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The interplay between different energy scales of a physical system usually holds the keys to its various fascinating 

properties. For cuprate superconductors and their parent Mott insulator, the normalization of the bandwidth of 

the so-called Zhang-Rice singlet band from 2.2 J to 4 t ( t: hopping integral; J: magnetic exchange interaction ) was 

considered to be an important step toward the ultimate understanding of the high temperature superconductivity. 

However, the effective bandwidth was based on an extrapolation, since the quasi-particle dispersion in a large region 

near the Brillouin zone center, , was not identified, possibly due to very broad line shape. In this photoemission study 

of the cuprate superconductor Bi1.74Pb0.38Sr1.88CuO6+y , we discovered a large scale dispersion of the lowest band, which 

unexpectedly follows the band structure calculation very well. A giant kink in the dispersion is observed, and the 

complete self-energy containing all interaction information is extracted for a doped cuprate. These results recovered 

significant missing pieces in our current understanding of the electronic structure of cuprates.

One  layered  cuprate  superconductor Bi1.74Pb0.38Sr1.88 CuO6+y

(Bi2201) is a perfect system to study the problem of the effective 

band structure, which is free of bi-layer band splitting or super-

structure effects. Moreover, it is also one of a few kinds of 

ultra-over-doped systems available. Highly over-doped 

Bi2201 single crystal was prepared by the floating-zone 

technique and subsequent annealing. The sample's Tc is 

5 K, indicating the hole concentration is very close to the 

superconductor/metal phase boundary. Angle-resolved 

photoemission spectroscopy (ARPES) data of Bi2201 

presented here were measured at normal state. 

Figure 1(a) shows the ARPES intensity map of the 

Bi2201 along the (0, 0) - ( , ) or nodal direction. Guided 

by the solid lines, one can clearly observe the band 

hybridization. The low energy band would disperse down 

to ~ 1.6 eV below EF (i.e., 4t, instead of 2.2 J), if it had not 

intersected the high-energy bands around -1.2 eV. In the 

surface plot of the same data [Fig. 1(b)], the two spectral 

weight dips due to these band intersections are highlighted 

by the arrows. Moreover, the dispersions in the high energy 

region are easily identified here (black triangles). The 

dispersion within [- 0.9 eV, -0.4 eV] is clearly visible in the 

momentum distribution curves (MDC's) [Fig. 1(c)]. Further 

experiments show that this large energy scale dispersion 

is robust against the variations of the photon energy and 

polarization, indicating it is not some matrix element 

effects. The band and dispersion energy scales identified 

in Fig. 1(a) agree with the recent local density functional 

(LDA) band structure calculation of the Pb-doped bi-layer 

Bi2Sr2CaCu2O8+y compound well [right side of Fig. 1(a)], as 

the bi-layer splitting is minimal along the nodal direction. 
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So far, we have revealed an anomalous electronic 

structure for Bi2201: well-defined coherent quasi-particles 

exist at both high energies and low energies, giving a total 

occupied band width of 1.2 eV, while broad features that 

follow the bare band dispersion dominate the intermediate 

energy region. In particular, the experimental dispersion 

near E F deviates from the straight line in the band 

calculation, and exhibits a large kink. 

This wide dispersion exists over a large region of the 

Brillouin zone. As shown in Fig. 2 besides the nodal cut in Fig. 

2(a), it is also observed in cuts #2 and #3, which is halfway 

between the nodal and anti-nodal regions. In cuts #4 and 

#5, the renormalized band is located near EF. A weak feature 

also exists at high energy, although there is no missing band 

dispersion. The broad line shape and the resemblance do 

suggest the high-energy features observed in cuts #1 - #3 

contain significant incoherent weight. Theoretically, it has 

been shown in the strong electron-phonon coupling regime 

that the incoherent broad features reflect the local hoppings 

of electrons in various frozen lattice configurations, and thus 

follow the bare band structure dispersion. 

The remarkable giant kink structure observed in Figs. 

1 and 2 and the linear dispersion behavior near EF predicted 

by LDA calculations provide a rare chance to extract the 

full self-energy  of a strongly correlated system, which 

reflect all correlation effects in the system. Figure 3(a)

shows the real part of the self-energy ', which is the 

difference between the measured band and the bare 

band. Here, the bare band, e.g., the thick dashed line in Fig. 

1(a), is the extrapolation of the linear dispersion at higher 

energies as suggested by the LDA calculation, which goes 

through the Fermi crossing so that ' naturally vanishes at 

=0. In previous studies, because of the lack of bare band 

information, a fraction of the self-energy, 'eff, was retrieved 

by assuming a local effective band structure. The resulting 

partial self-energy was argued to contain information on 

interactions between electrons and certain bosons. As shown 

in Fig. 3(a) eff' is only a small fraction of '. Away from the 

nodal cut, ' increases toward the anti-nodal direction. 

Interestingly, as shown in the inset of Fig. 3(a), ' of different 

cuts can be scaled to a universal curve, where even the details 

of the low energy kink structures match each other. The 

Ca2CuO2Cl2 data are also plotted in Fig. 3(a) for comparison.
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Fig. 1: Large energy scale dispersion of Bi2201. (a) ARPES intensity map along the nodal direction. The solid lines indicate the 
experimentally measured dispersion, while the dotted lines are interpolations. The thick dashed lines indicate the linear behavior 
of the bare band as predicted by LDA calculations. The thin dashed lines illustrate the band crossings. The right side shows the 
LDA band structure calculated up to 1.5 eV for the nodal direction of Bi2212. (b) The surface plot of the data in (a) to highlight the 
band crossings (arrows), and high-energy dispersion (black triangles). (c) Selected momentum distribution curves, and (d), energy 
distribution curves of data plotted in panel (a).

Fig. 2: Momentum dependence of the high energy dispersion. (a)-
(e) Photoemission intensity taken along the cuts #1-#5, 
respectively, as illustrated in the inset on the top right 
corner, where large energy scale dispersion happens in 
the dark region. The light dots mark the position of the 
measured band dispersion, while the black dots in (d) and 
(e) indicate the centroid of the incoherent feature.
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The imaginary part of the self-energy '' is shown 

in Fig. 3(b), which is the product of the MDC width and 

the bare band velocity [the slope of the thick dashed line 

in Fig. 1(a)]. Generally, it increases rapidly in the first 0.35 eV, 

then gradually saturates at high binding energies. For 

comparison, ''kk , the Kramers-Kronig transformation of 

', is shown here. The self-energy measured here provides 

direct and critical information for the development of 

theory for cuprates. Moreover, the observations of large 

energy scale dispersion of the incoherent features in both 

the anti-ferromagnetic Mott insulator and the heavily over-

doped system illustrate the complexity of the problem.

In summary, we have presented a global picture of the 

electronic structure in a highly over-doped cuprate. Contrary to 

previous perceptions, although the low energy quasi-particles 

exist in the J energy scale, an incoherent spectral feature 

disperses on the order of several t. Moreover, various intriguing 

new information is revealed under this global picture, such as 

the much larger amplitude and energy expansion of the giant 

kink compared with the low energy kink discussed before, 

the universal scaling of ', and resemblance to the insulator. 

Since the high energy and local physics set the footing for low 

energy properties, these findings put strong constraints on 

models that are designed to understand high temperature 

superconductivity in a realistic cuprate material.  

Fig. 3: Self-energy of the Bi2201. (a) ' for cuts #1 (diamonds), 
#2 (triangles), and #3 (squares). The solid line is 'eff . The 
dashed line is the high-energy kink observed in parent Mott-
insulator compound Ca2CuO2Cl2 for comparison purpose, the 
arrow marks the top of its band. Inset: The ' for cuts #1-#3 
could be rescaled to match each other, where the dashed line 
indicates the low energy kink position. (b) '' for cuts #1-#3 
are stacked. The solid curves are the ''KK.
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