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7.4 Lorentzian EDC fitting

7.4.1 Single peak fitting

The question of quasiparticle existence is especially important for under-
doped cuprates, which have consistently exhibited broader EDC peaks than those
observed in optimal or overdoped cuprates (Damascelli et al., 2003). The same
Lorentzian EDC fitting techniques describe in section 6.7 have been used to ana-
lyze ARPES data from the T, = 78 K underdoped sample. Figure 7.2 shows fit
results in the nodal direction for 2 different emission angles. The fits are sufficient
to estimate the energy width of the peaks, but are clearly not as good as the
Lorentzian fits on optimally doped Bi2212 (section 6.7). Nonetheless, as before,
we can estimate the 2Im> with the Lorentzian full-width, which is plotted in fig-
ure 7.3. Although the UD78K peaks are not as sharp as the OP91K peaks, they
are still quasiparticle-like in the superconducting state for peak energies beyond
about 50 meV. Note that the UD78K data was taken at a slightly higher temper-
ature than the OP91K data, which will contribute to the additional broadening.
Unfortunately, it was not possible to acquire a complete set of normal state data
on the UD78K sample, but it appears as though quasiparticle-like peaks would

not be observed above T, in this sample using single Lorentzian fits.
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Figure 7.2: (color) Single Lorentzian EDC fitting in UD78K Bi2212 at T = 30 K,
in the nodal direction for 2 emission angles. The fitting procedure was similar to
that described in section 6.7. The triangles are the data, and the blue lines are
the fits.
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Figure 7.3: (color) Nodal EDC fitting results for the UD78K sample at T = 30
K, showing 2Im3:; derived from single Lorentzian EDC full-width, versus peak
position. The shaded region indicates where peak full widths are sharper than
their energy, which should be considered quasiparticle-like.
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7.4.2 Double peak fitting

The nodal dispersion kink (Damascelli et al., 2003; Lanzara et al., 2001)
strengthens with underdoping (Gromko et al., 2003), indicating an increased
electron-boson interaction strength. This can be seen in the raw data as a larger
velocity renormalization in underdoped samples. In the EDCs of figure 7.1, this is
seen as the emergence of a hump roughly 100 meV below the Fermi surface in the
UD78K sample, forming the so called 'peak-dip-hump’ (PDH) structure (Cam-
puzano et al., 1999; Hedin & Lee, 2001). The presence of this hump does not
significantly affect the width of the single Lorentzian fits for peaks near Er, but
does broaden the peaks that approach the hump energy. To improve the quality
of the EDC fits, we added a second Lorentzian to fit the hump. This lineshape,
the components of which are shown in figure 7.4, fits the UD78K data much bet-
ter than did the single Lorentzian. With it, we can track the dispersion of both
the peak and the hump, which are shown in figure 7.5 for nodal and off-nodal
cuts. The branches above and below the kink energy (~70 meV) can now be
tracked independently. While the MDC derived dispersion resembles a continu-
ous curve (Damascelli et al., 2003; Lang et al., 2002), the two peak EDC fits reveal
a discontinuous anti-crossing at the mode energy (for the off-nodal spectrum this
anti-crossing occurs at the mode energy plus the gap value (Parks, 1969)). Fig-
ure 7.6 shows 2Im> derived from the peak full-width of the PDH fits. Using these

fits, quasiparticle-like peaks can be resolved beyond 30 meV.
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Figure 7.4: (color) The components of the peak-dip-hump (PDH) fit are shown for
an EDC near kg from UD78K. The Fermi function is not shown, but was included
in the fit (blue line). The PDH lineshape more matches the UD78K data more
closely than the single Lorentzian.
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Figure 7.5: (color) Nodal (left panel) and off-nodal (right panel) ARPES images
from the UD78K sample. The EDC peak dispersion is shown as open red circles,
and the hump dispersion is open blue squares. The fits stop near the mode energy;,
where the peak and hump intensities are similar, and their positions anti-cross. In

the case of the off-nodal spectrum, this is expected to occur at the mode energy
plus the gap.
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Figure 7.6: (color) The peak full-width, 2Im>, extracted from PDH fits, is plot-
ted as a function of peak position. The dotted line indicates the quasiparticle

boundary.
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7.5 Superconducting gap symmetry

The superconducting gap in the high 7, cuprates is almost unanimously
agreed to possess d,2_,2 (d-wave) symmetry (Scalapino, 1995). And while pure
d-wave has been measured in overdoped Bi2212 (Ding, Norman, et al., 1996),
previous ARPES studies of the gap symmetry in Bi2212 suggests the involvement
of higher order terms in the d-wave order parameter (Mesot et al., 1999; Damascelli
et al., 2003). Figure 7.7 shows some data original doping dependent study of the
superconducting gap symmetry in Bi2212, indicating the involvement of higher
harmonics increasing steadily with underdoping. A pure d-wave superconducting
gap implies a pairing interaction between only nearest neighbor lattice sites, but
the existence of higher order terms in the order parameter may imply increased
range of the pairing interaction to next-nearest neighbor etc. (Mesot et al., 1999).
In this section, we present laser ARPES measurements of the superconducting gap
symmetry in underdoped Bi2212 with roughly a factor of 10 increase in momentum
resolution compared with previous studies.

Figure 7.8 contains some of the laser ARPES images used for our study,
showing clearly the momentum anisotropy of the superconducting gap (Shen et
al., 1993). The sample was underdoped Bi2212 with 7, = 78 K. EDC analysis was
used to quantify the momentum dependence of the superconducting gap. Previous
work has accomplished this using either a BCS spectral function (Mesot et al.,
1999), the mid-point of the leading edge of the angle-integrated EDC, the peak
of the single EDC at kg, and the mid-point of the leading edge of the EDC at
kg (Borisenko et al., 2002; Valla et al., 2005). With the exception of the BCS
spectral function, we have applied all of these methods to our data, consistently
resulting in the same momentum dependence to the gap, with the only difference

being a constant offset of £2 meV. This insensitivity of the gap symmetry to the
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Figure 7.7: Early gap symmetry study (Mesot et al., 1999) showing values of
the superconducting gap as a function of the Fermi surface angle ¢ obtained
for a series of Bi2212 samples with varying doping. Note two different UD75K
samples were measured, and the UDS3K sample has a larger doping due to ag-
ing (Ding et al., 1997). The solid lines represent the best fit using the gap function:
Ax=Ap.x{BCos(2¢) + [1 — B]Cos(6¢)} as explained in the text. The dashed line
in the panel of an UD75K sample represents the gap function with B = 1. Figure
originally from Mesot et al. (Mesot et al., 1999)
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Figure 7.8: (color) Laser ARPES images from underdoped Bi2212 in the super-
conducting state at three points around the Fermi surface. The locations of these
images in the first Brillouin zone are shown as solid colored lines in figure 7.9,
where the colors of the panel labels correspond to the colors of the cuts. The gap
anisotropy can be clearly seen in the raw data, with the gap size increasing with

distance from the node.
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Figure 7.9: (color) Diagram of the first Brillouin zone of Bi2212, showing the
location of the images of figure 7.8 and the way in which Fermi surface angle is

measured in figure 7.11
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fitting method was also found by Valla et al. (Valla et al., 2005).

Figure 7.10 shows the actual EDCs at kg from different momentum space
locations, and figure 7.11 shows the momentum dependence of the superconduct-
ing gap obtained from the mid-point of the leading edge of those EDCs. The gap
values of figure 7.11 were rigidly shifted by less than 2 meV so that the leading
edge gap does not change sign, allowing it to be fitted with the following gap
function,

Ax=Apn.x{BCos(2¢) + [1 — B]Cos(6¢)} (7.1)

where Ay is the gap at momentum k(¢), and A, is the maximum value of the
gap. The variable ¢ is the Fermi surface angle as depicted in figure 7.9. The
first term, Cos(2¢), is pure d-wave, and the second term is the next harmonic
consistent with d-wave symmetry. The dotted red curve in figure 7.11 is a fit to
the data using equation 7.1. Since 6 eV ARPES cannot reach the antinode where
the gap is maximal, we used A,.. = 40 meV, which is consistent with other
experiments (Mesot et al., 1999). The fit returned the value B = 0.86, consistent
with work of Mesot et al. (Mesot et al., 1999), possibly indicating an increased
range of the pairing interaction with underdoping.

The inset in figure 7.11 shows a magnified view of the region of zero gap
very close to the node (¢ = 45°) where the largest discrepancy between the data
and the fit can be seen. This flat region would not have been resolved in the
previous experiments due to the poorer momentum resolution, and fewer data
points near the node (Mesot et al., 1999; Ding, Norman, et al., 1996; Valla et al.,
2005). One possible source of the gapless region is impurity scattering, which has
predicted to cause a region of zero gap near the node dependent on the strength

of the scattering (Haas, Balatsky, Sigrist, & Rice, 1997; Valla et al., 2005).



125

EDCsat K,

Normalized intensity (arb. units)
i

-200-150-100 -50 O 50
Energy (meV)

Figure 7.10: (color) EDCs at kg around the Fermi surface. The colors of the
EDCs correspond to the data points of figure 7.11
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In any case, this gapless region is not a significant contribution to the result for
B, as is evident from figure 7.12. This figure shows the same gap analysis with
three of the data points removed from the flat region of figure 7.11. A value of
B = 0.88 was obtained from a fit to equation 7.1, using the same value of A ..
Though there is a slight discrepancy in B, the result is mainly dependent on the
larger scale symmetry of the gap; a strong indication that the second harmonic

involved in the d-wave gap symmetry is intrinsic to the pairing interaction.
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Figure 7.11: (color) The momentum dependence of the superconducting gap in
underdoped Bi2212. The colored triangles represent the gap measured with laser
ARPES using the mid-point of the leading edge of the EDC at kg. The colors
of the triangles correspond to the colors of the EDCs in figure 7.10. The dotted
red line is a fit to the data using the first 2 harmonics consistent with d-wave
symmetry as described in the text. The inset is a magnified view of the flat region
very close to the node.
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Figure 7.12: (color) Gap symmetry in the absence of the flat gapless region. The
data in this graph is the same as in figure 7.11 except that the blue, turquoise,
and yellow triangles have been removed in order to artificially simulate a point-
like node. When fit with the gap function of equation 7.1, the amount of second
harmonic, B is found to be similar to that of figure 7.11, implying that the gapless
region is not responsible for the existence of second harmonic.
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7.6 Summary

This chapter focused on underdoped Bi2212, which shows a spectral hump
from the increased kink strength. Quasiparticle-like peaks were observed with sin-
gle Lorentzian peaks in the superconducting state, although they are less likely to
be observed in the normal state. The two peak PDH fit was introduced, improving
the fits compared to the single Lorentzian. The superconducting gap symmetry
was studied with unprecedented momentum resolution. The gap was found to
contain significant contributions from the second d-wave harmonic, in agreement
with earlier studies. Although the flat gapless region near the node may be caused
by impurity scattering, it was found to contribute little to the presence of second
d-wave harmonic. This indicates that second harmonic is likely intrinsic to the

pairing, implying an interaction range beyond nearest neighbor lattice sites.



