Eur. Phys. J. B 46, 309-314 (2005)
DOI: 10.1140/epjb/e2005-00263-7

THE EUROPEAN
PHYSICAL JOURNAL B

Effects of the doping and the number of planes on the shadow

bands of Bi-based cuprates

M. Izquierdo™??, L. Rocal>3, J. Avilal3, G. Gu*, Z.Z. Li®, H. Raffy®, and M.C. Asensio?:>

LURE - Centre Universitaire Paris-Sud, Bat. 209D, 91898 Orsay Cedex, France
Synchrotron SOLEIL- L’Orme des Merisiers, 91192 Gif-sur-Yvette Cedex, France

Brookhaven National Laboratory - Physics Department, Building 510B, Upton, New York 11975-5000, USA

1
2
3 Instituto de Ciencia de Materiales - CSIC, 28049 Madrid, Spain
4
5

Laboratoire des Physiques des Solides - Centre Universitaire Paris-Sud, Bat. 510, 91405 Orsay Cedex, France

Received 20 January 2005 / Received in final form 29 April 2005
Published online 18 August 2005 — (©) EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2005

Abstract. Angle resolved photoemission spectroscopy (ARPES) has been used to investigate the shadow
bands present at the Fermi surface of bismuth based superconductors. BiaSroCaCu20s4s (Bi2212) single
crystals with different doping levels and BizSraCuOgys (Bi2201) thin films have been studied by means of
momentum distribution curves along the I'Y high symmetry direction in two different Brillouin zones and
for an extensive photon energy range. The results show an enhancement of the shadow band intensity in the
second Brillouin zone for photon energies around hr = 30 eV. Furthermore, the ratio Shadow Bands/Main
Band is shown to be constant as a function of both the doping level and the number of CuOs planes. An
interpretation of this observation on the basis of the current theoretical models will be provided.

PACS. 74.72.-h Cuprate superconductors (high-T, and insulating parent compounds) — 71.18.+y Fermi
surface: calculations and measurements; effective mass, g factor

1 Introduction

The study of the electronic properties of high T, supercon-
ductors is one of the most active areas in material science
research because it provides an essential test for the suit-
ability of theoretical models developed to explain super-
conductivity. In particular, angle resolved photoemission
spectroscopy (ARPES) and, more specifically, Fermi sur-
face (FS) determination have proven to be a very powerful
tool, which has contributed with a valuable wide-ranging
experimental information to gain insight into the complex
electronic properties of these compounds [1].

From the experimental point of view, although the
electronic structure of most of the superconducting
cuprate families have been studied by means of ARPES, a
lot of research has been concentrated on the Bi compounds
(and in particular the two plane compounds Bi2212) due
to their laminar character which allows them to cleave
very easily perpendicular to the ¢ axis, thus providing
clean and mirrorlike surfaces well suited for ARPES in-
vestigation. The Fermi surface of these compounds has
shown to exhibit a large complexity with the presence
of different sheets [1-3]. Besides the main bands (MB),
we can also appreciate the existence of umklapp bands
(UB) and Shadow bands (SB). The former are due to
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the q = £0.21b§ superstructure modulation present in
these compounds while the origin of the SB still remains
an open question, with two main different scenarios still
under debate: antiferromagnetic correlations or structural
distortions.

Evidences in favor of each scenario has been proposed
both experimentally and theoretically. Theoretically, SB
were predicted in two dimensional Hubbard model cal-
culations performed in the weak coupling limit (on-site
effective electron-electron Coulomb repulsion U smaller
than the bandwidth W, U<W) [4], where they appear as a
consequence of short-range antiferromagnetic correlations.
Subsequent calculations within this framework have also
supported the presence of SB [5,6] due to the antiferro-
magnetic fluctuations for correlation length as small as
x ~ 2a (a the lattice parameter) [5] and with a spec-
tral weight that decreases as a function of doping [6].
However, other results have proposed that the correla-
tion length should be comparable to the thermal wave-
length of the electrons, a condition not fulfilled by these
compounds [7]. On the other hand, SB have been also ob-
served in two dimensional Hubbard models at half-filling
as a consequence of spin singlet correlations [8,9]. Fur-
thermore, stripe [10,11] and ¢-J model calculations have
also obtained SB, although in some cases with a topol-
ogy different from the experimentally observed one [11].
In the ¢-J calculations, they have been observed either as a
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consequence of spin fluctuations in a large-degeneracy ex-
pansion [12] or analogous to the 1D holon band in exact
diagonalization calculations [13], thus ruling out an anti-
ferromagnetic origin. Finally, three dimensional Hubbard
model calculations have shown that the SB at the Fermi
surface, although always present, are boosted by antiferro-
magnetic correlations established between the two CuOs
layers [14]. Considering the structural scenario, two differ-
ent models have been proposed: on the one hand, the pres-
ence of a ¢(2 x 2) surface reconstruction was introduced
by Chakravarty [15] on the basis that the short ranged
antiferromagnetic correlations should give quasiparticles
with a linewidth inversely proportional to the correlation
length, while the observed SB are well defined. The other
structural model is based on the slight orthorhombic dis-
tortion present in these materials [16], which upon break-
ing the tetragonal symmetry considers that the shadow
bands are the main bands in a different orthorhombic Bril-
louin zone [17,18].

Regarding the experimental results, although a large
amount of data exists in the literature and the SB are
present in large portions of the Fermi surface, not many
investigations have focused on them. Among the exist-
ing ones, we shall mention those supporting an antifer-
romagnetic scenario from Fermi surface measurements [3]
or from the different behavior of the SB and main bands
as a function of the binding energy [19] respectively. Re-
garding the orthorhombic distortion, the larger inten-
sity of the SB detected in Pb-doped Bi2212 compared
to non-doped ones [20] sustains this scenario [7] provid-
ing the orthorhombic distortion is larger in the former
compounds [21,22]. Furthermore, studies as a function of
doping have revealed a constant intensity ratio shadow
bands/main band [23] which rules out the antiferromag-
netic origin. This result has been recently questioned by
measurements showing a direct relation between the SB
and the superconductivity [24] due to the observed scaling
between T, and the shadow band intensity. The structural
distortion scenario is also supported by the latest experi-
ments showing the same behavior for the MB and SB with
binding energy [25]. This observation does not agree with
the results reported in reference [19] but it might be more
reliable due to the fact that both the angular and energy
resolution have been improved by a factor of 10. Finally,
regarding the Bi2201 compounds, the SB have also been
observed at the Fermi surface of these compounds [25,26].
Like the Bi2212 samples, they exhibit the same behavior
with binding energy as the main bands, therefore support-
ing a structural origin [25]. In this context, recent VLEED
results show the presence of a ¢(2 x 2) diffraction which
indicates an important extrinsic contribution to the SB
due to final state diffraction [27].

In this framework, we have to consider that most of
the Fermi surface studies on cuprate superconductors have
been restricted to the first Brillouin zone and to the bor-
ders of the second one close to it [1]. In this case, we have
recently shown the SB to be more intense in the photon
energy range (around hv > 32 eV) and for odd detection
geometry [2,28]. From studies covering larger reciprocal

The European Physical Journal B

Fig. 1. Scheme of the first two tetragonal Brillouin zones for Bi
cuprates together with a two hole-like FS adapted from mea-
surements on an overderdoped Bi2212 single crystal [1]. Only
those bands contributing to the 1Y% have been included:
main bands (gray lines), their umklapps (dashed gray lines),
shadow bands (dark lines) and their umklapps (dashed dark
lines).

space regions it has been observed that they exhibit very
high intensity along the YI% (see Fig. 1) of the second
Brillouin zone [29,30]. Moreover, the SB intensity around
this region seems to be maximal with respect to the other
Brillouin zones, therefore becoming the best choice in or-
der to investigate their properties. Furthermore, when one
wants to compare the photointensity ratio with that of
the Main Bands (MB) the I1YI5 is the only Brillouin
zone direction along which there is no contribution of the
umklapps bands, well separated in reciprocal space along
this direction (see Fig. 1). On the other hand, it has the
advantage that the two bands present in the Bi2212 com-
pounds are degenerate. Therefore, I7YI5 is the only di-
rection that allows a comparison between samples with
different preparations, doping levels and number of CuOs
planes. Measuring along others would imply the need to
quantitatively evaluate the contribution of the umklapps,
and to know precisely the nature of the two bands and
their splitting in reciprocal space.

In this paper we present a systematic study of the
shadow bands along the I3 YT, high symmetry direction
by means of synchrotron radiation ARPES. In particular,
the behavior of the SB intensity with photon energy has
been extensively investigated thus allowing determination
of the best experimental conditions for their study. Sec-
ondly, the behavior of the shadow bands with doping has
been revisited in an attempt to clarify the controversy
on the existing data. In this context, two Bi2212 single
crystals at different doping level: optimal (OD) and un-
derdoped 60 K (U60K) have been investigated. Finally,
the dependence of the SB photointensity with the num-
ber of CuO4 planes has also been elucidated by comparing
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the results obtained in the above mentioned single crys-
tals with those performed on a Bi2201 thin film grown on
a SrTiOg single crystal.

2 Experimental details

The experiments were carried out at the Antares (SU8)
Spanish-French beamline of Super-ACO storage ring at
synchrotron LURE in Orsay, France. The beamline was
equipped with a PGM monochromator made of six plane
gratings, which covers an energy range from 16 eV to
960 eV with an average resolving power of 33 x 10% at
a flux 10! photons/s [2,31]. The end station is equipped
with a high precision manipulator which allows a full 27
azimuthal angle (¢) rotation and a 90° polar angle (6)
variation relative to the surface normal, both with a pre-
cision higher than 0.5°. A VSW hemispherical analyzer
mounted on a two-axis goniometer with an acceptance
angle of 1° and an energy resolution of 50 meV is pro-
vided for the photoemission characterization [28,32]. A
base pressure better than P < 5 x 10~ mbar was kept
during all the experiments. The samples were prepared
by means of scotch cleavage, which has shown to provide
the high quality mirror-like surfaces required for the ex-
periment. An accurate in-situ sample alignment has been
performed by photoelectron diffraction of the Bi 5d core
level performed in the high kinetic energy regime, thus
allowing to define the I' point and the main high symme-
try directions within our angular experimental resolution.
Three different types of samples have been investigated:
two single crystals of the Bi2212 family with different dop-
ing level and thin films of the Bi2201 one. The Bi2212 sin-
gle crystals were grown by the travelling solvent floating
zone method with an infrared mirror furnace. They exhibit
a high crystalline quality as determined by X-ray diffrac-
tion and a sharp superconducting transition AT, = 2 K as
determined from SQUIDS measurements [16]. They have
different doping levels, one of them being optimally doped
(T. = 91 K) and the other underdoped with critical tem-
perature T, = 60 K. The Bi2201 thin film investigated
belonged to the heavily overdoped regime (T, < 4.2 K), it
was epitaxially grown on SrTiO3 by RF magnetron sput-
tering and its quality characterized by transport proper-
ties and X-Ray diffraction [33,34].

3 Results

We have performed a series of polar scans along the
I'1'YT's high symmetry direction. Since the analyzer is
mounted on a two-axis goniometer, measurements can be
performed in two different geometry detections, so-called
even and odd [2,35]. In particular, the results presented
here have been measured in the even detection geometry
in which the surface normal, the direction of the outgo-
ing electrons and the potential vector are coplanar. In this
case and when measuring in a mirror plane of the crystal,
as is the case for the I'1Y I direction, only those initial
states having even symmetry will be detected.
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Optimal Doping

Intensity (arbitrary units)

Fig. 2. Polar scans along the I'1YI'2 high symmetry direction
for photon energies in the range from hv = 23 to hv = 38 eV for
the Bi2212 optimally doped sample. Vertical lines correspond
to the position of the main band (MB), umklapp bands (UB),
shadow bands (SB) and their umklapps (USB) respectively.

In Figure 2 we present the polar scans measured along
the I'1YI's high symmetry direction in the photon energy
range between hy = 23 eV and hv = 38 eV for the Bi2212
at optimal doping. The results have been plotted together
with lines indicating the Fermi level crossing of the dif-
ferent structures in the polar scans. These bands can be
identified as follow: main band (MB), the umklapp bands
corresponding to the q = £0.21b§ superstructure mod-
ulation (UB), shadow bands (SB) and its corresponding
q = £0.21b} umklapps (USB). At first glance, we can ob-
serve that the dominating photointensity arises from the
SB and their umklapps in the second Brillouin zone (Y12
region), thus confirming to a large extent previous exper-
imental results [29,30]. Moreover, we can establish a clear
dependence of the intensity on the photon energy with
three different energy ranges: for photon energies lower
than hv = 32 eV, the photointensity in the second Bril-
louin zone is much larger than in the first one. Further-
more, concentrating on the second Brillouin zone only, we
see that the dominant structure is that centered on the
main shadow bands. Upon increasing the photon energy
we can observe that the SB intensity on the second zone
still dominates the spectrum, but the photointensity of
their umklapps (USB) closer to I's starts becoming more
important. Finally, for energies larger than hv = 36 eV
the photointensity in the two Brillouin zones becomes sim-
ilar. Regarding the second Brillouin zone, we see that the
USB closer to I's is the dominating feature, which has also
broadened with respect to lower photon energies.

We have further investigated this broadening by mea-
suring a series of polar scans at the Fermi level (Er),
Er—100meV and Er—200 meV for three different photon
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Optimal Doping

Intensity (arbitrary units)

Fig. 3. Polar scans at the Fermi level, Fermi level-100 meV and
Fermi level-200 meV along the Y12 high symmetry direction
for the Bi-2212 optimally doped sample. Three photon energies
hv = 34 (upper panel), 36 (intermediate panel) and 38 eV
(lower panel) have been represented showing the increasing
importance of the contribution arising from the main band
umklapps (UB) as a function of the photon energy.

energies hv = 34 eV, hv = 36 eV and hv = 38 eV, which
would allow us to discriminate the origin of the differ-
ent structures by regarding their dispersion as a function
of the momentum wavevector. Those structures dispers-
ing towards the I point can be ascribed to the SB and
their umklapps as would correspond to holes centered at
the I's points. On the contrary, the opposite dispersion
is indicative of structures coming from the MB or their
umklapps since in this case the holes are centered at the
Y point. The results displayed in Figure 3 indicate a differ-
ent behavior for the three photon energies measured. For
the lowest photon energy hv = 34 eV (upper panel) we
only observe contributions coming from the shadow bands
and their umklapps. Upon increasing the photon energy
we observe that a shoulder is developing, denoted S in the
intermediate panel. Finally, we see that the large broaden-
ing observed at hv = 38 eV (lower panel) for the umklapp
shadow band at the right side of the SB is due to the en-
hanced contribution of the structure “S” of panel b, which
actually represents an umklapp of the main band (UB).
Figure 4 displays the polar scans measured for the
other Bi2212 sample investigated, which belongs to the
underdoped regime with a 7. = 60 K (U60K). We can
observe that the polar scans resemble quite closely those
obtained for the optimally doped sample(see Fig. 2). In
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Underdoped T =60K

Intensity (arbitrary units)

I, Y, I,

Fig. 4. Polar scans along the I'1 Y I'> high symmetry direction
for photon energies in the range from hv = 23 to hv = 38 eV for
the underdoped 7. = 60 K Bi-2212 sample. Lines correspond
to the position of the main band (MB), umklapp bands (UB),
shadow bands (SB) and their umklapps (USB) have been also
included.

particular, we can see that the intensity is dominating
in the second Brillouin zone and also that the same three
photon energy ranges are present at this doping level. The
most striking difference is the fact that for this sample
the umklapps bands are less intense than for the opti-
mally doped sample, which could be ascribed to a weaker
strength of the q = £0.21bj; incommensurate superstruc-
ture.

In order to investigate the behavior of the SB as a
function of the number of CuO4 planes we have performed
measurements on a Bi2201 thin film grown on SrTiO3. The
use of these films has the advantage that the superstruc-
ture modulations are much weaker than on single crystals
as observed by X-ray diffraction, thus reducing the com-
plexity of the experimental Fermi surface. In Figure 5 the
measured polar scans are displayed together with lines in-
dicating the position of the expected structures in the two
Brillouin zones, which have been labelled as in Figures 2
and 4. We observe that in this case the photointensity
arising from the main band MB in the first Brillouin zone
is always dominating over the rest of the structures, with
an intensity that is lower for hv = 23 eV and remains
almost constant for the other energies. Furthermore, we
can also see that for photon energies higher than 23 eV
a broad shoulder in intensity develops between I7 and
the MB, which becomes more important as we increase
the photon energy. On the contrary, and as expected, the
umklapps bands are only weakly observed. Regarding the
second Brillouin zone, we can distinguish three different
situations: For hv = 23 eV no evidence of the SB nor their
umklapps is observed; for hrv between 26.8 eV and 32 eV
the SB are clearly seen and also their umklapps (USB),
whose intensity is larger at 32 eV photon energy. Finally,
for hv = 38 eV the shadow band intensity washes out and
only the USB closer to I'y is left. Comparing these results
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Bi-2201

Intensity (arbitrary units)

r

Fig. 5. Polar scans at the Fermi level for the Bi-2201 thin film.
We observe that for very low photon energy no photointensity
for the SB is present in the second Brillouin zone.

with those obtained for the Bi2212 compounds we can
infer that the behavior of the SB as a function of the pho-
ton energy in the second Brillouin zone is similar for high
photon energies, while at low photon energies no photoin-
tensity was detected, which is opposite to the maximum
observed for the Bi2212 compounds. The understanding
of this experimental observation will be provided in the
next section.

4 Discussion

Having presented all the experimental results, let us try to
interpret them within the context of the existing scenar-
ios. First of all, one can extract practical information re-
garding the optimal experimental conditions to study the
SB for the different compounds. From the photon energy
dependence we can infer that the energy range around
hv = 32 eV will be optimal because the bands contribut-
ing to the photointensity are purely shadow bands and
their umklapps. Furthermore, this photon energy range
also allows comparison of the results for the two families
investigated, which is not the case for the lowest photon
energies for which the SB in the one plane compounds are
not longer seen.

In order to obtain a physical understanding of the SB
we have performed a quantitative estimation of the inten-
sity ratio SB/MB as a function of the photon energy for
the three different samples investigated (Fig. 6). We first
notice that for a given sample there is an important vari-
ation of the intensity ratio with photon energy, as previ-
ously observed both theoretical and experimentally [2,35]
and which might be ascribed to the angular dependence
of the matrix elements since we observe that the photoin-
tensity dependence with photon energy for the SB is sim-
ilar to that of the MB [36]. When comparing the results
between Bi2212 samples with different doping levels we
see that the ratio is constant for each photon energy, the
only difference being the one obtained at hv = 26.8 eV.
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Fig. 6. Intensity ratio SB/MB as a function of the photon
energy for the Bi-2212 and Bi-2201 samples.

However, it is worth mentioning that this energy is a bit
questionable in the sense that the Fermi level falls be-
tween a second order of Bi-5d, which could account for
the observed differences. The constant ratio observed for
the other photon energies indicates that the strength of
the SB does not depend on the doping level. This result
is in agreement with previous observations of Schwaller
et al. [23] and does not agree with those of Kordyuk
et al. [24] proposing a scaling of the SB intensity with
the superconducting temperature T.. A very intuitive in-
terpretation of this observation would rule out an anti-
ferromagnetic scenario, in which correlations should be
enhanced upon reducing the doping level as theoretically
observed [6].

Regarding the dependence with the number of CuO;
planes, we can observe from Figure 6 that in principle
the SB are much less intense compared to the Bi2212 sin-
gle crystals. However, we have to keep in mind that for
the Bi2201 samples the orthorhombic a and b axis are
twinned, therefore we cannot perform a straightforward
comparison of the obtained results. However, we can fairly
compare the intensity ratio by considering the contribu-
tions coming from the I'X and I'Y directions all together.
As we can see from Figure 3 of reference [29], the photoin-
tensity along both high symmetry directions is quite dif-
ferent, mainly due to the presence of the umklapps along
the I'Y direction. More concretely, the polar scans along
the I'X direction display a strong maximum in the first
Brillouin zone while the intensity is very weak in the sec-
ond one. Taking into account this effect we have estimated
the intensity ratio of an artificial “I"Y+1I"X” polar scan at
hv = 32 eV created by adding one I'Y to a I'X polar scans.
The result displayed in Figure 6 as a grey circle shows that
the intensity ratio of this artificial polar matches precisely
that measured for the Bi2201 sample. The consequence
of this result is that the ratio SB/MB in the Bi samples
can be considered as constant as a function of the number
of CuOy planes. This observation contradicts the theo-
retical results obtained by Grabowski et al. [14]. These
comes from a model supporting that, within an antifer-
romagnetic scenario, the coupling between layers plays a
role in enhancing the SB intensity. Furthermore, this re-
sult is also against an orthorhombic distortion because
we know that the distortion is much larger in the case
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of the Bi2201 compounds, therefore a larger intensity ra-
tio should be expected for this sample. In this context,
our results are explicable by recalling the intense ¢(2 x 2)
diffraction structure observed recently by VLEED [27],
since we have observed a somewhat similar dependence
with energy. However, they would support an origin for
this ¢(2 x 2) diffraction structure based in a theoretically
proposed surface reconstruction [15] rather than a con-
sequence of the orthorhombic distortion. In any case, we
believe that there is an important extrinsic contribution
to the SB due to final-state diffraction.

5 Conclusions

In summary we have performed a systematic study of the
shadow bands along the I'yYI's for both Bi2212 single
crystals with different doping levels and Bi2201 thin films.
The results have shown that the photon energy in the
range from hry = 26.8 to 34 eV is best suited to investi-
gate the shadow bands, since it allows a comparison not
only within a family but among families with different
numbers of copper-oxygen planes. Furthermore, we have
obtained a constant behavior of the intensity ratio shadow
bands/main bands as a function of both doping and the
number of CuQOs planes. The constancy as a function of
doping rules out a link between the SB and the supercon-
ducting temperature and also questions the antiferromag-
netic scenario. Finally, the constant behavior as a function
of the number of copper oxygen planes has allowed us to
discard a theoretical model sustaining a boosting of the
shadow bands upon the interlayer coupling. This latter
result also throws doubts on the orthorhombic explana-
tion since the distortion appears to be more important for
the one copper oxygen plane compounds and therefore a
larger intensity ratio should be expected for the Bi2201
compounds. On the other hand, our results support an
explanation based on the ¢(2 x 2) diffraction observed by
VLEED and therefore related with final state diffraction
effects.
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