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We present a detailed angle-resolved photoemission 共ARPES兲 study of the low-energy electronic structure of
YBa2Cu3O7−␦ and show that the ARPES spectrum generally contains contribution from two components, of
which the prevailing one is hugely overdoped, while the other retains superconductivity and represents the bulk
properties. The doping level of the overdoped surface component turns out to be weakly dependent on the
oxygen stoichiometry, always remaining close to x ⬃ 0.3. By suppressing the overdoped component, we clearly
show that the other one develops a superconducting gap consistent with a d-wave symmetry. As in
Bi2Sr2CaCu2O8+␦, the superconducting component is marked by the unusual renormalization which is strongly
enhanced at antinodes and vanishes above TC, supporting the universality of the conclusion regarding the
magnetic origin of the unusual renormalization in high-TC superconductors.
DOI: 10.1103/PhysRevB.76.064519

PACS number共s兲: 74.25.Jb, 74.72.Hs, 79.60.⫺i

Angle-resolved photoelectron spectroscopy 共ARPES兲
plays an important role in providing detailed information
about many-body effects and the electronic structure of hightemperature superconductors, and together with other experimental methods and theoretical efforts facilitated a noticeable advance in our understanding of high-temperature
superconductivity 共HTSC兲. In particular, appreciable contributions to establish the overall picture in HTSC have recently been made by investigations of the charge dynamics
in Bi2Sr2CaCu2O8+␦ 共Bi-2212兲 共Refs. 1–3兲 and the spin dynamics in YBa2Cu3O7−␦ 共Y-123兲,4–8 using ARPES and inelastic neutron scattering 共INS兲, respectively. These advances, in turn, have stimulated a set of works in which the
authors, combining the experimental data with theoretical efforts, endeavored to interrelate particular features clearly observed in the INS spectrum of Y-123 with those seen in the
ARPES spectrum of Bi-2212.9,10 The next obvious step forward could be use of the experimental data sets for the same
compound, preferably Y-123 in a view of the higher quality
of INS data for this compound.4–7 Unfortunately, ARPES on
Y-123 turned out to be a complicated technique producing
rather perplexing results even for the basic electronic structure, not to mention the finer effects in the spectral function,
like the superconducting gap or unusual renormalization,
clearly detected in Bi-2212.2,3,11–13
While in one of the earliest works16 it is claimed that both
bonding and antibonding bands are clearly detected and that
these bands are forming extending along ⌫-X and ⌫-Y direction saddle points with binding energies of about 19 and
150 meV, in Refs. 17 and 18 it is suggested that the feature
at the Y point with binding energy around 19 meV belongs
to a surface state that arises from chains, crippled after cleavage and that the antibonding and bonding bands have significantly higher binding energies of about 120 and 660 meV,
1098-0121/2007/76共6兲/064519共6兲

respectively. More recent work,19 performed with significantly improved instrumental resolution, touches upon another acute problem of ARPES on Y-123, which is observation of a sizable superconducting gap. The solution
suggested there was to reattribute the feature that is observed
in the vicinity of the X and Y points and has the lowest
binding energy to a surface state of uncertain origin, thus
explaining the absence of a sizable leading edge gap 共LEG兲
in ARPES. However, the remaining features were discussed
in terms of a peak-dip-hump structure, which is difficult to
reconcile with the expectation of the bilayer split bands as
predicted by the local density approximation LDA.20
Only very recent studies21–23 arrived at a certain level of
consistency concerning the experimentally observed electronic structure of Y-123. It is shown that for the nearly stoichiometric YBa2Cu3O7−␦ the photoemission spectrum consists of two components. One of the components represents
the bulk bonding and antibonding bands that are retaining
superconductivity and, presumably, have the nominal bulk
doping level. The other component arises from the bilayer
nearest to the cleavage, which turns out to be strongly overdoped and thus displays no signatures of superconductivity
in the ARPES spectrum. Although the solution suggested by
Nakayama et al.22,23 turns out to be an important finding for
a better understanding of ARPES on Y-123, the mere statement that the overdoped component is localized at the very
topmost bilayer, while the superconducting one comes from
the bulk states, needs to be justified, as a similar picture
might also arise from lateral inhomogeneities at the cleaved
surface. Regardless of the superconducting and overdoped
components’ localization, the more important question that
makes this compound still interesting and waits for a definitive answer is whether the strong renormalization effects,
clearly observed in Bi-2212,11,13 are also inherent to Y-123.
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FIG. 1. 共Color online兲. Experimental band structure of untwinned YBa2Cu3O6.85, TC = 90 K. The left panel contains two experimental FS
maps measured along the ⌫-X and ⌫-Y directions and the tight-binding fit to them. 共a兲–共d兲 Energy-momentum intensity maps at various kx
values indicated in the FS map, h = 50 eV. The projection of ky for these spectra was held constant; its value is denoted by arrows with
corresponding lettering on the FS map. 共e兲–共h兲 Similar measurements, taken after rotating the sample by 90° around the ⌫ point, h
= 55 eV. The image 共e兲 is the sum of spectra measured with circularly polarized light of left and right helicities. The other spectra were
measured with linearly polarized light.

In this study, having done extensive measurements over
the whole Brillouin zone, we confirm the issue of the surface
overdoping. Afterward, we address the question of renormalization effects in Y-123, which might be masked by the intense overdoped component. To tackle the problem of the
overdoped component we consider two approaches. 共i兲 If for
nearly stoichiometric samples with hole doping level close to
the optimal the surface bilayer turns out to be strongly overdoped, one could expect a lower doping level for the dominating surface component in the case of nominally underdoped samples. Thus spectra with optimal doping can be
recorded from the surface component, while the weak photoemission intensity from the deeper CuO2 bilayers can be
simply neglected. 共ii兲 It was shown that overdoping of the
near surface bilayer is intimately related to the cleavage interface of Y-123, which for the stoichiometric compound is
known to be preferably located between the CuO and BaO
layers.24–26 However, there is also evidence for other cleavage interfaces,27,28 though the probability of such an event is
very small. With this in mind, one might expect to have a
different cleavage interface stabilized for the samples with
modified stoichiometry. In particular, here we investigate the
effect of Ca substitution for Y atoms.
The data were collected at the SIS beamline at the Swiss
Light Source using the SCIENTA SES 100 electron analyzer.
Samples were mounted on a high-precision cryomanipulator
and cleaved in situ in an ultrahigh-vacuum chamber with
base pressure of 5 ⫻ 10−11 mBar. All spectra, except for the
Fermi surface 共FS兲 maps, were measured with an energy
resolution of 12 meV and an angular resolution of 0.2°. For
mapping purposes the energy resolution was set to 20 meV.
The excitation energies and temperatures are stated within
the corresponding spectra or in the figure captions. The
Fermi level was calibrated using the cold Fermi edge of a
fresh silver film evaporated on the sample at the end of the

experiment. High-quality single crystals were synthesized by
the solution-growth technique and annealed to the desired
oxygen content. Here we present the data for the nearly optimally doped samples YBa2Cu3O6.85 共TC ⬇ 90 K兲 and
YBa2Cu3O6.4 共TC ⬇ 35 K兲, which were untwinned by
uniaxial mechanical stress at elevated temperatures. The
critical temperatures for the twinned YBa2Cu3O6.9 and
共Y1−xCax兲BaCu3O7−␦, x ⬇ 0.15 were 90 and 77 K respectively.
We start the discussion with a brief description for the
YBa2Cu3O6.85 band structure as seen in ARPES spectrum.
Figure 1 shows the experimental Fermi surface map for near
optimally doped untwinned YBa2Cu3O6.85. In contrast to
many previous studies, we use higher excitation energies
共50– 60 eV vs 15– 30 eV兲 that enhance the intensity of the
Fermi level 共FL兲 crossings of both bonding and antibonding
bands and allow examination of a larger area in k space. The
visual agreement with the band structure calculations20 is
remarkable. There are two holelike sheets of the Fermi surface centered around the S point. A set of one-dimensional
features running along the ⌫-X direction is a clear indication
for the presence of states related to the chain substructure of
Y-123. Even the form of the antibonding sheet of the FS
develops W-like undulations close to the Y point. It is also
remarkable that, unlike Bi-2212,29 the bilayer splitting along
the FS is more isotropic, so that even along the nodal ⌫-S cut
its value remains comparable to that along the antinodal Y-S
cut. To further substantiate identification of the bands, several typical intensity plots are provided in the Figs.
1共a兲–1共h兲. Each of these plots shows the photo intensity as a
function of binding energy and momentum along selected
directions in k space with the bright features tracing band
dispersion. Here, in analogy to another bilayer compound
Bi-2212, one can follow the behavior of the plane-derived
bonding and the antibonding bands. The spectra in the Figs.
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FIG. 2. Coexistence of superconducting and metallic components. 共a兲 Experimental spectrum comprising the contribution from normal
and superconducting states for YBa2Cu3O6.85, ky = 0.63 / b, T = 30 K, h = 55 eV. 共b兲 Model image, to explain the spectrum as a superposition of the signals from superconducting and overdoped 共metallic兲 bilayers. The bottommost image is the spectrum of the superconducting
phase, middle, the metallic, and the topmost image their sum. 共c兲 Schematic structure of the cleaved crystal. The doping of the CuO2 bilayer
nearest to the surface is modified due to disturbed chains 共CuO and BaO layers兲, while the next bilayer remains unimpaired and retains
superconductivity.

1共e兲–1共h兲 show the band dispersion along the ky axis, where
one-dimensional chain bands are expected. Indeed, the corresponding paraboliclike band remains unchanged in all four
cuts, giving rise to the pairs of lines parallel to the kx axis on
the Fermi surface map. In Fig. 1共e兲 the chain band is enveloped by the antibonding band and part of the bonding band
can be seen in the left bottom corner dispersing beyond the
image frame. The images of Figs. 1共f兲 and 1共g兲 demonstrate
how the CuO2-plane-derived bands cross the FL closer and
closer to the ⌫-X line when moving toward the X point, so
that finally the chain band can be found between the bonding
and antibonding bands. It looks as if the relative position of
the chain band with respect to the plane bands is not much
different from the one predicted by the LDA. Therefore we
find a good qualitative agreement between our data and LDA
calculations20 for the electronic structure of Y-123, although
the data do not support the existence of the predicted Ba-Oderived pocket centered at the S point. Despite qualitative
agreement between the observed FS and the LDA predictions, quantitative estimate of the hole doping based on the
FS area,30 in accordance with the recent finding by Nakayama et al.22,23 reveals strong overdoping with x ⬇ 0.31.
This provides a natural explanation for the absence of the
signatures of superconductivity such as the superconducting
gap and typical BCS-like band bending, or abrupt breaks in
the band velocity in the antinodal region detected for
Bi-2212.11
It also turns out that the Y-123 spectra are not only limited
to the overdoped component. Changing the photon energy by
only 5 eV 共h = 55 eV兲 transforms the photoemission intensity as found in Fig. 1共b兲 into the spectrum presented in Fig.
2共a兲. An extra component is easily detected in the vicinity of
the X and Y points, where it looks like a nondispersing flat
feature with a binding energy of about 40 meV. This feature
strongly resembles the mode-renormalized and gapped spectrum of Bi-2212,13 when in the superconducting state the
spectral weight is confined in a narrow energy range between
the gap and the onset of scattering by a collective mode.14,15
This feature gives rise to an energy distribution curve 共EDC兲

consisting of three peaks, which has previously been reported in Ref. 19 共see also Fig. 3兲. At that time the metallic
component was interpreted differently: Its antibonding band
was believed to be a “surface peak,” while the term “hump”
was used for the bonding band. This feature appears universally in the superconducting state of all Y-123 samples with
various doping levels that we have studied. Our temperaturedependent measurements 共see Fig. 3兲, in agreement with previous results,19,22,23 unambiguously show that the feature virtually disappears above TC, indicating an intimate
relationship with superconductivity. We attribute this feature
mainly to the antibonding band of the nominally doped bulk
component. In Fig. 2共b兲, using model spectra, we demonstrate how the superposition of superconducting and metallic
spectra results in the rather complex structure observed in the
experiment 关Fig. 2共a兲兴.
To understand the observed superposition of the two component in the spectra, the matter of the cleavage plane has to
be addressed in more detail. Existing data24–26 indicate that
the preferable cleavage for Y-123 is the plane between the
Cu-O and Ba-O layers, which leads, in principle, to two
types of surface termination 关Fig. 2共c兲兴. Since for the Y-123
it is the amount of oxygen O共1兲 共Ref. 27兲 in the chains that
drives the doping level of the neighboring CuO2 bilayers,
such a cleavage would destroy the chains and certainly
change the doping level of the adjacent bilayers. Therefore
one plausible explanation could be that the two components
arise from these two types of surface termination 关see Fig.
2共c兲兴. However, we believe this scenario to be unlikely. If the
size of the patches with fixed doping was larger than the
beam size, this should result in variation of the intensity ratio
between the two components when moving the beam over
the sample, which is not supported by our observation. Assuming the size of the patches to be much smaller than the
beam diameter 共쏗100 m兲 also does not help much, as this
implies statistically equal total areas corresponding to the
overdoped and nominally doped patches, and hence comparable intensity of the two component, which is again not
supported by the experimental data. The fact that the over-
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FIG. 3. Temperature dependence of the superconducting feature for YBa2Cu3O6.9. The right hand image shows evolution of the EDCs
integrated in a small momentum window. The EDCs corresponding to 28 and 50 K have been omitted as they practically overlap with the
18 K one. The integration range is delimited by a dashed rectangle plotted on top of the 50 K spectrum. The black curves on top of the 18 K
spectrum trace the dispersions of the overdoped antibonding band 共the upper one兲 and the superconducting feature 共the lower one兲.

 




 

  




 




 

 



 

 

 

 

 





 

 
  

            




 



 

strong circular dichroism due to substantial contribution of
the term divA in the photoemission matrix element.32
Now we proceed to the question of overcoming the hindering effect of the overdoped component. Expecting to get
the overdoped surface component, whose doping level resides within the superconducting dome, we concentrated on
samples with lower bulk doping level, YBa2Cu3O6.6 and
YBa2Cu3O6.4. Figure 4 summarizes the results for the sample
with the lowest doping, close to the antiferromagnet boundary on the phase diagram. As can be seen in Fig. 4, there is a
notable effect on the size of the Fermi surface. However,
accurate counting of the FS area results in a hole doping of

 

 



 

            

doped component turns out to be always dominating rather
suggests that the superconducting component comes from
the deeper regions from under the cleavage plane. Taking
into account the small electron escape depth, we are inclined
to believe that the overdoped component is localized in the
bilayer nearest to the surface, while the superconducting
component arises mainly from the next bilayer, the doping
level of which remains unchanged. Additional evidence to
locate the overdoped component at the surface bilayer comes
from our recent study of circular dichroism in Y-123. There
we show that the states localized in the near surface region
become sensitive to circularly polarized light, resulting in

 



 

 

  

 


 

  

 
  

 
 
 
 


 
  

  


   

 
  


 

 
  


 

 
  

FIG. 4. 共Color online兲 Experimental band structure of untwinned YBa2Cu3O6.4, TC = 35 K. The data layout is the same as in Fig. 1; all
spectra were recorded at 30 K. The FS map and the separate cuts 共b兲–共h兲 were measured with linear polarization and h = 50 eV. For the
image 共a兲 linearly polarized light with h = 55 eV was used.
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FIG. 5. Superconducting component. 共a兲–共d兲 Opening of a superconducting gap and enhancement of the band renormalization effects
when approaching the antinodal point. Symbols in the image 共d兲 denote the peak and the dip positions extracted from the EDC’s comprising
this data set. 共e兲 Extracted value of the superconducting gap. 共f兲–共i兲 Evolution of the spectral weight and the leading edge gap 共j兲 as a
function of temperature. The spectra were measured from a freshly cleaved 共Y1−xCax兲BaCu3O7−␦, 共x = 0.15± 0.03, TC = 77 K兲 using linearly
polarized light, h = 50 eV.

about 0.27, which is still too much for either clear detection
of the superconducting gap or notable renormalization effects in the spectra of the surface component. From this we
have to conclude that there is some internal mechanism that
keeps the doping level of the surface layer at a saturation
value of about 0.3, regardless of the bulk hole doping level.
Thus we pass on to the second possibility, which is investigation of samples with modified stoichiometry. In particular, we have studied partially Ca-substituted Y-123 samples.
In Fig. 5 we show the spectra for 共CaxY1−x兲BaCu3O7−␦, 共x
= 0.15± 0.03兲, where the superconducting component dominates. The samples were initially grown for the INS scattering experiments and the amount of substituted Ca was a
compromise between the quality of the samples and the effect of Ca atoms on the doping level. In Figs. 5共a兲–5共e兲 one
can directly observe the momentum dependence of the leading edge gap value with its anisotropic character consistent
with d-wave symmetry. The temperature evolution of the gap
is given in Figs. 5共f兲–5共j兲 and leaves no doubt as to the
superconducting nature of these spectra. A very important
observation here is the occurrence of renormalization anomalies in the band dispersion and their strong momentum and
temperature dependence. It is notable that there are practically no renormalization effects due to the mode coupling for
the overdoped component 关compare to Figs. 1共a兲–1共h兲; Fig.
5共g兲 contains a visible admixture of the antibonding band of
the superconducting component兴, which demonstrates a substantial doping dependence of the renormalization. It is these
dependences that were used to argue that the reason for the
unusual renormalization effect in Bi-2212 is the coupling to
magnetic excitations.13,31 As can be seen in Figs. 5共c兲 and
5共d兲, the strong renormalization in the vicinity of the 共 , 0兲
point results in the suppression of the spectral weight at certain energy, so that single EDCs extracted from these images

would develop a so-called peak-dip-hump line shape. According to the spin fluctuation theory14,15 one can ascribe this
to coupling to the INS resonance, and its energy can be estimated as the peak-to-dip distance. For the data in Fig. 5共d兲
we fitted the peak and dip positions and estimated the resonance energy to be about 33± 3 meV, which is in agreement
with the data for 共Y0.85Ca0.15兲Ba2Cu3O7 共TC = 75 K兲 reported
in Ref. 8. This proves the conclusions about the mode origin
made earlier for Bi-2212 to be equally applicable for the
Y-123 case, hence backing their generality.
To account for the prevalence of the superconducting
component for the Ca-substituted sample, in addition to the
matrix element effects, one needs to assume the appearance
of another cleavage plane. The analysis of the crystal structure suggests that the additional cleavage is most likely to
happen within the Y layer, since in this case the topmost
CuO2 plane would be too strongly disrupted to give spectra
similar to those in the bulk 共including but not limited to the
bilayer splitting兲, while the bilayer nearest to the surface,
being practically undisturbed and sharing the charge from
both adjacent chain layers, would result in a signal corresponding to the superconducting component. In view of the
different ionic radii of Ca 共1.18 Å兲 and Y 共0.89 Å兲, the
cleavage over the Y layer appears favorable also due to the
slackening introduced by 15% Ca substitution; however, tunneling data may be necessary to irrevocably settle this particular issue concerning Ca substitution.
To conclude, we have shown that the main stumbling
block on the way to understand spectra of Y-123 was the
presence of two components—a superconducting and a metallic one. Our data are consistent with the model where
these two components coexist in two neighboring bilayers at
the surface. We also show that lowering of the surface
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component doping via a decrease of the bulk doping level
does not seem to be viable. However, the overdoping effect
can be completely removed via the use of Ca-substituted
Y-123 samples. We show that the superconducting component in Y-123 possesses all the necessary attributes as in
other HTSCs, namely, an anisotropic superconducting gap
and band renormalization effects that depend on momentum
and doping level and vanish at TC; therefore we support the
generality of the mentioned effects. Having understood the
Y-123 spectra, the next promising step is to use ARPES data
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