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Evidence for a second one-dimensional set of states shedding light
on the normal phase of highT . superconductors
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We have identified a set of electronic states with a one-dimensional dispersion In=tf@,0) to M,
=(,0) direction crossing the Fermi surface at one p&int 0.2+ 0.037 by angle-resolved photoemission.
The one-dimensional character of these electronic states is demonstrated by missing dispersion along the
orthogonal direction, observed in energy-distribution curves, anl-byace mapping of the Fermi surface,
using angle scanning photoemission. The observed electronic states beyond the well-known large Fermi sur-
face provoke the models based on charge and spin ordering in the @lax@ of highT. superconductors.
[S0163-182698)51218-7

Over the last few years, experimental data have been ac- The angle-resolved photoemissighRPES measure-
cumulating showing that the normal state of higheuprate  ments were carried out at the Laboratoire pour I'Utilisation
superconductors has similarities with other complex materidu Rayonnement Electromagnetiqué_URE) (Orsay,
als such as new colossal magnetoresistance compounds angncé on the SU6 undulator beamline. A Bir,CaCyOg, 5
isostructural nickelatejs‘.g It is becoming accepted that the (B|2212) Crysta| of size x6Xx1 mn‘f”, grown by the f|0a‘[ing
anomalous electronic properties of these materials are typicagbne method! was used for the measurements. It has a sto-
of complex materials where charge, spin and lattice fluctuaichiometric 2212 composition doped by interstitial oxygens.
tions play a key role for their theoretical understandi®ig”  we have characterized this monodomain crystal by x-ray
Angle resolved photoemission has been widely used to studyynchrotron radiation diffraction showing sharp diffraction
the electronic properties of highs superconductorS** A |jines limited by resolution. It is at optimum doping giving
variety of unique features in the photoemission spectra inthe highest critical temperature for this family of cuprate
cluding extended van Hove singulariti€s;® opening of a  superconductors,=91 K with AT.~1 K. The sameT, is
pseudogap in underdoped sampfeshadow bands assigned found for the bulk and for each cleaved surface as measured
to magnetic interactions, and umklapp satellité§ have by surface resistivity using inductive coils. We have used the
been observed. A global view of the Fermi surface measuregonstant initial energy ang|e Scanning photoemiééi&-’rﬁc-
by angle scanning photoemission of an optimally doped syscompanied with the standard approach based on energy dis-
tem has shown the asymmetry of the large Fermi sutface tribution curves, exploiting high intensity of the synchrotron
that has been correlated with a one-dimensi¢hB) charge  radiation emitted by an undulator source. The experiments
segregation in diagonal stripes in the Gu@ane observed \vere performed in an ultrahigh vacuuWHV) chamber
by anomalous x-ray diffractiot. (base pressure 10 mba) equipped with an angle-

In the present paper we provide direct evidence for a oneresolving hemispherical analyzer and a high-precision ma-
dimensional set of states with total dispersion &AE nipulator permitting an azimuthal sample rotatio#) of
=80 meV, i.e., of the order of antiferromagnetic exchange360° and polar emission angle relative to the surface normal
interaction J=125 meV? These electronic states witk: () of 90° The angular resolution used for the Fermi sur-
~0.27, in units of 1A, wherea=3.8 A, in the Cu-O-Cu face mapping is 1.5° while for the energy distribution curves
direction, might be correlated with the one-dimensional low-(EDC) is 1°. The spectrometer energy resolution was about
frequency incommensurate spin fluctuations with a wave+r50 meV. The measurements were performed using the lin-
vectorgs~ kg along the same direction reported by magneticearly polarized synchrotron light with photon energy of 32
scattering studie®:® The results may answer the frequently eV in the even symmetry. In this geometry, the polarization
asked question of how the lattice distortions ordering ob-~ector of the synchrotron light, the wave vector of the emit-
served along thér, ) direction®?°could be reconciled with  ted photoelectron and the surface normal were in the same
the 1D magnetic fluctuations along the,0) direction?=° horizontal plane that plays the role of a mirror plane and the
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-08 04 0 -08 -04 O -04-02 0 02 FIG. 2. Photointensity distribution of states near the Fermi sur-
Binding energy (eV) face obtained by constant initial-state angle scanning photoemis-

sion. The intensity above 15% of the maximum intensity is plotted
FIG. 1. Energy distribution curve@EDC) measured along the to remove the low intensity features due to umklapp satellites. The
I'=>M;=(7,0) (left), the orthogonal’'—>M=(0,7r) direction intensity increases from light to dark in a grey scale. We have used
(centey, and the difference between the téright). The 1D band  the following notations;T'=(0,0), M,;=(#,0), M=(0,7), X
appears in thd—>M(7,0) dispersing from—80 meV to Ef =(m,m), Y=(—m,m), and Y,=(m,— ). The one-dimensional
crossing akg=(0.27,0). (1D) band can be clearly observed only in the=(0,0)—>M,
. L . =(,0) direction crossindg=g at two points ¢ 0.27,0) indicated
transition from the initial states with even symmetry by the arrows.

(Cu3d,e_y2, O2p,,) is allowed™' This geometry has
been used to have maximum emission intensity along theerved on different runs performed on different cleaved sur-
(,0) and (0,7) directions. The data have been collected atfaces ascertaining its intrinsic nature. This result provides
290 K. The sample was carefully aligned crystallographi-direct evidence for a new set of electronic states at the Fermi
cally by x-ray diffraction. It was cleaved in the UHV cham- surface having one-dimensional character along the Cu-
ber and its alignment was ensured by low-energy electro®-Cu direction.
diffraction. The flatness of the sample surface was controlled The first indication of this second set of states was pro-
by laser reflection. The alignment of crystal with respect tovided by our earlier pap&twhere the topology of the Fermi
theta and phi angles is confirmed by photoelectron diffracsurface was obtained by constant initial-state angle scanning
tion of deep core levels. techniqgue. We have confirmed the presence of the one-
The energy distribution curveEDC’s) measured along dimensional states only near the Fermi surface by further
the I'=M(7,0) (left) andI"'—M(0,7) (centej directions experiments and they are indicated by arrows in Fig. 2 which
are shown in Fig. 1. The EDC'’s in the left panel of Fig. 1 shows the photointensity distribution above the 15% level of
have been collected with the photon polarization aldhg the maximum. The gray scale represents intensity of the
— M, while the photon polarization is alorig— M for the  emitted photoelectrons excited from the initial state having
EDC in the central panel of Fig. 1. For this reason the tranconstant energ¥r and in-plane wave vectoik() spanned
sitions from initial states due to the Cy@ayers are dipole over reciprocal space of the two-dimensional Gyfane.
allowed in both experimental curves, as can be seen directlyhis figure shows the envelope of equipotential lines of the
by their similar strong intensity. There are dispersing feaband structure within the experimental energy resolution
tures in both directions, however EDC's in the two directionsnear the Fermi level. The Fermi surface shows clear differ-
show clear differences in their line shapes. The main spectrance between th€ —M=(0,7) andI"—M=(,0) direc-
band is clearly visible in both directions for polar anglestions with a presence of the one-dimensional band, indicated
above 5° off thel” point and disperses from 350 meV to- by the arrow, that can be evidently seen only along Ithe
wards the Fermi level. It should be recalled that this main—M,=(7,0) direction as photointensity spots aroukd=
band in this direction does not cross the Fermi level and-0.27 (=0.037).
remains below it {-20 meV) giving an extended van Hove  To further ascertain this we have measured photointensity
singularity 213 at the Fermi surface by scanning the polar angle along the
While the main band appears quite similar in the twoM,=(#,0) and M=(0,7) directions acrosd" point. The
orthogonal directions, the EDC’s alomd,=(7,0) shows a polar scans along the two directions are shown in Fig. 3. The
second dispersive spectral feature at lower angles with photon polarization is alonj— M, for the angle scanning in
smaller intensity. This second band crosses the Fermi level ate I'— M, direction (dashed ling while it is alongI’ — M
around ke=0.2r with a total energy dispersiodAE  for the angle scanning in thE—M direction (solid line),
~80 meV. On the other hand, we do not see this secontherefore the transitions from initial states due to the CuO
band in the EDC’s measured along the orthogaha M layers are dipole allowed in both experimental curves. The
=(0,7) direction. This second band can be clearly seen intwo curves are practically identical in the range between
the difference spectra plotted in Fig.(fight). This second 0.357 and 7 while an additional contribution appears in the
band appearing only in one direction was reproducibly obdow-k range 0-0.2% only along thel'—M,=(,0) direc-
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of 1D states identified in this work and of the main band.

FIG. 3. The polar scans of the photointensity at the Fermi level ) ) ) )
along thel'—>M (solid line andT'—>M, (dotted ling direc-  Fig. 4 the dispersion of this set of states having one-
tions. The crossing of the 1D band at the Fermi surface is cleariflimensional character forming a narrow band80 meV)
visible by a peaked structure in the polar scan alonglthe>M,  and smalkkg (~0.2m) along the(w,0) direction of the Bril-
direction at 0.2Zr and it is missing in the other direction. The louin zone. For this one-dimensional band we expect charge
unklapp satellites give weak shoulders-a0.307 along the two  fluctuations with the nesting wave vectoy.=2k;
directions and is clearly visible as a shoulder in the polar scan along~ 0.44r) as shown in the figure.
the'—M direction. The data points represent the photointensity at  The 1D incommensurate low-frequency spin fluctuations
the Fermi surface obtained from the EDQf&g. 1) alongI'=>M  with wave vectorgs~ (0.277,0) observed in inelastic neutron
(closed circlesand '~ >M; (open circles scattering in cuprate superconducfofsare expected to be
i i L i associated with charge fluctuations of wave vecigythat is
tion. This contribution is due to the 1D band that gives agjmilar to the measured nesting vectpr. Therefore we ar-
peaked structure in the vicinity &~ (0.277,0) correspond- g6 that this one-dimensional band is related with the 1D
ing to its Fermi level crossing. On the other hand we couldspin flyctuationé® This corresponds to an instantaneous
see only a diffused photointensity peaking around 0.32-0.4jin modulation with a period of about 9—10 Cu sites in the

7 in the I'—M direction that is expected due to umklapp cy.0-cu direction. On the other hand x-ray anomalous dif-
process of emitted photoelectrons by the modulation of thgraction and extended x-ray absorption fine structure

BiO plane. O_ur results in thE—M .direi:éion are in perfect (EXAFS) have been jointly exploited to derive the stripe
agreement with the data of Randegtieal.® where by assum-  girycture in the Cu@lattice. The lattice modulation in the
ing a simplified tetragonal symmetry there is no dlstlnctlonCuO2 is found to be along at 45° from the Cu-O-Cu direc-

betweenI'—M versusI'—M, directions. The crossing at {jon "with wave vector { 0.2, ~0.2) direction in Bi2212
(0.277,0) observed in the present work only in the-M;  foming a superlattice of quantum stripe€-2°The break-
direction can be clearly distinguished from the above-ing of the symmetry between tier,0) and (0, directions
mentioned umklapp reflections that are weaker and arg assigned to the tilting of the CyGquare planes in the
present in both directions. It is possible that the disorder, dugtt stripes only in one directiof? Therefore in our opin-

to nonstoichiometry of metallic elements in the samples, hag,, the presence of a second set of 1D electronic states in the
masked the breaking of the symmetry between the two dipresent ARPES data is correlated with spin fluctuations

rections in previous studies. We have used a photon ENerPYong the vertical direction that coexists with diagonal stripes
of 32 eV since we have higher photon flux at this energy s gistorted lattice, and it supports the scenario of The
however no variations were observed using the standard eRmplification by an 1D “shape resonance” efféat.

ergy of 25 eV, and the anisotropy of the new 1D band shown
in Fig. 1 between thé& —M andI’ — M directions is clearly This work was partially funded by Grant No. CNRCT
an intrinsic effect independent on the used photon energy. 83600071 of Consiglio Nazionale delle Ricerctf@\R) of

To summarize the experimental findings the joint analysidtaly. The experiment was done at the Spanish-French beam-
of energy distribution curves and angle scanning data on Bne of LURE with the support of the large scale Installation
perfect crystal at optimum doping has allowed us to clearlyProgram and the Spanish agency DGICYT under Grant No.
identify a set of states with 1D character. We have plotted irPB-94-0022-C02-01.
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