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Angle-resolved photoemission spectroscopy has been used to investigate the origin of the shadow bands
present at the Fermi surface of bismuth-based superconductors. Momentum distribution curves along the �Y
high-symmetry direction and Fermi surface maps measured on Bi2Sr2CaCu2O8+� �Bi2212� single crystals with
two different doping levels have revealed that the shadow bands and the main bands have different initial state
symmetry. This result implies that the orthorhombicity exhibited by these materials cannot be responsible for
their emergence at the Fermi surface.
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The origin of the shadow bands �SB� at the Fermi surface
of bismuth-based superconducting cuprates remains one of
the unresolved questions regarding the electronic structure of
these materials.1 After their initial theoretical prediction2 and
first experimental obsevation,3 two competing scenarios, an-
tiferromagnetic correlations and structural distortions, have
been supported theoretically and experimentally. From the
theoretical side, the antiferromagnetic origin �AFO� has been
sustained by correlation model calculations such as stripe
models,4,5 two-dimensional �2D� Hubbard model calcula-
tions at half filling,6,7 or three-dimension �3D� Hubbard
ones.8 When doping is included in the 2D Hubbard model
and within the weak coupling limit �U�W�, SB appear as a
consequence of the spin correlations,2,9–11 although in some
cases under conditions not fulfilled by the bismuth
cuprates.11 Similarly, t-J calculations have provided SB with
an origin depending on the particular type of calculation.12,13

On the other hand, in local-density approximation �LDA�
band structure calculations,14,15 SB only appear when the
orthorhombicity of these materials16 is taken into account.
From an experimental point of view, photoemission �PE� ex-
periments have tried to disentangle the origin of the SB ei-
ther by comparing their behavior as a function of the binding
energy with that of the main bands17,18 or the intensity ratio
of the shadow band and/or main band. In the former case,
although initial results supported the AFO,17 the latest mea-
surements �with improved angular and energy resolution� are
in favor of the structural distortion.18 From an analysis of the
intensity ratio, the orthorhombic distortion seems to be sup-
ported by the increasing of the SB intensity in Pb-doped
Bi2212 compounds,19,20 which have larger orthorhombic dis-
tortions, and the constant intensity ratio as a function of
doping.21,22

Recent experiments have opened new perspectives. Thus,
the observation that the intensity ratio shadow bands and/or
main bands as a function of doping is not constant, but ex-
hibits the same dependence as the superconducting transition
temperature Tc, is in contradiction with the orthorhombic dis-
tortion and instead suggests that the SB are related to the

superconductivity in these compounds.25 Furthermore, we
have recently shown the PE intensity ratio to be constant as
a function of both the doping level and the number of CuO2
planes,22 which suggests a structural origin different from the
orthorhombicity �which is larger in the Bi2201
compounds�23, like a c�2�2� surface reconstruction.24 These
results would agree with VLEED experiments showing the
presence of an intense c�2�2� diffraction, which are as-
cribed to a structural origin and would imply that extrinsic
diffraction effects might have an important contribution to
the SB.26 The experiments performed so far have assumed
that both SB and MB should have the same wave function
since their Fermi surfaces have the same topology.1 �See
Fig. 1.�

In this paper, we have investigated the behavior of the SB
as a function of the detection geometry in order to determine
their initial state symmetry and shed some light onto their
origin. ARPES measurements performed on Bi2212 single
crystals with two different doping levels and detection
geometries22,27–29 have shown that, surprisingly, SB have a
distinct initial state symmetry from that of the MB. This
unexpected observation has allowed us to unambiguously
rule out the scenario explaining their origin on the basis of
the slight orthorhombic distortion present in these com-
pounds or being an extrinsic effect due to final state diffrac-
tion.

The experiments were carried out at the Antares �SU8�
beamline of LURE synchrotron in Orsay �France�, details
can be found elsewhere.22,27–30 The main advantage of the
experimental system is that the VSW hemispherical analyzer
�acceptance angle 1°, energy resolution 50 meV� is mounted
on a two-axis goniometer with a precision better than 0.5°,
which allows constant polarization PE measurements �see
Fig. 2�. Two different symmetry detections are accessible:
even and odd.22,27–29 In both cases, the measurements are
realized by keeping the sample fixed at a particular azimuthal
angle ��M in Fig. 2� while the detector is moved. In the even
detection mode, the configuration is such that the direction of
the outgoing electrons �k�e� is in the plane ���, defined by the
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surface normal �n��, and the potential vector A� . Conversely, in
the odd configuration, the direction of the outgoing electrons
�k�e� is not coplanar to the surface normal �n�� and the poten-

tial vector A� .
The influence of the photointensity on the two configura-

tions can be understood by recalling the dipole matrix ele-
ments �ME� �	 f�A� · p� �	i�. Since the total product 	 f ·A� · p� ·	i

must be an even function in order to give a non-negligible
photointensity, and the final function 	 f must be even in
order to be observed by the analyzer, we can infer that the
final photointensity depends on the parity of the A� · p� ·	i
product. Thus, in the even �odd� detection configuration the

product A� · p� is even �odd� and, therefore, in order to have a
non-negligible photointensity the parity of the initial state 	i

must be even �odd�. In all measurements, A� formed an angle
of 45° with n� , mixed in-plane �s�, and out-of-plane �p� po-
larizations. Since the orbitals at the Fermi level are essen-
tially Cu dx2−y2 ,O px, and py, the p part will not contribute to
the photointensity. The samples investigated were high qual-
ity single Bi2212 crystals,16 one at optimal doping �OD�
�Tc=91 K� and the other underdoped �Tc=60 K� �U60�. The
samples were cleaved in an ultrahigh vacuum to obtain the
high quality mirrorlike surfaces required for the experiment.
An accurate in situ sample alignment was performed by high
kinetic energy photoelectron diffraction of the Bi 5d core
level, which allowed us to define the � point and the main
high-symmetry directions. Two different types of measure-
ments will be presented: momentum distribution curves
along the �1Y�2 high-symmetry direction �polar scans� and
Fermi surface maps recorded as a series of polar scans for
different azimuths of the samples to cover the selected re-
gions of the reciprocal Brillouin zone.

Figure 3 displays the polar scans at the Fermi level along
the �1Y�2 high-symmetry direction for the U60 sample with
the two available detection geometries. The �1Y�2 has been

FIG. 1. Scheme representing the four quadrants of the Bi2212
tetragonal Brillouin zone sampled. �1 corresponds to normal emis-
sion in our measurements and the line along �1Y�2 corresponds to
the measured polar scans. The theory for a two holelike FS adjusted
from the measurements on an overdoped Bi2212 single crystal �Ref.
1� has been included as main bands �gray lines�, their umklapps
�dotted gray lines�, shadow bands �black lines�, and their umklapps
�dashed black lines�.

FIG. 2. �Color online� Experimental realization of the two ge-
ometry detection modes. �a� Even configuration: the direction of the
outgoing electrons �k�e� is in the plane ��� formed by the normal to

the surface n� , and the potential vector A� . When measuring in a
mirror plane of the sample, only even initial states will be detected.
�b� Odd geometry: the direction of the outgoing electrons �k�e� is in

the plane �
�, perpendicular to that formed by n� and �A� �, therefore
only odd initial states are accessible.

FIG. 3. Polar scans along the �1Y�2 high-symmetry direction
for photon energies h�=26.8, 32, and 38 eV in the even �a� and odd
�b� detection geometries for the Bi2212 underdoped Tc=60 K
sample. Vertical lines correspond to the position of the main band
�MB�, umklapp bands �UB�, shadow bands �SB�, and their
umklapps �USB�, respectively.
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chosen because it is the highest symmetry direction of the
material and therefore geometry detection effects will be-
come dominant. Besides, along this direction the bands de-
generate, thus they will cross the Fermi level at the same
point and the results will be independent whether they are
both holelike or one is electronlike at different doping levels
�see Fig. 1�. Moreover, the SB intensity along this direction
has shown to be maximal.22,31,32 In panel �a� of Fig. 3, the
polar scans in the even detection geometry are presented for
three different photon energies: h�=26.8, 32, and 38 eV. We
observe that the maximum of intensity occurs in the second
Brillouin zone at the position where the SB cross the Fermi
level for h�=26.8 and 32 eV. Moreover, the high recorded
photointensity for the SB in the second Brillouin zone con-
trasts with the low intensity for the MB in the first Brillouin
zone. This behavior is more striking when compared with the
results obtained for the odd detection geometry �panel �b��.
In this case, the situation is reversed from the previous one
and the photointensity maximum occurs in the first Brillouin
zone. This opposite behavior between the different detection
geometries is indicative of a different initial state symmetry
between the SB and the MB. In the case of h�=38 eV, we
observe a large reduction of the overall intensity due to ME
effects27,29 and a similar intensity between the two Brillouin
zones and detection geometries. This can be explained due to
the contribution of the replicas22 of the MB in the SB and
vice versa. Considering they have different symmetry, the
effect would be similar to a mixing of the symmetry, there-
fore a similar photointensity has been measured.

To confirm the different initial state symmetry and discard
effects based only on the ME intensity differences, we have
performed Fermi surface mappings covering the large sec-
tion of the reciprocal space depicted in Fig. 1. Measurements
were taken for the OD sample in the even detection geometry
at h�=32 eV, conditions for which the photointensity of the
SB becomes dominant in the second Brillouin zone. The re-
sult, displayed in Fig. 4, shows the photointensity to be sym-
metric with respect to the �1Y�2. Furthermore, we can ap-
preciate a very different behavior for the four measured
quadrants, confirming the importance of the ME and their
dependence on the Brillouin zone.22,27–29 Concentrating on
the two quadrants containing the �1Y�2 high-symmetry di-
rection, we see that the intensity coming from the main band
vanishes in the first Brillouin zone along the �1Y direction,
which corresponds to the odd symmetry of the Cu dx2−y2

orbitals with respect to this mirror plane. Conversely, in the
second Brillouin zone, we observe that the maximum in pho-
tointensity appears around the Y�2 direction at the crossing
corresponding to the SB and their umklapps. This behavior
of the intensity indicates that the SB do not have odd sym-
metry with respect to the �1Y high-symmetry direction, oth-
erwise the intensity would drop upon approaching it. The
fact that the SB are almost invisible in the first Brillouin
zone, in spite of their apparent even character, can be ex-
plained in terms of the relative orientation between the vec-

tor potential A� and the direction of the momentum of the
outgoing electrons k�e, which in the first Brillouin zone is
almost perpendicular, and therefore the resulting ME has a
much reduced intensity. It also accounts for both the drop of

intensity when going from the first to the second Brillouin
zone27,29 and the reduction of the photointensity from the
MB and their umklapps in the second Brillouin zone ob-
served in Fig. 4.

In Fig. 5, a portion of the Fermi surface in the first Bril-
louin zone measured at h�=32 eV in the odd geometry de-
tection for the OD sample is presented. This configuration

has the advantage of an A� that is not coplanar with k�e, thus
the MB and SB should have a similar intensity due to the
ME effects in the first Brillouin zone. Indeed, we can observe
that there is photointensity for both the SB and the MB with
a comparable magnitude. Regarding the main band, we see a
maximum of intensity around the �1Y direction and a reduc-

FIG. 4. �Color online� Fermi surface map of a Bi2212 sample
measured at h�=32 eV in the even detection geometry for the Bril-
louin zone region depicted in Fig. 1. The theoretically expected
Fermi surface has been included for both SB �MB� yellow �purple�
solid lines and their respective umklapps bands as dashed yellow
�purple� lines.

FIG. 5. �Color online� Photointensity map of a quadrant of the
first Brillouin zone Fermi surface of the optimally doped Bi2212
sample measured at h�=32 eV in the odd detection geometry. The
theoretical Fermi surface has been included using the same line
criteria as in Fig. 4.
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tion upon separation from this high-symmetry direction. On
the contrary, for the SB we observe that the photointensity
has a minimum along the �1Y high-symmetry direction and
it increases as we go away from it. However, in contrast to
the even situation, they are very clearly detected outside the
�1Y direction.

This behavior confirms the result obtained from the analy-
sis of Fig. 4: the SB and the main bands have different initial
state symmetry. This observation has extremely important
consequences for the interpretation of the origin of the SB. In
particular, it rules out the orthorhombic scenario because, in
this case, SB and MB are the same bands in two different
orthorhombic Brillouin zones and they would have the same
wave function, and consequently identical initial state sym-
metry. This observation is also inconsistent with the recently
proposed interpretation which described the SB to final state
extrinsic effects as due to final-state diffraction observed by
VLEED,26 which seemed to be consistent with our previous
observation of the constant SB and/or MB intensity as a
function of both the doping and the number of planes.22

Since the wealth of experimental data18–21,25 does not support
the AFO scenario either, the topic of the origin of the SB is
newly open, a plausible explanation being the initially pro-

posed c�2�2� surface reconstruction24 whose diffraction
spots would be those observed by VLEED.26

In summary, we have performed a study of the shadow
band initial state symmetry in Bi2212 superconductors. The
polar scans measured along the �1Y�2 for an underdoped
Tc=60 K sample have indicated a different initial state sym-
metry between the main and the shadow bands in these ma-
terials, which has been confirmed by Fermi surface mappings
of the Bi2212 sample at optimal doping. This observation is
crucial because the different symmetry indicates that shadow
bands are an initial state effect, thus discarding the origin of
the shadow bands based on extrinsic effects due to final-state
diffraction. Furthermore, this observation also rules out the
orthorhombic scenario. We conclude that, in spite of the
slight orthorhombic distortion present in these materials,
electrons moving at the Fermi energy see a tetragonal Bril-
louin zone.
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