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In the pseudogap state, the spectrum of the autocorrelation of angle resolved photoemission spectroscopy
�AC-ARPES� data of Bi2Sr2CaCu2O8+� presents nondispersive peaks in momentum space, while dispersive
peaks are found in the superconducting state. Both dispersive and nondispersive features compare well with
those found in Fourier transform scanning tunneling spectroscopy �FT-STS�. Here, we show that the experi-
mental AC-ARPES spectrum can be reproduced using the Yang-Rice-Zhang model for the pseudogap with no
intrinsic charge ordering or symmetry breaking. This result suggests that quantum interference of quasiparticles
can also play a role in the nondispersive features of FT-STS associated with the so-called checkerboard pattern
in the pseudogap state. Due to the competition of superconductivity and pseudogap included in this model, we
obtain both dispersive and nondispersive peaks in the AC-ARPES data of superconducting underdoped
cuprates.
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I. INTRODUCTION

In the pseudogap �PG� state of underdoped cuprates in-
stead of a complete Fermi surface,1 just a Fermi arc around
the nodal �diagonal� direction is seen, while the antinodal
region close to �� ,0� is gapped. There are two main propos-
als to describe the PG state, which is believed to be the key
in understanding the superconductivity in of these materials.
In one of them, the PG and the superconductivity compete,
while in the other one, the PG is the precursor of supercon-
ductivity. The competing scenario has found further support2

with recent Raman3 and photoemission4–7 experiments
which have shown that the nodal-antinodal dichotomy per-
sists in the superconducting �SC� state in the form of two
different energy scales in nodal and antinodal regions. The
nature of the possible competing state remains
controversial.2,8 Most of the proposals8 involve charge order-
ing and/or breaking of the symmetry. To date, there is no
accepted evidence of such symmetry breaking.

Strong support for intrinsic charge-ordering models came
from the observation of the so-called checkerboard pattern in
Fourier transform scanning tunneling spectroscopy �FT-STS�
measurements.9–18 Fourier transform scanning tunneling
spectroscopy �FT-STS� gives information on the momentum
q and energy � dependent density of states n�q ,��. The
checkerboard pattern refers to the peaks in n�q ,�� found at
q���2� /� ,0� and �0, �2� /��, with ��4–5 measured in
units of the lattice spacing. The checkerboard peaks are non-
dispersive, i.e., their position in momentum space does not
change with energy. Together with this modulation, weaker
substructure at q���3�2�� /4,0� and �0, �3�2�� /4� has
been detected.13–17

The lack of dispersion of the checkerboard peaks differ-
entiates them from another kind of peaks also found by FT-
STS in the superconducting state, which disperse with bind-
ing energy. It is generally accepted that these dispersive
features are a consequence of quantum interference of qua-
siparticles by elastic scattering19–21 though a quantitative un-
derstanding using the full machinery of T matrix is still

lacking.21 In this picture, the modulation of the density of
states is induced by disorder. In its most simple description,
maxima in n�q ,�� are expected at those momenta which
connect the states with the largest joint density of states
�JDOS�.

On the other hand, the origin of the checkerboard remains
controversial and highly debated. Proposals based on the
JDOS picture have been discussed.22,23 However, due to its
nondispersive nature,22 most of the models for the checker-
board involve states intrinsically inhomogeneous and charge
ordering.13,24–33

The JDOS is related to the spectral function by

JDOS�q,�� = �
k

A�k,��A�k + q,�� . �1�

Forgetting about matrix element and resolution effects, the
spectral function is measured by angle resolved photoemis-
sion spectroscopy �ARPES�. The JDOS can thus be obtained
experimentally from the autocorrelation of ARPES �AC-
ARPES� data.34 The influence of matrix element effects can
be further checked by changing the polarization of the light
used.35 The AC-ARPES spectrum of Bi2Sr2CaCu2O8+�

�Bi2212� in the superconducting state35,36 shows dispersive
peaks in good agreement with those found in FT-STS. In the
pseudogap state, AC-ARPES data present36 peaks near
�0.4� ,0� and �1.4� ,0� with very little dispersion, in contrast
to the ones in the superconducting state. The �0.4� ,0� non-
dispersive peaks compare well with those responsible for the
checkerboard in FT-STS. Based on these results, it has been
suggested36 that all peaks in both the superconducting state
and the pseudogap state have a common origin in AC-
ARPES and in FT-STS. A theoretical model which presents
such nondispersive behavior in the JDOS in the pseudogap is
still lacking.

In this paper, we study the AC-ARPES spectrum using the
model recently proposed by Yang, Rice, and Zhang �YRZ�
for the pseudogap.37 In agreement with the experimental re-
sults, we find peaks with very little dispersion �referred as
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nondispersive in the following� in the pseudogap, while
clearly dispersive peaks appear in the superconducting state.
Neither intrinsic charge ordering or symmetry breaking is
involved in this model or in the explanation of the experi-
mental results. The different behaviors in the PG and SC
states are related to the different evolutions of the constant
energy contour size with binding energy and the existence of
Fermi arcs at zero energy in the PG. Furthermore, we show
that both dispersive and nondispersive peaks can be present
at low doping x in the superconducting state, and we relate
this result to the U shape of the SC gap found in ARPES in
underdoped superconducting cuprates.2,4,5 The dispersive
ones are restricted to low energies, lower with underdoping.
The nondispersive features in the superconducting state can
dominate the spectrum in cuprates in low Tc cuprates at
small doping and are a consequence of the persistence of
pseudogap correlations below Tc and their imprint on the
spectral function and dispersion. We argue that our predic-
tions for the position and dispersion of the peaks in AC-
ARPES can be extended to the tunneling experiments.

II. MODEL

The YRZ model37 assumes that the pseudogap can be de-
scribed as a doped spin liquid and proposes a phenomeno-
logical Green’s function to characterize it.

GPG
YRZ�k,�� =

gt

� − ��k� − �R�k,��
+ Ginc. �2�

Here, ��k�=	0�k�−4t��x�cos kx cos ky −2t��x��cos 2kx

+cos 2ky�−
p, 	0�k�=−2t�x��cos kx+cos ky�, and 
p is de-
termined from the Luttinger sum rule. Moreover, gt is a
Gutzwiller spectral weight factor and the band parameters
t�x�, t��x�, and t��x� are renormalized by the Gutzwiller fac-
tors as in the original work.37 Energies are measured in units
of the bare nearest neighbor hopping t0�300–400 meV.

Pseudogap correlations enter into the self-energy
�R�k ,��=�R�k�2 / ��+	0k� which diverges at zero
frequency at the umklapp surface �kx�ky�=�. Here, �R�k�
= ��R�x� /2��cos kx−cos ky�. �R�x� decreases with doping x
and vanishes at a topological quantum critical point xc, as
shown in Fig. 1�a�. The coherent part of the YRZ Green’s
function is similar to the BCS diagonal one with the non-
trivial difference, which in BCS, the self-energy diverges at
the Fermi surface �FS� and in YRZ, it diverges at the um-
klapp one. There is no off-diagonal component of the
Green’s function in the YRZ model, and �R does not break
any symmetry. A crucial point in this model is the appear-
ance of hole pockets close to ��� /2, �� /2�. Due to re-
duced spectral weight on the outer edge of the pocket, a
gapless Fermi arc appears in ARPES at zero energy.2,37 At
finite binding energy, the arc structure remains, as shown in
Fig. 1�c�. At the critical doping xc where �R�x� vanishes, a
complete FS is recovered.37

Superconductivity is introduced in the standard way as in
Ref. 37. The diagonal Green’s function becomes

GSC
YRZ�k,�� =

gt

� − ��k� − �R�k,�� − �S�k,��
. �3�

Here, �S�k ,��= ��S
2�k�� / ��+��k�+�R�k ,−��� is the super-

conducting self-energy. The superconducting order param-
eter �S is related to the critical temperature Tc and has
d-wave symmetry �S�k�= ��S�x� /2��cos kx−cos ky�. The de-
pendence of �S�x� with doping used is shown in Fig. 1�a�. It
is assumed that pseudogap and superconductivity coexist be-
low Tc and xc. Below xc, we characterize the PG state by zero
�S and finite �R. Beyond xc, �R vanishes and BCS behavior
is recovered. The anomalous behavior, i.e., the emergence of
nondispersive features, is expected below xc=0.2.

The exact expressions for the spectral function and ener-
gies of the YRZ model2,37 A�k ,��=−2 Im G�k ,�� and
B�k ,��=−2 Im F�k ,��, with F�k ,��, the superconducting
anomalous Green’s functions are

A�k,�� = gt���vk
−�2��� + Ek

−� + �uk
−�2��� − Ek

−�

+ �vk
+�2��� + Ek

+� + �uk
+�2��� − Ek

+�	 ,

B�k,�� = gt��uk
−vk

−���� + Ek
−� + ��� − Ek

−��

+ uk
+vk

+���� + Ek
+� + ��� − Ek

+��	 , �4�

with coherence factors vk
2�= 1

2 �ak
�−bk

� /Ek
�� and uk

2�

= 1
2 �ak

�+bk
� /Ek

��, where ak
�= 1

2 �1� ��k
2 −�k0

2 +�Sk
2 � /Ek

SC� and

bk
�=�kak

���Rk
2 ��k−�k0�, and energies
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FIG. 1. �Color online� �a� Evolution of �R�x� �dashed� and �S�x�
�solid� with doping using the same parameters as in Ref. 37. �b�
ARPES intensity around the nodes in the superconducting state for
x=0.20 and �=−0.04 in units of the bare nearest neighbor hopping.
�c� Same as in �b� in the pseudogap state for x=0.16 according to
the model discussed. The wave vectors qi �qi

*� of quasiparticle in-
terference patterns in the octet model, as well as the intranodal
momenta along the diagonal PN are shown �see text�.
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�Ek
��2 = �Rk

2 +
�k

2 + �0k
2 + �Sk

2

2
� �Ek

SC�2,

�Ek
SC�2 = 
��k

2 − �0k
2 + �Sk

2 �2 + 4�Rk
2 ���k − �0k�2 + �Sk

2 � .

Only A�k ,�� enters in the AC-ARPES spectrum. To com-
pare with experiments, we calculate Eq. �1� following the
same procedure as in Refs. 35 and 36. Only those momenta
k which satisfy that both k and k+q belong to the first
Brillouin zone are included in the sum. Umklapp terms do
not enter and the autocorrelated spectrum does not have the
lattice symmetry. To mimic finite energy resolution in
ARPES, the spectral function is convoluted with a Gaussian
of width 0.02t0. Experimental AC-ARPES spectrum is also
influenced by the anisotropic and energy dependent lifetime
not included here. All the calculations are performed at zero
temperature as the YRZ model has been developed only in
this limit.

III. RESULTS

In the so-called octet model19 proposed to explain the
FT-STS spectrum in the SC state, the largest JDOS at a given
� is found at the tips of the banana-shaped constant energy
contours around the nodes and n�q ,�� peaks at the wavevec-
tors q1,…,q7 which connect such tips �see Fig. 1�b��. The
size of these banana-shape constant energy contours changes
with binding energy producing the dispersive behavior of the
peaks. The peaks corresponding to qi-type terms are ob-
served in Fig. 2�a� where the AC-ARPES map in the SC state
at �=−0.04 is shown for xc=0.20, doping at which �R van-
ishes. This map closely resembles the one obtained
experimentally35,36 in the SC state, as well as those arising
from the convolution of the Green function with itself dis-
cussed in the context of FT-STS experiments,19,20 but it lacks
the kaleidoscopic patterns due to umklapp20 present in the
latest ones.

A good way to quantify the dispersion of the peaks is to
look at the spectrum in a given direction at several energies.
The change of momenta with binding energy of the peaks
along the bond and diagonal directions is clearly seen in
Figs. 2�d� and 2�g�. Forgetting about zero momenta, notice
that in Fig. 2�d�, there is a single peak at zero frequency
which splits with frequency. As the Fermi surface is com-
pletely gapped at �=0, both momenta q1 and q5 are equal
and connect the nodes. The almost dispersionless peak PN in
Fig. 2�g� is not included in the octet model. It is due to
nesting20 and has been also seen by McElroy et al.35

The AC-ARPES map in the PG state is shown in Fig.
2�b�. At first sight, the ARPES intensities in the x�xc BCS
superconducting �Fig. 1�b�� and the xxc PG states �Fig.
1�c�� look similar. However, their AC-ARPES spectrum and
energy dependence show important differences. Contrary to
what happens in the SC case, the peak along the bond in the
AC-ARPES spectrum in the PG state is split in Fig. 2�e�,
even at zero energy. The positions of the emergent peaks
change very little with energy in strong contrast to the dis-
persive behavior in Fig. 2�d�. This weak dispersion could be
further reduced by finite lifetimes, weaker spectral weight at

the antinode, or worse experimental resolution than included
here. Zero-energy splitting and nondispersive behavior also
appear along the diagonal �Fig. 2�h��. The peak momentum
and energy dependence in Fig. 2�e� resemble that found in
the PG by Chatterjee et al.36 It has been shown36 that the
experimental spectrum is robust to truncation of the ARPES
intensity plots to include only the Fermi arcs, what suggest
the peaks correspond to vectors connecting the ends of the
Fermi arcs. The small and large momentum peaks along the
bond are, respectively, associated with vectors of the q1

* and
q5

* types in Fig. 1�b�. The checkerboard pattern in FT-STS is
presumably related to q1

* peak. We note that the momentum
at which the 3 /4 substructure has been observed13 is very
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FIG. 2. �Color online� AC-ARPES and energy spectra for
xc=0.20 ��R=0, �S=0.14� in the superconducting state �left col-
umn� and xc=0.16 in the pseudogap state ��R=0.12, �S=0, middle
column� and in the superconducting state ��R=0.12, �S=0.12, right
column�. �a� to �c� show, in arbitrary units, the maps at �=−0.04.
��d�–�f� and �g�–�i�� Intensity of the autocorrelated spectral function
along the �0,0�− �� ,0� �bond� and �0,0�− �� ,�� �diagonal� direc-
tions, respectively, at several energies. From bottom to top, �=−0
to −0.10 in 0.02 intervals in the pseudogap state and in 0.01 inter-
vals in the superconducting state and in units of the bare nearest
neighbor hopping. In the units chosen, ��3–4 meV and the
curves shown extend up to 30–40 meV. Each curve in �d� to �i� is
normalized to the value at its largest feature other than the one at
�0,0� and displaced to better show the peak dispersion. The different
behaviors of the energy dispersion in the SC, PG, and SC and PG
states can be seen in �j� to �l� where the energy spectrum along the
�=0 maximum ARPES intensity line is plotted. Arrows are at
�=−0.04 and �=−0.08.
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close to that of the q5
* peak, and we postulate that both fea-

tures are related.
The origin of the different behaviors of peak position in

the SC and PG states is related to the dependence of the
constant-energy contour size with binding energy which can
be inferred from Fig. 2�j� and 2�k�, where the corresponding
energy spectrum along the �=0 maximum ARPES intensity
line is reproduced. The length of the arrows at �=−0.04 and
�=−0.08 gives an idea on the change of the constant energy
contours with binding energy. In the SC state, the zero en-
ergy contour is a single point since all the FS is gapped. The
contour size increases rapidly with binding energy producing
the splitting of the q1–q5 peak in Fig. 2�d�. On the other
hand, in the PG state, the peak splitting at zero energy along
the bond comes from the finite size of the closed pocket
centered around �� /2,� /2�. The size of the constant-energy
contour barely changes with binding energy resulting in non-
dispersive behavior.

The AC-ARPES spectrum in the SC state for xxc is
shown in Figs. 2�c�, 2�f�, and 2�i�. Interestingly, both disper-
sive and nondispersive features can be distinguished in Fig.
2�f�. Dispersive peaks, of the type observed in Fig. 2�d�,
dominate at low energy, but there is a clear kink in the dis-
persion and the peaks in the AC-ARPES spectrum converge
to those observed in the PG state. The opening of a gap due
to superconductivity in the arcs suppresses the nondispersive
peaks at low energies arising from the tips of the arcs, but
remanent structure is visible at the corresponding momenta.
The presence of both types of peaks is due to the coexistence
of SC and PG. This coexistence can be seen in the energy
band spectrum in Fig. 2�l� in the form of a U-shaped
gap.2,4,5,7 The gap in the arc at low energies is dominated by
superconductivity. At higher energies, the spectrum in the
antinodal region is influenced by both superconductivity and
PG, mostly by the later one.

The dispersive and nondispersive features are better seen
in Fig. 3�a�, where the position of the maxima is plotted. The
energy at which the change from dispersive to nondispersive
behavior happens is mainly given by �S�k� at the arc tip, and
depends on �R, via the arc length. Overlap of dispersive and
nondispersive peaks does not always allow us to differentiate
them or to associate the position of the maximum in intensity
to a particular kind of peak. A change from dispersive behav-
ior at low energies to nondispersive behavior at higher ener-
gies in the AC-ARPES of Bi2212 in the SC state has been
recently reported.38,39

The AC-ARPES spectra, corresponding to x=0.12 and
x=0.18, in the SC state along the bond are shown in Figs.
3�b� and 3�c�. Here, �S and �R are finite in both cases. How-
ever, dispersive and nondispersive peaks are not as clearly
identified here as they were in Fig. 2�e�. Thus, the presence
of only dispersive �nondispersive� peaks does not guarantee
zero �R ��S�. In general, for smaller

�S

�R
, the nondispersive

structure is more pronounced, and for a given doping, the
range of energies at which dispersive features appear is re-
duced with decreasing �S. In agreement with recent ARPES
measurements,7 we expect �S to be, to some extent, related
to Tc. In low Tc cuprates, �R and �S are expected to differ
more and

�S

�R
to be smaller. Based on this argument, we pre-

dict that in the SC state below Tc, the peaks in the AC-
ARPES spectrum of low Tc cuprates will be mostly nondis-
persive, similar to the ones found in the PG state in
Bi2212.36

IV. RELATION TO FOURIER TRANSFORM SCANNING
TUNNELING SPECTROSCOPY EXPERIMENTS

In this paper, we have discussed the AC-ARPES spec-
trum. The quantities measured by AC-ARPES and FT-STS
are not the same, so some discussion on the applicability of
our results to FT-STS proceeds. For a more detailed discus-
sion, see Ref. 34. Neglecting matrix element effects, in the
quasiparticle interference picture, the structure in n�q ,��
measured by FT-STS is essentially given by the one in19

� d2k

�2��2Ĝ0�k + q,��T�k + q,k;��Ĝ0�k,�� . �5�

Here Ĝ0 is a 2�2 matrix which includes both the diagonal
and anomalous parts, the subscript 0 means the absence of
scattering and T�k+q ,k ;�� is the scattering matrix. The
right expression for the T matrix is not evident due to the
uncertainty in the proper disorder model for these materials.
The most simple model assumes that the peaks in n�q ,��
coincide with those of

� d2k

�2��2Ĝ0�k + q,��Ĝ0�k,�� , �6�

i.e., that the scattering matrix does not introduce extra peaks
or cancels the ones in Eq. �6�. At a given energy, this integral
is expected to be dominated by those k which satisfy the
simultaneous pole equations for both Green functions19 and
to peak at those momenta q with the largest joint density of
states. In a d-wave BCS state, this approximation results in
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FIG. 3. �Color online� �a� Position of the dispersive and nondis-
persive peaks found in the �0,0�-�� ,0� direction in the supercon-
ducting and pseudogap state at x=0.16. ��b� and �c�� Same as in Fig.
2�f� but for x=0.12 ��R=0.24, �S=0.07� and x=0.18 ��R=0.06,
�S=0.13�, respectively.
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the octet model discussed above. The position and dispersion
of the peaks predicted by the JDOS work quite well in the
superconducting state. It remains to be understood why it
gives the correct picture without including the T matrix.20

Equation �6� still differs from Eq. �1� in the presence of
the anomalous spectral function B�q ,�� in Eq. �6� and its
absence in Eq. �1�. This term can modify the relative inten-
sity of the FT-STS peaks and their energy dependence, but it
does not change the pole conditions. As a result, within the
JDOS picture, at a given energy, the FT-STS and AC-ARPES
spectra show peaks at the same momenta q, and our conclu-
sion on the dispersive or nondispersive behavior can be ex-
tended to the tunneling experiments. Due to the uncertainty
on the proper scattering matrix T�k+q ,k ;��, a direct analy-
sis of the FT-STS spectrum most probably would not seed
much more information. The similarity in the peak position
found experimentally in AC-ARPES and FT-STS suggests
that the JDOS applies. We do not know of any argument
which could justify the appearance of peaks at the same po-
sition in the AC-ARPES and FT-STS spectrum assuming an
intrinsic �not disorder induced� charge-ordering origin of the
checkerboard. On the other hand, the behavior found in FT-
STS agrees with our expectations.

Initially,9 it was reported that �=4, and the effect de-
scribed as a four-unit cell pattern. However, it is now clear
that � varies between 4 and 5 depending on the sample.
Recent experiments suggest that � depends systematically on
doping.40 In our model, the arc length increases with
doping2,37 and q1

* decreases.
In FT-STS experiments in the SC state, the checkerboard

pattern is better seen in cuprates with low Tc and when the
integrated density of states lacks the coherence peaks, when
it is more PG-like.13,14,16,17 Dispersive peaks were not seen in
early measurements13 in underdoped Ca2−xNaxCuO2Cl2 �Na-
CCOC� with very low Tc. Very recent experiments have
succeed41 in observing dispersive behavior in nearly opti-
mally doped Na-CCOC and found that it is restricted to low
energies. Some evidence of dispersive peaks at low energies
and nondispersive ones at higher energies had been reported
in FT-STS experiments in underdoped Bi2212.14 Recent ex-
periments have confirmed the evolution of dispersive to non-
dispersive behavior42 in the FT-STS spectrum of lightly
doped Bi2Sr2Dy0.2Ca0.8Cu2O8+�.

V. CONCLUSIONS

In conclusion, we have shown that the nondispersive
peaks found in the autocorrelation of photoemission data in

Bi2212 in the pseudogap state can be explained without in-
volving intrinsic charge ordering or symmetry breaking but
the existence of the Fermi arcs and a weak binding energy
dependence of the size of the constant energy contour. We
believe that the nondispersive structure in FT-STS, including
the weaker 3 /4 substructure, can be explained within a joint
density of states picture. Furthermore, we obtain the simul-
taneous appearance of both dispersing and nondispersing
peaks in the AC-ARPES spectrum in the superconducting
state of underdoped cuprates, which originates in the U
shape of the SC gap and will be better observed in materials
with low Tc. The presence of both dispersive and nondisper-
sive peaks in AC-ARPES in the SC state recently
reported,38,39 and the new FT-STS41,42 results give further
support to the existence of pseudogap correlations in the su-
perconducting state and to a common origin of the peaks
observed in AC-ARPES and FT-STS.

Recent ARPES experiments43 have suggested that in the
PG state, the Fermi length is temperature dependent and van-
ishes at low temperatures. The observation by Chatterjee et
al.36 that the nondispersive peaks found in the AC-ARPES in
the PG state arise from the tips of the Fermi arcs and that a
SC-type gap in the arcs results in dispersive features opens a
new way to get complementary information on the length of
the Fermi arc. We propose that AC-ARPES experiments can
be used to determine the position of the arc tips and nodal
Fermi momentum, as well as of the arc length and its depen-
dence with temperature and doping. The position of the arc
tips and Fermi momenta can be determined from the q

i
* and

PN momenta at which the AC-ARPES spectrum peaks along
the bond and diagonal direction. As shown experimentally,36

these peaks are clearly resolved even in the pseudogap state.
The dependence of the arc size with energy can also be mea-
sured, providing extra information of the physics involved in
the truncation of the Fermi surface. We believe that low Tc
cuprates are the most suitable for this experiment as the two
energy scales �R and �S will be most different and under-
doped non-SC samples, showing the checkerboard, are
available.13
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