak is also broader in the Zn doped
sample, implying a stronger scattering rate. In the Zn free sample, the peak width
is resolution limited. While the spectral weight of the Zn free sample is balanced
above and below T, the spectral weight of the Zn doped sample is increased at lower
temperature because of the sharp peak’s development. Two changes in the spectra
contribute to this imbalance: the dip no longer exists and the peak is significantly
broadened, even though it has the same relative maximum. The sum rule of A(k,w)
requires spectral weight to come from other locations in energy and/or momentum
space. We will address this point later.

Another significant observation in Fig. 8.2a is that the sharp peak in the Zn doped
sample shifts to lower binding energy as compared to that of the Zn free sample. This
can be interpreted as the size of the superconducting gap being suppressed in the Zn
doped sample. In the literature, the size of the energy gap in photoemission is often

characterized by the position of the leading edge midpoint in the spectra recorded
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at the underlying Fermi surface [33] [34] [35] [36]. In this case, because the peak is
appreciably broadened in the Zn doped sample, the leading edge analysis is not ideal.
We use the quasiparticle peak position as a way to characterize the gap. Here, we use
the (m,0) peak even though it is not exactly at the Fermi crossing. However, since the
band dispersion is very flat in this region, we can use it to track the relative change
in the gap size.

The relative changes of the peak in Fig. 8.2a suggest the superconducting gap is
suppressed in the Zn doped samples. Note the difference in the rate of A suppression
and T, suppression as a function of Zn doping. It is clear that the gap is severely
suppressed in the Zn doped samples, given the modest T, decrease at this doping
level. This was consistent with an earlier conclusion that T, and gap are not directly
related energy scales [24]. A possible scenario is that T, is not limited by pairing
strength but by phase fluctuation effects [49] [50] [51]. It is also worth noting that
the normal state spectrum at (m,0) of the Zn doped sample is cut off by the Fermi
function, ruling out the existence of the normal state pseudogap. This is not the
case for Zn free Bi2212 in Fig. 8.2a. This finding can be interpreted as Zn doping
suppressing the pseudogap or creating low lying excitations inside the gap as reported
by other experiments [17] [18].

Summarizing data from Figs. 8.1 and 8.2, we observed correlated changes of the
electronic structure as a function of Zn doping: the strong suppression of the quasipar-
ticle along the I'Y line; the suppression of the superconducting gap; the broadening

of the superconducting peak and the suppression of the dip near («,0).

8.3.2 Discussion of Electronic Structure Evolution Results

The experimental data presented raise several interesting points about impurity dop-
ing in the cuprates. The first and foremost has to do with whether the conduction
mechanism can be described by quasiparticle dynamics. The dramatic differences in
the ARPES data of Fig. 8.1c-d with a small amount of Zn doping is unexpected from
the doping dependence studies of other materials. Photoemission is a signal averag-

ing experiment and is usually quite insensitive to a small amount of doping change,
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unlike the case here. In transition metal oxides one usually sees only subtle changes
with doping variation up to 10-20% [52]. In ordinary metals like Cu or Al the spectra
do not change with a very small amount of impurities. This is not the case for Zn
doping; the spectra change dramatically. The fact that the change in the Zn spectra
in the normal state was consistent with the change in the superconducting state gave
us confidence on the intrinsic nature of this effect (again we note that the very sharp
peak below T, at (7,0) shows it was not due to a contaminated surface). The mag-
nitude of the change with a relatively small amount of Zn suggests the system may
be very close to a certain instability, and the effect of the Zn impurity is amplified
by this intrinsic instability. In Zn free samples the sharp, dispersive feature along the
['Y direction resembles what one would expect from quasiparticles with well defined
k, although the feature is still too broad for this description. On the other hand, Zn
doped Bi2212 showed that there is no quasiparticle with well defined k at all in this
direction. Given the modest change of T., the change seen in Fig. 8.1c-d is quite re-
markable. It suggests that normal state quasiparticles with well defined momenta are
not essential for superconductivity. The observed change of the low energy electronic
structure in Fig. 8.1c-d is consistent with reports from other experiments. NMR,
specific heat, microwave, optics, and transport experiments indicate that Zn doping
alters the residual density of states [10] - [13] [21] and affects the low energy and spin
dynamics [15] - [19]. The k-resolved information from ARPES is new.
| To emphasize the peculiar effect of only a tiny amount of Zn (0.6%, average con-
centration), we wish to examine what one would expect from simple considerations.
Naively, one would think that Zn doping causes scattering in the CuQO; plane, and this
would cause an angular averaging effect; this is similar to the scattering of an incident
electron with wavenumber k by an impurity and mixing with the scattered spherical
wave, which is made of a range of k. To mimic this process we averaged the spectra
from the six angles in Fig. 8.1a and still obtained a reasonably sharp peak (upper-
most curve of Fig. 8.1a). As parallel cuts are similar in the nearby regions, inclusion
of these cuts in the averaging process would give a similar effect to what we have
done here. The averaged data still had a sharper structure than those in Fig. 8.1c-d.
Considering the Zn doping is only 0.6%, the scattering effect would be much less than
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the averaging process as we have done here even if Zn acts as a scatterer. Therefore,
the notion of Zn being a simple scatterer seems insufficient to explain the effect seen
in Fig. 8.1c-d. An alternate hypothesis is required. It may be that the Zn impurities
induce some collective effects like the ones suggested by neutron experiments. One
collective effect is that Zn impurities induce long range antiferromagnetic order that
co-exists with the spin-Peierls transition seen in in Cu;_,Zn,GeOs [53] [54] [55].

Another is that the Zn impurities may pin the dynamical stripes [16] [19]. We
will now explore whether this idea provides a self consistent explanation to our data.
Specifically, we want to see whether the data are compatible with the idea that Zn
impurities pin the dynamical stripes. There are two reasons for us to consider this
possibility. The first has to do with transport experiments at 3 doping [22]. It has
been strongly suggested that the T, suppression and other transport anomalies at
+ doping are related to the stripe instability [19]. The work on Zn-Y doped Bi2212
is particularly relevant to our discussion here [31]. In Zn doped cases (2-3%), it is
found that the electrical resistivity and thermoelectric power exhibit less metallic
behavior than usual near a doping level of %. At the same time, T.’s for samples
near a doping level of é are also anomalously suppressed. These results suggest
that the Zn doped Bi2212 system has certain similarity to the LSCO system where
data are interpreted as possible evidence that Zn pins the dynamical stripes. The
second reason concerns results from neutron experiments. Recent neutron scattering
data from Zn doped LSCO indicate that Zn doping shifts the spectral weight of the
incommensurate peaks at (7, m£J7) to lower frequencies [16]. As the incommensurate
peaks are interpreted as scattering from dynamical stripes [19], the downward shift
of spectral weight has been interpreted as stablization of the dynamic stripes [16].
On the other hand, it is also found that Zn broadened the incommensurate neutron
peak, which indicates that Zn doping disrupts the long range order and shortens the
correlation length. Hence, it appears that a random distribution of Zn impurities
shortens the long range correlation but stabilizes the short range correlation which
would otherwise be more dynamic [19].

Now, we wish to draw upon the phenomenological similarities between the ARPES
data for LSCO and Bi2212 along (0,0) to (7, n). Empirically, ARPES features along
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(0,0) to (m, ) are always sharp, even in underdoped materials (Fig. 8.1e-f). This is
also the case for YBCO and Bi2212 systems [39] [56] [57] [58] as well as the insulating
SraCu0,Cl; and Cay;Cu02Cly [59]. The only cuprate that violates this empirical
rule is the LSCO system. The data from LSCO system show strong resemblances
to that of the Zn doped system here [60]. In the LSCO case spectra along the
(0,0) to (m,7) direction are found to be extremely broad, while one can still see
well defined peaks near (m,0) for highly doped cases - a fact that shows that the
extremely broad feature along the (0,0) to (7, 7) direction is not due to a bad surface.
With the increase of Sr doping, the change of the spectra along (0,0) to (7, 7) is not
monotonic. For x<0.05, one sees a broad dispersive feature that behaves like the
feature seen in the insulating Sr;CuQ,Cl;. For 0.05<x<0.15, one hardly sees any
dispersive feature at all. For x>0.2 one again sees a dispersive feature that shows a
clear Fermi level crossing. Hence, the broadness of the feature along (0,0) to (7, ) is
not simply due to the random disorder of the Sr impurities as the Sr content increases
monotonically. There is another likely contribution to the broadness of the features,
and the contribution might be connected to the intrinsic electronic inhomogeneity.
Based on neutron experiments, the evidence for stripe correlation is strongest in the
LSCO system and is most visible in the doping range near § [19]. Given the similarity
of the data from Zn doped Bi2212 and from LSCO, one may wonder whether the
destruction of the spectral peak along (0,0) to (m,7) in the Zn samples is also related
to the electronic inhomogeneity. This issue is also related to the recent transport
measurement on Zn-Y doped Bi2212 [31].

Extensive numerical calculations using Hubbard or t-J models have been carried
out on small cluster samples [61]. The systematics of the spectral lineshapes seen in
Bi2212, YBCO, Sr,Cu0;Cl,, Nd;_,Ce,CuQy, as well as the doping dependence, can
very well be accounted for by these calculations. However, the spectral behavior of Zn
doped Bi2212 and LSCO cannot be explained by these calculations even qualitatively.
All calculations produce a sharp structure along (0,0) to (7, ), even when additional
parameters such as t’ and t” are included [62]. On the other hand, an exact diagonal-
ization of the spectral function shows that an introduction of attractive forces along

the (7, 0) or (0, 7) directions strongly suppresses the quasiparticle-pole strength along
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(0,0) to (m,m) direction [63]. These forces were introduced to simulate the effects of
stripes on the electronic structure, although the origin of stripes is unclear. In an-
other calculation on the t-J model, it is found that a Zn vacancy pins the domain
wall, similar to the case where a Zn vacancy bounds a hole of d,2_,2 symmetry [64].
Summarizing the above discussion, it appears that the scenario of electronic phase
separation can provide a self consistent accounting of the data. However, the above
interpretation is not unique, and ¢
1D order.

Alternatively, the interpretation of the data may come from a more phenomeno-
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logical viewpoint. Zn does have an effect on the electronic properties of the cuprates.
One particular result is that Zn induces local moments on neighboring Cu sites [8]
[65]. This glassy array of antiferromagnetic droplets will probably become more or-
dered as the temperature is lowered [66]. This will affect the electronic structure,

and it is possible that the phenomena here are just manifestations of that fact. At

rr
272

the same time, quasiparticles at (%, %) may suffer significant scattering, resulting in
the washed out features we see here. The spectral lineshape changes at (w,0) are not
surprising as Zn has an effect on the superfluid density, n,. According to Nachumi
et al. [67], the Zn impurity acts as a dead center for n,. This pocket of no super-
fluid extends over an area of &%, where £ is the in-plane coherence length. This also
says that the volume available for superconductivity is reduced, and this ought to
be reflected as a decrease in n,. Comparing the relative strength of the (r,0) peak
with and without Zn, it is hard to say that the data points towards this conclusion.
Furthermore, one should compare samples with the same §, and that has been a hard
parameter to control in the growth of Bi2212. It should be noted that while we have
included this for the sake of discussion, the role of Zn in forming local moments in
underdoped cuprates is still an open issue [68].

The next issue concerns the spectral lineshape of the photoemission experiments.
The systematic changes in ARPES data with Zn doping provide a new perspective on
several long standing problems about the unusual photoemission lineshape observed

in high T, superconductors. These problems can best be illustrated by the spectral
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lineshape change at (7,0) above and below T., as shown in Fig. 8.2. As the temper-
ature is lowered below T, a sharp quasiparticle peak emerges at the low energy edge
of the broad normal state feature accompanied by a dip structure at higher energy.
In Zn doped Bi2212 the dip is gone, but the peak persists and even gains intensity as
it is broadened but with roughly similar height. It is often assumed that the sharp
peak develops below T, because of an increase in quasiparticle lifetime, which is inde-
pendently measured in other experiments [69] [70]. The traditional interpretation of
the peak and dip structure is associated with the electronic pairing mechanism {72].
In this case, the peak is the superconducting quasiparticle at gap energy A (for the
case when the normal state quasiparticle peak is at the Fermi level) and the dip is
caused by the suppression of the spectral weight between the energy A and 3A as
the electronic medium itself is gapped. More recently, a phenomenological self-energy
was proposed to explain the peak and the dip in a very similar spirit {73]. In both of
these cases, the dip and the peak go hand in hand because they are manifestations
of the same self-energy change.

The data from Zn doped Bi2212 add to a list of puzzles associated with the above
interpretation as Zn doping kills the dip without diminishing the intensity of the
peak so that the peak and dip do not necessarily follow each other. The other puzzles
are represented by the following examples. First, the expectation of spectral weight
suppression between A and 3A is based on a very general argument compatible with
any electronic pairing mechanism so that the dip will appear as long as the electronic
excitation spectrum opens a gap. This expectation is in strong contrast to the fact
that one does not see a dip structure in the pseudogap state of the underdoped samples
where the electronic excitation spectrum opens a gap [35]. It is also very strange
that the sharp peak emerges only below T, in the underdoped samples although
the spectrum is gapped well above T, as if the single particle spectral function is
sensitive to the superconducting order. Further, the intensity of the sharp peak shows
a monotonic correlation with doping and, thus, the superfluid density. These empirical
observations are not compatible with the conventional wisdom that the single particle
spectral function should not be sensitive to the superconducting condensate. In fact,

‘we believe this puzzle is a very important clue and its understanding will lead to a
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deeper insight into these materials. Second, the sharp peak and the broad feature
at higher binding energy side of the dip seem to behave independently [74]. Fig. 8.2
shows the (7,0) spectra in the superconducting state with different doping. It is clear
that the energy of the superconducting peak hardly changes, but the broad feature and
the shape of the dip change significantly. Third, the photoemission spectra obtained
in the normal state of the doped superconductor show a striking resemblance to that
of the insulator, albeit the energy position of the broad feature near (7, 0) evolves with
different doping. Finally, we have to consider the fact that the peak and dip structures
are not seen in YBCO. Despite the chain complication, we can still get the consistent
result about the Fermi surface, the d-wave gap, and the sharp peak at X (m,0) in
YBCO [39]. However, the dip structure is not seen even in measurements where the
sample is cleaved and kept at 10K continuously. The above puzzles suggest that
we may need to re-evaluate the problem in a very different way, as the conventional

wisdom cannot explain the data.

8.4 Temperature Dependence

In this section we report the temperature induced ARPES spectral change in Zn
doped Bi2212. As with the spectra themselves, the temperature induced change
varies with doping. With the increase of Zn impurities in the samples, we see a
strong temperature dependence in the data. Furthermore, the temperature induced
spectral change extends to very high energy in Zn doped samples. Empirically, the
temperature dependence of the overdoped metal is much weaker than that of the
undoped insulator [75]. In the later case, the temperature dependence persists up to
an energy scale of about an electron volt. Since the carrier density is not changed
with Zn substitution of Cu, the enhanced temperature dependence is consistent with
the idea that Zn creates antiferromagnetic regions around it which exhibit stronger
temperature dependence.

If Zn enhances the tendency of microscopic phase separation, the next question is
whether the phase separation takes the form of 1D stripes as transport experiments

seem to suggest [31]. The key difficulty lies in the fact that the traditional tools
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(e.g. X-ray or electron scattering) are sensitive to all electrons in the system, while
the charge ordering, if present, occurs for electrons close to the Fermi level. This
‘large background’ signal from other electrons makes the detection of any charge
density wave very difficult. Angle resolved photoemission may provide an opportunity
to address this important and current issue as one can view ARPES as a kind of
photoelectron diffraction experiment. Since the ARPES data near E; probe only
the last valence electron, it is naturally more sensitive to charge inhomogeneities as
it discriminates against the background signal from other electrons. Further, the
relatively low kinetic energy of these photoelectrons make them more sensitive to
any charge density modulation than the high energy electrons and X-rays used in
typical experiments. The complication, of course, is that these photoemitted valence
electrons will be multiply scattered by other electrons (including the core electron) - a
complex process itself is the source of information and, thus, cannot be avoided. This
will reduce the sensitivity and increase the difficulty in the data analysis. Nonetheless,
ARPES may still have higher sensitivity as it has the energy selectivity so one can
probe specific orbitals.

Motivated by this consideration, we have made attempts to use ARPES to inves-
‘tigate the issue of charge stripes in cuprates. If charge stripes develop at low tem-
peratures, as indirectly suggested by neutron scattering experiments, it may diffract
the photoelectrons and cause a k-dependent change in integrated spectral weight,
n(k). In an earlier report [42], we presented data that suggested a q dependent spec-
tral weight shift, and we have attributed that to the stripe instability because the
Q value so determined is quite close to what one expects from charge stripes. We
have also observed the enhanced effect of the g dependent spectral weight shift in the
Zn doped samples. This latter aspect of the data, however, exhibits strong scatter
and cannot be made unambiguous. Therefore, we have also detailed the uncertainties
associated with our interpretation of the q shift of the spectral weight and its connec-
tion with charge stripes. In this context, we have also discussed the claim that the
spectral weight to be temperature independent [76]. We disagree with this premise
and we show the prior data and claims of the same authors actually pointed to the

contrary. We believe there are systematic changes of the spectra with temperature
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which depend on the doping and impurity concentration in the sample. On the other
hand, the connection between the temperature dependence in the ARPES data and
the stripe picture is not as straightforward as we have suggested [42], largely due to
experimental uncertainties such as sample aging. Despite this, our recent work on
Bi2212 systems has found a straight Fermi surface segment that strongly resembles
the Fermi surface of the stripe phase in La; 2sNdgeSro12CuOy4 [77]. This suggests
that the charge stripe feature does exist in Bi2212, although the stripes are weaker
as one can see the presence of quasiparticle like features near the d-wave node line.

The quasiparticle state is strongly suppressed in Nd-LSCO where static stripes exist.

8.4.1 Experimental Observation

Fig. 8.3 shows ARPES data from pure and Zn doped samples. Again, two sets of
data from Zn doped samples (Fig. 8.3d-e) were presented to illustrate reproducibility.
Samples in Fig. 8.3a-b are pure Bi2212 sample while sample in Fig. 8.3c behaves as if
it contains impurities. The first qualitative observation is that the Zn doped samples
show a stronger temperature dependence. This temperature dependence correlates
with the change of the spectral lineshape, with the Zn doped samples having a larger
steplike background relative to the broad peak. As the temperature is lowered, a
sharp peak develops near (0.87,0) — (7,0), but without a dip structure (Fig. 8.2a).
The temperature induced change persists to very high energy. This is more clearly
visible in the spectral lineshape of the sample in Fig. 8.3d. When the peak moves
away from E;, the spectra for the two temperatures have different curvatures, with
the 100K spectra being concave down and the 20K spectra being concave up. This
behavior is beyond experimental uncertainties as we will discuss later. The enhanced
temperature dependence with Zn doping is consistent with the empirical result that
the temperature dependence of ARPES gets stronger as the magnetic correlations
get stronger. In SroCuO,Cl; we see a much stronger temperature dependence on an
energy scale of approximately 1eV [75]. Sr,Cu0,Cl; is a Mott insulator with strong
magnetic correlation. In addition, the charge ordered manganite, ProsSrgsMnOs3

shows a temperature dependence of spectral weight up to 1.2eV [78]. To contrast,
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overdoped Bi2201 (the one plane version of Bi2212) with weak magnetic correlation
does not show much temperature dependence (see next paragraph). If Zn induces a
local antiferromagnetic region around itself, it will presumably show a strong tem-
perature dependence. This lends itself to the idea that Zn strengthens the tendency
of microscopic phase separation.

We now move to the second aspect of the temperature dependence of the ARPES
spectra from the Zn doped samples. While the spectral weight is gained near (r,0),
it is reduced near (0.37,0) — (0.57,0). At first glance, it appears there is a q depen-
dent spectral weight shift [42]. The data from the two Zn doped samples are quite
consistent with each other although they do differ in subtle ways. Judging from the
sharpness of the feature, the sample in Fig. 8.3e is more overdoped than sample in
Fig. 8.3d. As shown before, ARPES lineshapes are extremely sensitive to doping
changes [35] [36]. To check whether the apparatus worked appropriately, we show in
Fig. 8.4 ARPES data recorded at 20K and 100K for two Bi2201 samples taken under
identical conditions as those of Bi2212 samples. As the temperature is lowered, the
two sets of data match to within our error. In our experimental runs we checked the
Bi2201 many times; the fact that they matched so well in all cases gave us confidence
that the experimental apparatus worked properly. It is important to note that the
calibration run using Bi2201 was not done across the superconducting transition so
no significant lineshape change was involved and the situation was simpler.

While samples in Fig. 8.3a-b do not show any change in n(k) with temperature,
samples in Fig. 8.3c,d,e show subtle changes. Fig. 8.5 depicts the integrated spectral
weight, n(k)= fA(w,k) f(w) dw versus |k| for the samples in Fig. 8.3b,c,d. Note that
the n(k) curves have different shapes so the change cannot be simply corrected by
a shift in k (or a tilt in angle) meaning the difference cannot be trivially attributed
to angular irreproducibility with temperature. This point will be elaborated upon
in detail later. Taken naively, it appears that the spectral weight is shifted from
k~(0.37,0) — (0.57,0) to (0.87,0) — (m,0) region with a |Q| of about 0.47 — 0.57.
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8.4.2 Discussion of Temperature Dependence Results

Because the Q value of (0.47,0) ~ (0.57,0) is quite similar to what one expects
from stripes, we attributed this q shift to the stripe instability [42]. We were further
encouraged by the fact that the q shift is more pronounced in Zn doped samples
because Zn doping presumably enhanced the % anomaly. This is also consistent with
-the fact that the spectra along (0,0) to (7, ) direction of Zn doped samples look like
that of LSCO where the evidence for stripes is the strongest [19] [22]. However, there
are some important points to be addressed within that interpretation.

One important issue is whether this effect of a change in n(k) was due to angu-
lar misalignment on our part. It is emphatically stated that our results were repro-
ducible and exhaustively studied. The following statements are included to emphasize
resoundingly the veracity of the qualitative aspect of this observation if not the quan-
titative as well. For the sake of argument, it is conjectured that the variation in n(k)
is due to some angular mismatch in going from above T, to below T.. To explore this
possibility, we utilized an ARPES system with finer momentum (angular) resolving
power than previously used. The difference is at least a factor of seven better than
that for the typical ARPES system. The resulting data (taken in angle mode) is
presented for a Bi,SroCa(Cug.99Zno 01)20s+s sample in Fig. 8.6. Data is presented for
both an aged and a fresh sample. It is noted that no pair of hot and cold curves over-
lay each other, that is to say, assuming some kind of angular misalignment in cooling
the apparatus, one would expect a given high temperature curve to have some match
among the group of cooler curves. That is not the case. A realistic question would
be if sample aging contributed to this effect. It is noted that the intentionally aged
sample also has no pair of matching curves. Now, of course, thermal broadening must
be taken into account as well as the fact that there is some amount of change due
to the superconducting state especially near (7,0). However, the points chosen were
not close to (m,0) and thermal broadening of this magnitude does not account for
the differences seen. To investigate this even further, the spectral weight was inte-
grated for both samples and plotted versus k in Fig. 8.7. The data from the fresh
Zn sample reproduces the results of Fig. 8.3 and Fig. 8.5 and are consistent with our

earlier results [42]. The reader can readily discern that in the very least, the shapes
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of the n(k) do not match one another, either for the fresh or aged sample, no matter
how they are translated in k (an action correcting for the supposed angular misalign-
ment). Although the interpretation of the data may change in light of new findings
or information, the experimental observation of this effect is without question.

An additional issue to be addressed concerns periodicity of the Q structure. A
central premise in solid state physics is that periodicity seen in the first Brillouin
zone at q should also be seen at q+G in the second Brillouin zone, where G is
the usual reciprocal lattice vector. That is to say that the effect we found between
[0, 7] should be realized between [r,27] as well. This observation would confirm our
estimate of |Q| and establish a true periodicity. However much this is desired, the
experiment, nonetheless, dictates its impracticality. This would involve the sampling
of more points, which would increase the likelihood of aging effects, which have been
so detrimental to the experimental act. However, in an attempt to satisfy a probable
and fair question on the part of the reader, we utilized our system at ALS with the
higher photon flux and sampling density. Our results on a Zn doped sample are
shown in Fig. 8.8 as an n(k) plot extending into the second Brillouin zone. What this
plot shows is the suppressed spectral weight between [7,27]. This is most likely due
to matrix element effects [43]. The error bars in the second zone comprise a larger
percentage of the total as compared to the first zone. Taking a difference of these
above and below T. would be less informative than doing so in the first zone, and we
are already pushing the experimental limitations of our apparatus. It is possible to
revisit this question.

It has been recently been suggested that n(k) should be temperature independent.
Further, all temperature induced changes are confined in the window of 3A with A
being the superconducting gap [43]. Following that assumption, any temperature
dependence ought to be attributable to experimental artifact. However, after careful
consideration of some key results, we find the assertion of spectral weight conservation
to be inconsistent. Fig. 8.9 reproduces data [43] published by the same authors cited
in ref. 76 as a proof for the lack of temperature dependence [43]. In ref. 43, in distinct
contrast to ref. 76, the same authors state that spectral weight is conserved for k=k¢

but is not conserved for k#k; (which is the region of relevance). After subtracting
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out temperature dependent background, the same authors claimed a 10% change in
spectral weight between T=13K and T=105K. While the reason for this inconsistency
of claims by the same authors needs to be investigated, it is clear that the claim of
spectral weight conservation has not been established contrary to ref. 76.

Some other points are in order concerning the issue of angular misalignment [76].
The n(k) curves (see Fig. 8.5 and Fig. 8.7) show shape changes with temperature that
cannot be explained by a rigid angular shift, as discussed earlier. In other words, one
cannot slide the two n(k) curves at different temperatures to match each other be-
cause they have different shapes, contrary to the example of ref. 76. As shown by
the results of Fig. 8.4, the experimental setup works appropriately. The fact that the
spectra at two temperatures match so well in the Bi2201 samples in all cases rule out
the possibility of angle tilt of our sample manipulator as the temperature changed.
Any possible angle shift can only stem from the mechanical flatness of the sample
‘surface which is a random quantity. However, we have observed a strong correlation
between the q shift and other electronic structure changes: the destruction of the
normal state quasiparticle along the (m, ) direction, the suppression of the supercon-
ducting gap, the broadening of the superconducting peak, and the suppression of the
superconducting dip near (7,0). While the surface flatness can introduce error, this
random variable alone cannot explain the systematic changes observed.

To further test the issue of charge stripes in Bi2212, we need to find a better
way to passivate the surface. Although Bi2212 has a very stable surface in compar-
ison to most cuprate samples, it appears that it is not stable enough if one wants
to detect very subtle effects on the scale of a few percent unless extreme care is
taken with respect to vacuum quality. This is the main source of uncertainty of our
previous result [42]. Rather than wrestle further with this uncertainty, perhaps an
alternative methodology would serve. To test the idea of stripes, we need to study
materials where the evidence for stripes from other experiments is unambiguous (this
will establish what one should expect from stripes, although some theoretical ideas
have already been proposed). This has been done recently in the stripe phase of
Lay 28Ndo6Sr0.12CuOy4 [79]. The effect is very strong so a modulation of n(k) with

0.57 periodicity is seen without the need to do the difference curve. More recently,
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we have used an alternative approach to the problem by looking at the Fermi surface
nesting feature which is strongly present in the stripe phase [79]. With a global map-
ping in n(k), we have found clear Fermi surface nesting features similar to those seen
in the static charge order phase [77]. This does support the notion of the presence of
stripes even in Bi2212 when one looks at the data with high frequency. However, the
stripe instability is weaker in Bi2212 than in the LSCO system. In Bi2212, one can

still see a quasiparticle like feature along (7, 7) direction while this is totally absent

in LSCO.

8.5 Summary

In conclusion, we recast the most important qualitative observation of our experiment
- the destruction of the quasiparticle peak along I'Y with relatively small amounts
of Zn impurities. Whatever the microscopic mechanism causing the change, be it
simple impurity scattering or some random pinning of the phase separated domains,
this observation is significant to the understanding of the relevance of quasiparticles
in the normal state. Data in Fig. 8.1a,b,e,f may reasonably be interpreted within the
context of the quasiparticle picture, a concept that is the foundation of the modern
theory of solids and is extensively used to address the high T problem. Yet, one would
be very hard pressed to call the data in Fig. 8.1c-d as reflecting quasiparticles, and
superconductivity with T. as high as 83K survived. Taken naively, the existence of
conventional quasiparticles with well defined k does not seem to be necessary for the
realization of high temperature superconductivity. We also have studied temperature
dependence in the ARPES data from the Bi;SryCa(Cu;—;Zn;)20s45 system. With
Zn doping, we observed strong temperature dependence in the data which persists up
to very high energy. This observation is consistent with the idea that Zn enhances
the tendency of electronic inhomogeneity, a result consistent with NMR result [8].
We acknowledge S.A. Kellar, X.J. Zhou, and P. Bogdanov for technical help, and
R.B. Laughlin, D. S. Dessau, A.J. Millis, M. Norman, B.O. Wells, S.A. Kivelson, A.
Fujimori, D. J. Scalapino, H. Eisaki, N. Nagosa, and D. van der Marel for helpful
discussions. ARPES experiments were performed at SSRL which is operated by the
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Figure 8.1: ARPES data along (0,0) to (w,m) cut for several types of
Bi;Sr;CaCuy0s84s. The number near the spectrum indicates the k-space point. (a)
and (b) are pure with T, of 91K; (c) and (d) are Zn doped with T. of 83K; (e)
is 10% Dy doped with T. of 65K (underdoped sample); (f) is an oxygen reduced
(underdoped) with T. of 67K. All spectra were collected at 100K under comparable
conditions. For the Zn doped sample (d), spectra recorded below T, (gray line) is the
same within the experimental uncertainty. The topmost spectrum in panel (a) is the
average of the others (see text for discussion).
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Figure 8.2: ARPES spectra of BizSr,CaCuy;0Os4s recorded at (w,0) for (a) pure
(T.~91K) and Zn doped (T.~83K) in the normal (100K) and superconducting (20K)
states and for (b) pure underdoped and overdoped in the superconducting state (20K).
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Figure 8.3: ARPES data along (0,0) to (m,0) cut for BizSr2CaCuy0s4s for (a) pure
(T, ~89K); (b) pure (T, ~91K); (c) pure (T. ~88K); (d) Zn doped (T, ~78K); (e)
Zn doped (T, ~83K). 100K data are represented by the gray lines while 20K data
are represented by the black lines.
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Figure 8.4: ARPES data along 'M cut for two samples (a and b) of the overdoped
version of the one plane compound, Bi,Sr,CuQg, with T, ~8K. 100K data are repre-
sented by the gray lines while 20K data are represented by the black lines.
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Figure 8.6: Data from Bi;SryCa(Cug.99Zno.01)2084s 2long (0,0) to (w,0) cut for
T=100K(solid), 20K(gray) for (a) fresh sample and (b) aged sample. The k is in-
dicated by the position along (0,0) to (,0) in units of I given by the number to
the right for the topmost and bottom spectra. Successive pairs of spectra are evenly
spaced to show detailed evolution of the features. Data are taken in angle mode.
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Figure 8.8: n(k) along I'M for Bi;Sr,Ca(Cug g9Zng.01)20s+s extending into the second
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Figure 8.9: Data taken from ref. 43 showing near optimal Bi;Sr,CaCuzQgys (T.~87)
spectra near the M point above (105K) and below T. (13K).



Appendix A

Technical Discussion

In this appendix we will analyze the uncertainties in our experiment and address the
comments of ref. 76. We discuss three issues: sample dependence, k uncertainty due
to angle tilt, and sample aging.

The first question is sample variation. As can clearly be seen in Fig. 8.3, the
spectra along (m,0) line show a systematic variation that is strongly correlated with
changes we have reported in the preceding chapter. These changes in the spectra
with impurities are much larger than the changes with temperature and, thus, are
the first order effects. The differences are most obvious at relatively low angles (near
k~(0.37,0)-(0.47,0)) where one sees a broad maximum with a step like function
near E;. For the pure BSCCO type samples the maximum is well above the step
like background. For the Zn doped samples the maximum is only slightly above the
step. These differences are clearly related to the impurities or defects in the sample
and are strongly correlated with other changes as we detailed in the preceding paper.
This ratio appears to be less sensitive to doping variation as (a) and (b) have similar
ratios but different doping. Empirically, we see stronger temperature dependencies
in samples where the broad maximum is smaller, as in Fig. 8.3d-e. The sample that
yielded the data in Fig. 8.7, which does not show as strong temperature dependence
and q effect looks more like that of data from impure BSCCO sample in Fig. 8.3
although it has 0.6% Zn impurities. This variation of the broad peak to step like

background ratio in Zn doped samples is likely caused by nonuniformity of impurity
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distribution, but the details still need to be investigated. As will become clear later,
the authors of ref. 76 completely overlooked the spectral variation with the number of
impurities and/or defects. We disagree with this approach. In particular, we believe
the authors of ref. 76 are mistaken to extend the observation of one sample with
lineshape similar to our samples (see Fig. 1 of ref. 76) as a general observation.

The second question is whether the q shift is caused by a k-uncertainty due to
a small angle tilt resulting from sample manipulator movement with temperature.
The authors of ref. 76 showed two sets of n(k) profile with different temperatures and
found them to match if they slide the two n(k) curves relative to each other. They
then speculated that the q shift observed in our experiment is caused by the same
effect.

The simplest answer can be found in Fig. 8.5 and Fig. 8.7. The key is that the
n(k) curves at the two temperatures have different shapes, so they cannot match each
other by an angular slide in contrast to the claims of ref. 76. Therefore, the angular
uncertainty cannot be the primary explanation. We have other reasons to doubt the
angular tilt is the main source of error in our data. The fact that the spectra at
at two temperatures match so well in the Bi2201 samples in all cases rule out the
possibility of angle tilt of our sample manipulator as the temperature changed. This
leaves the sample surface flatness as the only possible pitfall in the following sense:
since the sample position moves with temperature variation (thermal expansion and
contraction), we have to reoptimize accordingly. In doing this, we may look at slightly
different spots of the sample at 100K versus 20K. If the surface is not completely flat,
one may have a small angle tilt as one moves to different parts of the sample. There
are several problems in accepting the sample flatness being the main source of error.
Primarily, sample flatness is a random variable; it is hard to believe that it would
occur only in some Bi2212 samples but not any 2201 samples. Next, assuming it
did exist, it would not be clear why such a presumably random agent would cause a
systematic effect in the data. One would expect opposite effects in our results, but
this was never seen. As an experimental procedure, we performed laser reflection tests
for all samples studied and found that our samples are optically flat; we did not find

any systematics that suggest our Zn doped samples are less flat. X-ray rocking curves
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from Zn-Bi2212 showed peaks as sharp as those from pure Bi2212 and sharper than
those from Bi2201. Finally, our samples are of 1mm? size or less, which is smaller
than the x-ray beam size of SSRL BLV so that our beam overfills the sample. The
focal point of our analyzer is of comparable size. Therefore, the likely case is that we
always look at the whole sample rather than a portion of the sample. Therefore, while
momentum uncertainty may still bring error to our experiment, it cannot explain the
systematics in the data.

The third problem is sample aging, which may turn out to be a more serious
issue than we have previously realized [42]. The data in Fig. 8.7b has signs of sample
aging as the energy integrated intensity, [n(k) dk, of the 20K data is higher than
that of the 100K data. The data at 20K were recorded later than that at 100K so
that the 20K data are from an older sample, consistent with the empirical experience
that aged samples show spectral signatures similar to overdoped Bi2212. We agree
with the authors of ref. 76 that the effect of sample aging is harder to rule out.
A difficulty with sample aging is that they do depend not only on the sequence of
experiments, they also depend on the temperature as more residual gas condenses on
the sample at lower temperature. As it stands now, we cannot rule out the possibility
that the sample aging has misled us to identify the q shift. However, we offer the
following thoughts. I)All our data were recorded in a similar vacuum of (5-6x10~!!
or better which is an order of magnitude better than 4x10'%case raised by ref. 76);
it is not clear why the q effect is more pronounced in samples with more impurities
and/or defects (as internally characterized by the larger step like background in the
Zn doped samples and impure BSCCO samples). We do not know whether defects
or impurities can accelerate the surface aging process and thus lead to systematics in
our data. We also have a feeling that the composition of the residual gas is crucial.
For example, water molecules are worse than others given the same base pressure. We
did not realize the seriousness of this problem and believe the sample aging may be
the main source of error in connecting the q shift to stripes. II)We have not yet found
a satisfactory mechanism that would allow us to explain away the q effect naturally
with aging as its cause, while keeping in mind the systematic changes of the data with

impurities that are not clearly explainable by the aging effect. We leave this as an
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open issue for further investigation. With improved surface passivation techniques,
we may be able to handle this difficult issue to provide a definitive answer. We are
devising experiments to test this. We should note that the aging effect is rather
subtle; this should not affect the qualitative conclusion of the preceding chapter.

Now we discuss a more technical problem. The idea of looking for periodicity, as
suggested in ref. 76, is valid but not practical with the current experimental setup. In
principle, the n(k) and its variation should show periodicities reflecting the underlying
crystal symmetry. Fig. 8.8 shows n(k) curves for the first two zones. It is clear that
n(k) does not have the symmetry with respect to (m,0) as one would expect from the
underlying crystal symmetry. This is a well known result and is the same with that
of ref. 76 in a smaller k-space window. This result is likely a consequence of matrix
elements effects that are not fully understood. It is also very clear that the n(k) in the
second zone is very weak, making the temperature dependence study impractical with
our current setup. The window selected in our experiment [42], (0.37,0) to (m,0),
provides the best opportunity to see anything within the limits of detection [42]. The
authors of ref. 76 should be fully aware of these practical issues; it is unclear why
they have stressed this point so much, and we believe the implication is misleading.
As general remarks, the issues raised in ref. 76 are reasonable. The problem is that
one can always make general remarks about any experiment. In this case, these
general remarks are misleading as the authors of ref. 76 associate the problems with
the specific experimental results without independent check.

Before closing, we need to point out that the alternative explanation for the spec-
tral weight change is due to strong impurity scattering and the effects of coherence
factors from Cooper pair formation. This possibility was not discussed in our previous
paper. In this case, the q shift along (0,0) to (,0) line is caused by a combination of
coherence factor effects and strong impurity scattering. In a conventional supercon-
ductor, the coherence factors affect only states near the Fermi level. In the case of
high T. superconductors, the bandwidth is narrow and the pairing potential is strong.
As a result, the whole band (or at least a significant fraction of the whole band) is
affected by the coherence factors, uz? and v;2, with the occupied part losing weight

and the empty part gaining weight. Near the region of (0.37,0) to (0.57,0), a large
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k-space region is occupied and spectral weight is lost in the superconducting state.
Near the region of (0.87,0) to (7,0), impurity scattering will mix in empty states
outside the narrow stripe of occupied region along the (0.87,0) to (7,0) line result-
ing in a gain of spectral weight in the event that there are more empty states than
occupied states in the k-space window averaged by the impurity scattering. Here,
we also have to assume that Zn doping suppressed T*, which is reasonable in light
of other experiments [18, 17|, so our measurements are above and below the pairing
temperature. For sample A of Fig. 8.3, both 100K and 20K are probably below T*
so no coherence factors difference come into play, and no q shift is observed. In this
scenario, 27 /|Q)| is roughly the Cooper pair size. Given |Q|~0.47-0.57, one obtains
a value of 20-25A, which is reasonable.

Summarizing the above discussion, it is clear that while ref. 76 raises some valuable
questions, it does not provide a satisfactory answer to the data.. The foundation
of ref. 76, which is that the previous work has established n(k) to be temperature
independent, is not factual and is in contradiction to earlier claims by the same
authors. Ref. 76 is deficient by having completely overlooked two crucial elements of
the effect - namely the crucial changes in spectral lineshape with impurities and/or
defects and the intriguing correlation with other properties. The uncertainty in k
due to angular uncertainty is a danger, but we do not believe the systematic results
in our data can be attributed mainly to this random process. Sample aging, on the

other hand, is a possibility that cannot be ruled out and could be a source of error.
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Further Discussion

Spectral weight nonconservation is an intriguing topic. A variety of studies were
performed to verify this peculiar observation. Rather than offer an analysis of this
phenomenon, this section is included merely to highlight the existence of this effect
under conditions not included in the literature.

Fig. B.1 displays data from a Ni-doped sample of BSCCO. This data is presented
to demonstrate the lack of spectral weight conservation in much the same vane as that
discussed in Section 8 and Section 7.1. This sample is reminiscent of the Zn doped and
dirty BSCCO samples in this regard. The spectral weight transfer as a function of k
is quite similar to the ones shown before. Ni acts as an intraplanar impurity in much
the same way as Zn. Comparable results between the two reinforces the notion that
the effect seems to be intrinsic to the impurity doped samples. However, we suffer
from the same uncertainty with regard to knowledge of the exact impurity doping
and quantifying the exact stoichiometries of the other elements as well. BSCCO is
inherently resistant to an exact determination of the species via chemical analysis due
to the number of elements present and the absence of known standards.

Fig. B.2 and Fig. B.3 revisit the subject of spectral weight transfer but at higher
temperatures above T.. The upshot of this is that the spectral weight nonconservation
takes place above the critical temperature as well. The spectra themselves are in
Fig. B.2. The Q shift is given pictorially in Fig. B.3 with the 20-100K data for

comparison. The same qualitative change in spectral weight is seen. If there is
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another temperature, T 4rar>T™, associated with stripe formation, then it would be
consistent with high temperature neutron data.

As an aside, the experiment done strictly above T, confirms something else as well.
O, absorption is a strong function of temperature. In fact, it happens a great deal
more rapidly at lower temperatures (T<100K) than higher temperature. If this effect
were somehow produced by the adsorbates on the sample, one expects a remarkable
difference between the low temperature set of data versus the high temperature set
of data. This was not the case so it would be hard to conclude that this effect was
related to sample aging alone. While these things are hard to quantify, this is a

strictly qualitative observation.
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(r,0)-(0,0) BioSroCa(Cu1-xNix)208+8 atT=100K(solid) and T=20K(broken)
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Figure B.1: Data from Ni(2%) doped BSCCO. The left panel is taken at five different
k-space points along I'M in the normal state (solid line) and superconducting state
(broken line). The bottom right panel shows the position of the centroid as a function

of k and the top right panel shows the spectral intensity versus k.
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Figure B.2: Data 0.9% Zn doped BSCCO (T, ~T78K taken along (0,0) to (m,).
The dashed line is data taken at 100K while the solid line is data taken at 200K.
The systematic trend of spectral weight transfer between the two temperatures is
qualitatively similar to that of Fig. 7.1. It should be noted here that if oxygen
absorption is a serious problem, the result would not have reproduced for this case
since oxygen absorption is temperature dependent.
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Figure B.3: Integrated spectral weight vs. k for the data in Fig. B.2 with data from
Fig. 7.2. Again, the simialrity between this and Fig. 7.2 is noted. The weakened
effect may be due to difference in oxygen concentration (although both are nominally

doped) or due to differences in Zn concentration (0.6% vs. 0.9%) but that is harder
to quantify according to the growers.
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Bi2278

To make an attempt at completion, the number of CuO, planes was not only reduced,
but it was also increased. We studied Bi2278 (samples obtained from Jim Eckstien
of varian Labs and UIUC) with T, of about 70K. The point of this was to see the
persistence of the d-wave gap by increasing n. It is usual to see T 4, increase with
n, however, from a photoemission standpoint, these samples typically do not cleave
well. The samples provided for this study were grown via MBE technique.

A popular notion with multi-layered cuprate materials is that the charges do not
sit uniformly throughout the layers in a given unit cell. The reason for this stems
from the conductivity between the individual planes. References for this effect are
[23] and [24]. These models suggest that the charges tend to accumulate on the
extreme layers of the unit cell. Since PES records information from only the topmost
layers, one expects a kind of overdoping effect in the spectrum, which is indeed what
is observed. However, the aim of this preliminary study was only to test for the
anisotropy of the gap, which is insensitive to the doping levels of the superconductor.

The data are shown in Fig. C.2 and Fig. C.1. Fig. C.2 displays the comparison of
two k-space points where the gap is minimum (0.347,0.347) and maximum (=, 0.27).
We find above T, the absence of a leading edge shift, while below T, a difference
develops between the two leading edges,i.e., a gap opens up. The overall lineshape is
consistent with previous experience about overdoped samples. Also, the quasiparticle

peak at (m,0.27) is reproduced in these samples as well. This is another confirmation
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of the robust nature of the superconducting gap in BSCCO. As said before, this is a
multilayer compound. Some degree of interplanar transport is expected according to
models mentioned previously. This is explored in Fig. C.1 where we fix on 3 distinct
k-space points and tune the photon energy to test for dispersion in the k, direction.
The presence of dispersion seems to suggest some three dimensionality. This data

was taken by M. Zhang et al. (unpublished) More work may elucidate this question.
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Figure C.1: 3 k-space points (indicated by the lower rt. hand panel) of 8-layer BSCCO
taken at various photon energies to show the dispersion in k,
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(0.34x,0.341) (solid) and (r,0.27)

(dotted) of 8-layer BSCCO (Tc=80K) at
T=85K,20K
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Figure C.2: 2 k-space points of Bi2278 at FS crossing to indicate the anisotropy
of the superconducting gap and the lack of the normal state gap of this particular
compound.
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Other Data
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Figure D.1: Normalized gap vs. 0.5 | cosk,a — coskya |. Data from Chapter 4 plotted
to illustrate anisotropy. Data show for one run on underdoped sample (T.=88K) and
two consecutive runs on the same overdopedsample (T.=78K). Data in superconduct-
ing state.
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Figure D.2: Normalized gap vs. 0.5 | coskza — coskya |. Zn doped BSCCO from

Yoshizaki. Data in superconducting state.
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Figure D.3: Normalized gap vs. 0.5 | cosk,a — coskya |. Anisotropy of superconduct-
ing gap of 2.4% Ni doped Bi2212 grown by Yoshizaki. T.=78K.
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Figure D.4: Normalized gap vs. 0.5 | cosk,a — coskya |. Anisotropy of 0.0% and 2.2%
Fe doped BSCCO. Care must be taken here to note that Fe is multivalent and Fe
substitutes on two sites according to Mossbauer spectroscopy. This is an unresolved
issue.
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Figure D.5: Normalized gap vs. 0.5 | cosk;a — coskya |. Anisotropy of Bi2201. Data
same as Fig. 6.3
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Figure D.6: Normalized gap vs. 0.5 | cosk,a — coskya |. Data from 5 showing

superconducting anisotropy. See Fig. 5.3.
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Figure D.7: Normalized gap vs. 0.5 | coskysa — coskya |. Data from 5 showing

superconducting anisotropy. See Fig. 5.3.



