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Angle Resolved Photoemission Spectroscopy (ARPES) probes the momentum-space
electronic structure of materials, and provides invaluable information about the high-
temperature superconducting cuprates [1]. Likewise, cuprates’ real-space, inhomogeneous
electronic structure is elucidated by Scanning Tunneling Spectroscopy (STS). Recently,
STS has exploited quasiparticle interference (QPI) — wave-like electrons scattering off
impurities to produce periodic interference patterns — to infer properties of the QP in

momentum-space. Surprisingly, some interference peaks in Bi,Sr,CaCu,0s.s (Bi-2212) are
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absent beyond the antiferromagnetic (AF) zone boundary, implying the dominance of
particular scattering process [2]. Here, we show that ARPES sees no evidence of
quasiparticle (QP) extinction: QP-like peaks are measured everywhere on the Fermi
surface, evolving smoothly across the AF zone boundary. This apparent contradiction
stems from different natures of single-particle (ARPES) and two-particle (STS) processes
underlying these probes. Using a simple model, we demonstrate extinction of QPI without

implying the loss of QP beyond the AF zone boundary.

Recently, STS has been used to infer momentum-space information via the Fourier-transform
(FT) of the local density of states (LDOS), p(r,»).[3-6] Conventionally, a superconductor has
well-defined momentum-eigenstates (i.e. Bogoliubov QP), so p(r,®) is spatially homogenous.
However, the cuprates are intrinsically inhomogeneous,[7] and scattering off these impurities
mixes momentum eigenstates. QPI manifests itself as a spatial modulation of p(r,0) with well-
defined q, appearing in the FT, p(g,0). QPI experiments are interpreted in terms of the octet
model, [3- 6] positing that wavevectors (;.7 connecting the ends of "banana-shaped" contours of
constant energy (CCEs) dominate p(Q,®). Dispersing q are associated with coherent
superconducting quasiparticles, and the evolution of ;.7 as a function of bias-voltage is used to
infer the Fermi surface (FS) and the magnitude of the d-wave superconducting gap. QPI
experiments have found that the intensity of some of the peaks in p(g,») vanishes approaching
the diagonal line between (0,7) and (z,0) (corresponding to the AF zone boundary).[5, 6] These
results lead naturally to speculation about the disappearance of QPI after AF zone and possible
extinction of QP themselves near the boundary of Brillouin zone (antinodal region) due to strong

scattering near the extinction point.



Notably, ARPES has long observed antinodal QP below T, in Bi-2212 over a wide doping range
(p > 0.08), although this point has not been a focus in the literature.[8-10]. In Fig. 1, we report
data on single crystals of Bi-2212 at four dopings spanning much of the same doping range as
recent STS studies,[5] going from slightly underdoped (T,=92K, denoted UD92) to substantially
underdoped (UDS50). There are sharp peaks in all the energy distribution curves (EDCs) at low
binding energy, strongly arguing against extinction in the single-particle spectrum. We note that
for underdoped Bi-2212, the antinodal QP has been shown to scale with the superfluid density
[2,8] and T.. In addition, since the pseudogap remains near the antinode even for T>T,, in this
region of momentum-space, the emergence of a QP peak below T, [11] (Fig. 1(f), inset) is the
primary hallmark of superconductivity. In Fig. 1(f), we also show the locus of points on the FS
as determined by FT-STS for UD74,[5] and a comparison to the ARPES FS on a sample with
similar doping (T, = 75 K). Both techniques yield a similar FS, but FT-STS only observes a
dispersing interference pattern over a limited momentum range terminating at the AF zone

boundary, whereas ARPES sees QP all over the entire FS.

To assess whether there is any anomalous scattering near the AF zone boundary, we have fit the
peaks in Fig. 1. Although many factors contribute to the amplitude and width of the QP peaks,
including matrix element and k. effects,[12] qualitative conclusions about the single-particle
scattering rate can be deduced by analyzing the momentum dependence of the peak width.
Symmetrized EDCs were fit to a spectral function with an energy-dependent scattering rate,
I'(w)=aw, convolved with the experimental energy resolution. A similar model was found to

provide robust fit for the spatially-inhomogeneous STS conductances seen in Bi-2212.[13] At



k=K, the only free parameters are the scattering prefactor, a and the gap energy, A(K); together,
these define a characteristic scattering rate for each point along the FS, I';*(k)= aA(K). Figure 2
shows I'>* as a function of FS angle for UD75 and UD92, plotted together with the fitted gap.
Near the antinode, the peak width is smaller than the gap, implying that the peaks are QP-like in
this region of interest. For UD92, the QP width changes little going from the node to the
antinode, a result which is similar to earlier work on overdoped samples.[14] The UD75
scattering rate shows stronger momentum dependence, but the overall variation is still only a
factor of three. For both dopings, there is no anomaly in the scattering at the AF zone boundary.
This rules out proposals for QP extinction which invoke a sudden increase in single-particle

scattering at the AF zone boundary.[5]

What could plausibly explain the apparent contradiction between ARPES and FT-STS results?
One intriguing fact is that not all QPI wavevectors in p(Q,®») vanish across the AF zone
boundary; Q45 survive while the others fall below the FT-STS noise floor . Here we study the
effects of QP scattering from impurities based on a weak-coupling approach. While this neglects
the large, relevant, spatial inhomogeneity in the LDOS observed in STS,[7] it places a simple
focus on the differences between measurements, contrasting electron removal spectra in ARPES

against two-particle QPI mechanisms in FT-STS.

Based on ARPES results, the electron propagators are described by the BCS Green's function G

in the superconducting state, and the non-uniform part of p(Q,®), is determined by the

momentum-dependent T -matrix: [15]

-1 A - A
3p(q, ) = 7ImZ[G(p,w)T(p,p +Q)G(p +9,0)],,
p



Where é(p, ) =1/[ot, - &(P)7, —A(P)7,] in terms of Pauli matrices o3 &(p) is the band
structure, and A(p)=A[cos(k,a) —cos(k,a)]/2 is the d-wave superconducting gap.
Contributions to the 7 -matrix can be classified according to modification of electron
parameters: conventional impurity scattering enters in the 7, channel, while local

superconducting gap modification occurs in the 7, channel.

Here, a single impurity at site (0,0) locally modifies hopping and the d-wave superconducting
gap through an impurity contribution to the Hamiltonian: H = zr‘Pj[fﬁt(i/) +7,0A(r)]¥Y, +hc.,
where spin indices have been suppressed. The hopping and d-wave gap modulations 6t(r) and
8A(r) are proportional to [0(r—ax)td(r—ay)+o(r+ax)Lo(r+ay)] where a is the square
lattice spacing with the upper (lower) sign for hopping (d-wave gap) modulation. Given this
form of the impurity Hamiltonian, the Fourier transform, T (p,p +q), has a simple momentum
space form: 7,,[cos(p,)*tcos(p,)+cos(p, +q,)*cos(p, +q,)]for hopping and d-wave gap
modulated scattering, respectively. In the 7, channel (gap modulation) scattering vanishes

between points with opposite order parameter phase. Thus (2367 vanish while Q1 45 persist. In

the 7, channel (hopping modulation) scattering between equivalent points leads to no such

cancellation, but the momentum dependence of the 7 -matrix implies a loss of intensity for g-
vectors connecting points p and p+g that both lie on the AF zone boundary. Thus the

disappearance of QPI peaks associated with (2367 at the AF zone boundary for the types of

disorder considered here may be associated simply with the momentum dependence of the T-

matrix, rather than implying the ‘extinction’ of QP. This also may reconcile the observation that



the QPI peaks vanish even at large dopings (p=0.19), a regime with a diminished influence from

the AF Mott insulating state.

While the analysis presented above for a single impurity scatterer embedded in an infinite host

provides a simple view of the momentum dependence of the T -matrix and the plausible loss of
QPI peak intensity, it cannot describe the behavior of FT-STS QPI peak intensity at a general
bias voltage or the implications associated with the FT of the Z-map rather than the LDOS itself.

A more qualitative, and quantitative, comparison with FT-STS results from considering the

effects of an extended ‘patch’ impurity embedded in a finite-size, periodic host with the T-
matrix determined self-consistently. Finite size effects are partially mitigated by smoothing the
impurity with a Gaussian envelope intended to decrease the influence of the impurity on
electronic parameters with the distance from the center of the patch. In addition, the QPI
intensity is determined from a FT of the Z-map, a ratio of the LDOS at positive and negative
bias, as done in FT-STS experiments.[4-5]. More details of the calculation including the exact
patch geometry and modulation parameters can be found in the supplementary material

accompanying this letter.

The panels in Fig. 3 show results for 5% (3c-d), 10% (3e-f), and 15% (3g-h) hole doping. The
dashed line in each panel indicates the energy associated with the AF zone boundary. Note the
general trends agree with the initial analysis from a single impurity scatterer. Intensities for

peaks 0, , ., shown in the left panels, initially rise moving away from the nodal point and then
begin to fall approaching the AF zone boundary. Intensity for QPI peaks Oy 5 is small initially and

rises abruptly as the bias voltage approaches and crosses the energy associated with the AF zone



boundary, both trends in agreement with the single impurity analysis. This behavior is in
qualitative agreement with the experimental intensity profiles as a function of energy for all these
QPI peaks.[5] While there are general quantitative changes with band structure parameters,
impurity ‘patch’ size and shape, and degree of modulation, the qualitative agreement with the

single impurity analysis and experimental findings remains robust.

We have presented systematic ARPES data that demonstrate the ubiquity of QPs around the FS
for a wide doping range including the heavily underdoped regime. Thus, the disappearance of
QPI across the AF zone boundary is not due to the extinction of QP near the antinodal region.
Instead, as suggested by our impurity model calculations, momentum-dependent impurity
scattering reconciles the contradiction between one-particle (ARPES) and two-particle (FT-STS)

observations.
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Methods

ARPES measurements were performed at Beamline 5-4 of Stanford Synchrotron Radiation
Lightsource (SSRL) using a Scienta R4000 electron analyzer. Samples were cleaved in-situ at a
pressure better than 5x10'' torr. Measurements were performed at 10K with an energy
resolution of 8meV. UDS50 was measured with 19eV photons in the second Brillouin zone (BZ)

with cuts parallel to I'Y. The other samples were measured with 22.7eV photons in the first BZ

with cuts parallel to I'M.

[1] Damascelli, A, Hussain, Z., and Shen, Z.-X., Angle-resolved photoemission studies of the
cuprate superconductors, Rev. Mod. Phys. 75, 473 (2003),

URL http://link.aps.org/doi/10.1103/RevModPhys.75.473

[2] Ding, H., et al, Coherent Quasiparticle Weight and Its Connection to High- T,
Superconductivity from Angle-Resolved Photoemission, Phys. Rev. Lett. 87, 227001 (2001),

URL http://link.aps.org/doi/10.1103/PhysRevLett.87.227001

[3] McElroy, K, et al, Relating atomic-scale electronic phenomena to wave-like quasiparticle
states in superconducting Bi,Sr,CaCu,0s;5, Nature 422, 592 (2003), URL
http://dx.doi.org/10.1038/nature01496.

[4] Hanaguri, T. et al, Quasiparticle interference and superconducting gap in Ca, x\Na,CuO,Cl,,
Nature Physics 3, 865 (2007), URL http://dx.doi.org/10.1038/nphys753.

[5] Kohsaka, Y. et al, How Cooper pairs vanish approaching the Mott insulator in

Bi,Sr,CaCu,0g+5, Nature 454, 1072 (2008), URL http://dx.doi.org/10.1038/nature07243.



[6] McElroy, K, et al, Coincidence of Checkerboard Charge Order and Antinodal State
Decoherence in Strongly Underdoped Superconducting Bi,Sr,CaCu,0Og+5, Phys. Rev. Lett. 94,
197005 (2005).

[7] Lang, K. M., et al, Imaging the granular structure of high-Tc superconductivity in

underdoped Bi,Sr,CaCu,0s.5, Nature 415, 412 (2002), URL http://dx.doi.org/10.1038/415412a.

[8] Feng, D. L., et al, Signature of Superfluid Density in the Single-Particle Excitation Spectrum
of Bi,Sr,CaCu;,0g+5, Science 289, 277 (2000),
http://www.sciencemag.org/cgi/reprint/289/5477/277.pdf, URL http://www.sciencemag.
org/cgi/content/abstract/289/5477/277.

[9] Tanaka, K., et al, Distinct Fermi-Momentum-Dependent Energy Gaps in Deeply Underdoped
Bi2212, Science 314, 1910 (2006), http://www.sciencemag.org/cgi/reprint/314/5807/1910.pdf,
URL http://www.sciencemag.

org/cgi/content/abstract/314/5807/1910.

[10] Lee, W. S. and Vishik, I. M. and Tanaka, K. and Lu, D. H. and Sasagawa, T. and Nagaosa,
N. and Devereaux, T. P. and Hussain, Z. and Shen, Z.-X., Abrupt onset of a second energy gap at
the superconducting transition of underdoped Bi2212, Nature 450, 81 (2007), URL
http://dx.doi.org/10.1038/nature06219.

[11] Sato, T. et al, Low Energy Excitation and Scaling in Bi,Sr,Cay,.1CuyOonia (n=1-3): Angle-
Resolved Photoemission Spectroscopy, Phys. Rev. Lett. 89, 067005 (2002),

URL http://link.aps.org/doi/10.1103/PhysRevLett.89.067005

[12] Bansil, A., Lindroos, M., Sahrakorpi, S. and Markiewicz, R. S., Influence of the third
dimension of quasi-two-dimensional cuprate superconductors on angle-resolved photoemission

spectra, Phys. Rev. B 71, 012503 (2005).



[13] Alldredge, J. W., et al, Evolution of the electronic excitation spectrum with strongly
diminishing hole density in superconducting Bi,Sr,CaCu,0g+5, Nature Physics 4,319 (2008),
URL http://dx.doi.org/10.1038/nphys917.

[14] Bogdanov, P. V., et al., Anomalous Momentum Dependence of the Quasiparticle Scattering
Rate in Overdoped Bi,Sr,CaCu,0Os, Phys. Rev. Lett. 89, 167002 (2002).

[15] Kampf, A. P. and Devereaux, T. P., Extended impurity potential in a d,2-,2 superconductor,

Phys. Rev. B 56, 2360 (1997).

10



(a) UD50 (b) UD65 c) UD75 (d) UD92 08N (e)

(
node (N) 06 A
]
0.4 /! o
~-"Xa q o3
024 - ° p L= R
0.0+ — a4 qs -
4
7

08-~(f

k, (A"

0.6

y
s & & &
©w o » N
| 1 1 |
l
'
'
‘:le_“,n-‘...;.‘.‘-‘- 55 P
5]
\
'
]
I

antinode (AN)

NN

e e e e e e e e 00 ' : . r

-0.15  -0.10 -005 0.00 0.05 -0.10 -0.05 0.00 0.05 -0.10 -0.05 000 0.05 -0.10 -005 000 005 0.0 0.2 0.4
E-E (eV) E-E; (eV) E-E. (eV) E-E; (eV) K, (A")

{
>
2

® ARPES (UD75) N
O STS(UD74) .

FIG. 1: QP in ARPES data.

(a)-(d) EDCs at k¢ from the node (top) to the antinode (bottom) for four different dopings. Insets show
where the cuts intersect the FS. The reduction of the peak intensity and increase in peak width near the
node seen in (b)-(d) stems from matrix element and momentum resolution effects which are described in
the Supplementary Materials. (e) QPI wavevectors within the octet model. When a d-wave gap opens on
the FS (dotted line), QPI measurements are dominated by scattering between the ends of CCEs (red solid
lines).[5] Blue and yellow regions represents A(K)>0 and A(K) <0, respectively. (f) By measuring how
d:-q7 disperse, the ends of the CCEs can be tracked as a function of energy to map out the FS. QPI
experiments suggested that the locus of coherent QPs (open green squares) terminates at the line
connecting (0,m) and (7,0) (dotted line).[5] Meanwhile, ARPES shows that the locus of coherent QPs (red
filled squares) extends all the way to the antinode for a similar doping. Inset: UD75 EDCs at the antinode

measured at 85K (red) and 65K (blue), indicating that the peak sets in near T..
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FIG. 2: Scattering-rate fits.

Symmetrized EDCs at ke for UD75 (a) and UD92 (b) were fit to a model with an energy-
dependent scattering rate, /" =aw, convolved with the experimental energy resolution. The
characteristic scattering rate, I';*=aA(K) is plotted as a function of FS angle along with the fitted
A(Kk), for comparison with other relevant energy scales. Error bars for I',* are 95% confidence
error bars from the fitting, and error bars for the gap are described in Ref. [10]. There is no
evidence that the QP scattering rate diverges near the AF zone boundary for either doping, and in
addition, the peak width in the antinodal region is smaller than the gap, indicating that the peaks

are QP-like.
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FIG. 3: Patch Calculation.
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(a) Sketch of the patch used for the calculations. (b) Z-map for |®/A¢|=0.15. The qp wavevectors

g:-q7 are indicated. QPI peak intensities determined from the Z-map for (c)-(d) 5%, (e)-(f) 10%,

and (g)-(h) 15% hole doping. Panels (c), (e), and (g) show the intensity for wavevectors (7, (2,

and Qs. The dashed line in each panel indicates the energy at which the tips of the CCE cross the

AF zone boundary, the point at which the peak intensities associated with Q2367 vanish. Panels

(d), (f), and (h) show the intensity for wavevectors (; and (s which rise in intensity upon

approaching the AF zone boundary.



