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Angle-resolved photoemission studies of the dispersion relations and polarization dependence of bands in
the nealEr region of untwinned YBaCu;0,_ 5 (Y123) single crystals reveal previously unseen details of the
electronic structure and significantly expand our understanding of this system. We find that the narrow, intense
feature seen alon§'Y in Y123 and YBaCu,Og (Y124) is best explained as a surface termination effect
related to the quasi-one-dimensional Gu€hains, masking underlying electronic states at the Fermi energy.
Many of the previously puzzling photoemission results from these materials are readily understood within this
context, including the failure to observe a superconducting gap, the weak effect of deoxygenation on the
photoemission spectra fat<0.5, the weak dependence of this feature on Pr doping, and the strong photon
energy dependence of the photoemission spectra. Our data, taken in the superconducting state, reveal the
bilayer splitting andc-axis dispersion of the CuQplane bands. We also find evidence for a one-dimensional
chain Fermi surface parallel to tHéX direction, but see no indication of the BaO derived “stick” pocket
centered on th& point. [S0163-182608)04910-9

[. INTRODUCTION reliable ARPES data on another class of the cuprates in order
to differentiate those features which are peculiar to the Bi-
Observation of a highly anisotropic superconducting gagbased compounds but not critical for the superconducting
in angle-resolved photoelectron spectroscOpRPES mea-  properties from those which are universal to the cuprates and
surements on BiSr,CaCu,Og, s (Bi2212) is a major piece are, therefore, relevant underlying aspects of their electronic
of evidence supporting thd-wave pairing hypothesis for structure.
high-T, materials: The clear onset of superconductivity and ~ The primary structural distinction between materials in
modification of the spectral weight @, sparked a prolifera- the Y123/Y124 family and other cuprate superconductors is
tion of studies of the electronic structure of this material inthe presence of uniaxially aligned Cy@hains in the charge
various temperature and doping regimes. These have repeagservoir layers. In the case of Y123 there is one chain per
edly provided new insight into the cuprates and have been anit cell, while Y124 has two staggered chains; from the
fertile source of grist for theorist’s mills. One of the persis- point of view of band theory the main difference between
tent puzzles in the ARPES community was the inability tothese two is that the chains mediate electron transport along
reproducibly observe, until recentlya similar gap in Y123 thec axis in Y123, leading to strong dispersion in this direc-
despite intense efforts and demonstrably superior sampléon, while the chain geometry in Y124 frustrates conduc-
quality® This directly contradicts a large body of evidence tion, with consequent suppression of dispersiott.Never-
from other techniques, including Josephson tunnéling;  theless, band calculations predict splitting of the bonding and
crowave absorptiorand scanning superconducting quantumantibonding bilayer orbitals of comparable magnitude for
interference device microscofyyhich clearly reveal the ap- both compounds. Generally, the lack of a gap in Y123 has
pearance of a superconducting gap of comparable magnitudeeen attributed to surface effects such as reconstruction or
and anisotropy to that seen in Bi221Zhe absence of a gap oxygen loss, which could lead to a surface not representative
is also inconsistent with scanning tunneling microscopyof the bulk. However, photoemission, low-energy electron
(STM) studies® which are even more surface sensitive thandiffraction, and STM all provide evidence that the surface is
ARPES. It is also of great importance to establish a body ofvell ordered when cleaved and maintained at low tempera-
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One of the most intriguing features of the electronic struc-
ture of Y123 is the extremely narrow and intense peak lying

@® Cu(D) approximately 10 meV below the Fermi energy which is

© Cu® seen near th& andY points in twinned samples. This peak
appears to be essentially nondispersive parallel to the

@Ba I'X/TY direction and strongly dispersive alongSY S

| | forming what has been referred to as an extended van Hove
singularity (evHs. It also manifests unusually strong photon

: : OY(P’) energy dependence, being seen most stronghwat17 and
| 28 eV, and also at 50 and 74 é¥In their early study of an
: ol ! ®on untwinned single crystal of Y123, Tobiet al,® observed
| this feature only near th¥ point, and concluded that it was
! : Qoo correlated with the Cu@ chains. A similar conclusion was
| © oo drawn for Y124 crystals by Campuzadret al, based on the
! P ! relationship betweeX/Y asymmetry and the uniformity of
; | @o® the cleaved sample surface, and for Y123 based on the re-
sults of oxygen doping dependeni@-owever, observation
of the peak alond'Y placed the nondispersive direction par-
allel to the chain axis, rather than perpendicular as would be
T Omm) R (m,m,m) expected for quasi-1D states. This counterintuitive result is
also inconsistent with both LDA predictions of a chain-
. Z(0,0,1) U (1,0,%) derived Fermi sheet parallel to tH&X axis and the chain
c174) Fermi surface determined from positron annihilation studies
b (3.884) Y (0,m,0) S (r,m,0) of untwinned crystal$® Subsequent photoemission work in-
terpreted the evHs as a Cy@lane-derived feature arising

from the chain-induced orthorhombic distortion, and impli-
cated the resulting density of states singularity as a possible
origin for the high transition temperatut®:?* Much of this

FIG. 1. The crystal structure of Y123, showing the planarWork was driven by the observation of an extended flat band
CuO, bilayers separated by atoms and the linear Cu{chains  near the Fermi energy in ARPES studies of Bi2212, even
running parallel to thés axis. One octant of the Brillouin zone is though that feature derives from a much broader band in the
shown in the same orientation, with the standard notation for thexormal state and exhibits clear and dramatic modification in
high-symmetry points. line shape on passing into the superconducting state.

We believe that the later studies endorsing the evHs in-
ture, with a mixed termination due to the lack of an inversionterpretation of the feature at thé point in Y123 have not
symmetric cleavage plane. Furthermore, low-energy valencdraid sufficient attention to the highly one-dimensional char-
band peaks, qualitatively similar to those seen in Bi2212, ar@cter of this feature and other aspects of the data. Our results,
clearly observed in ARPES studies of these materials. In thebtained on untwinned Y123 crystals of exceptional quality,
context of this paper we refer to the dispersive features sedgad us to a different picture of the electronic structure in
in angle-resolved photoemission as quasiparticles for conver123 and Y124 more consistent with earlier work on
nience. This usage is not intended, explicitly or implicitly, to twinned crystals, and reveal numerous previously unob-
give credence to any particular theoretical interpretation. Wéerved features. These data indicate that the Beagtec-
have undertaken an extensive investigation of untwinnedronic structure along thée axis is strongly masked by the
crystals of the highest quality in order to elucidate the im-presence of a narrow and intense surface resonance arising
portant aspects of the Y123 electronic structure and explaifrimarily from the quasi-1D Cu@ chains, making un-
the observed variance between ARPES data on Y123 arfvinned single crystals essential to have any hope of resolv-
Bi2212. ing a gap. In addition, we find that varying the sample ori-

Of the many photoemission studies performed on Y¥23, entation with respect to the photon polarization is crucial for
including extensive work on oxygen dopifig**all but two @ complete understanding of the electronic structure of Y123,
used twinned crystals in which the quasi-one-dimensionaknd we observe polarization effects which are not readily
(1D) CuO; chains are randomly oriented in domains rotatedexplicable in terms of simple matrix element arguments.
90° relative to each other, while the two untwinned
studied>** did not fully exploit the photon polarization de-
pendence. Twinning mixes the normally inequivaleiSI’
and 'Y " octants of the Brillouin zonéBZ), which are Much of the experimental methodology for photoemission
quite anisotropic in local-density approximatiétDA) cal-  studies of Y123 has been discussed in a thorough review by
culations of the band structure and Fermi surface, including/eal and G In this paper we focus primarily on the low-
regions ofk space where the superconducting gap is exbinding energy region within 1 eV oEg; details of the
pected to be largest. The crystal structure and BZ notatiomalence-band electronic structure, including the peak appear-
for untwinned Y123 are shown in Fig. 1; twinned crystalsing at 1 eV binding energy, do not appear to have the same
have domains rotated 90° with respect to each other. strong dependence on théb-axis asymmetry® Our data on

. I(0,0,0 X (1,0,0
a (3.824) ©.0.0) (0.0)
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sample surface as indicated and an additional component parallel to
the ¢ axis. Chains are aligned along theaxis, indicated by the
long axis of the crystal in the figure. The inequivalencegfand

05 arises from symmetry breaking in our spectrometer geometry.
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FIG. 2. The four distinct sample orientations possible in our 8 1
experimental geometry. Plane polarized synchrotron radiation is at f
an angle of 45° off normal, with the component®parallel to the 2
E
8
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this feature is briefly discussed in Sec. IV. Orientation of the L L.
fourfold axis of samples is performesk situby Laue dif- 15 10 5 0
fraction. Due to growth asymmetry, the chain axis may be Binding Energy (eV)

determined visually as the long axis of the crystal; the accu-

racy of visual orientation was verified with x-ray diffraction. "' 3 The full valence band of YBCO, showing distinct bulk

All studies were performed on crystals of extremely higha.md surface shifted Bapﬁco_re_leve_ls. While th_ere can b_e substan-
tial sample to sample variation in the precise magnitude of the

quahiy.(tyglcil tranSItiont V,Elldths OI 0.251‘ )éodﬁatved af‘dd th surface core-level shift, it can be clearly seen in nearly all spectra,
maintained at a constant temperature o 0 avol (iahdicating the presence of significant regions of BaO surface termi-

surface degradation which is seen Witgz EOth phOtO_emiSSiOHation. The inset shows a schematic of the surface termination of
and STM for temperatures above40 K.““° Photoemission  jaaved Y123, with stepped terraces of BaO and Guains,

experiments were performed in UHV at the Stanford Syn{ased on our data and low-temperature STM results.
chrotron Radiation LaboratorySSRL) undulator beamline

5-3, with a chamber base pressure less thal® 1! torr. o o
Spectra were acquired at an energy resolution of 50 me\;,ace termination in cleaved Y123 crystals. Photoemission

with an angular acceptance af1°; higher resolution would ~corroborates this, revealing a strong Bp Surface shifted
have compromised the overall counting rate and would hav€omponent, shown in Fig. 3, which is indicative of inequiva-
made it impossible to perform such an extensive mapping ofent bulk and surface Ba coordinations as would arise from a
a single sample. near surface BaO layéf. Resolving a similar shift in the

In our experimental geometry there are three possible dischain C1) levels is unfortunately complicated by the pres-
tinct orientations®,, O,, and O,, of our samples with re- ence of two structurally inequivalent Cu atoms in the bulk
spect to linear photon polarization, shown in Fig. 2. A fourthunit cell, in addition to two possible inequivalent surface
orientation O3, with the plane component d& parallel to  sites and the presence of satellite structures in the Cu core
'S, is nearly equivalent t@; with the exception that the levels.
momentum component of the outgoing photoelectron rela- It is well known from studies of the electron attenuation
tive to the photon momentum is different due to the off-length in photoemission experiments that the mean free path
normal photon incidence and the details of our ARPES sysof unscattered photoelectrons at the photon energies used in
tem. Spectra were taken over the entire Brillouin z0Bg) ~ ARPES experiments is extremely short, on the order of 5
in two of these orientationg); and®,, and along the high- A% This fact, and the relatively large-axis lattice constant
symmetry direction§'X, I'Y, 'S, XS, andY Sin O; and0,  of Y123(11.7 A), combine to make the surface contribution
on one sample and along various symmetry directions oil our spectra a substantial fraction of the total signal. A
numerous other crystals to verify the consistency of our resimple layer model allows us to quantitatively estimate the
sults for different samples and cleaves. In the figures, alfontribution of the surface and subsurface Ba atoms to the
spectra are normalized to the integrated weight well abovéotal photoemission intensity. We assume a mixed termina-
the Fermi level. This spectral weight, structurelesskin tion of BaO and Cu@ with equal areas for both termina-
space, arises from inelastically scattered valence electrori®ns, shown schematically in the inset of Fig. 3, make the
excited by higher-order photons passing through the synapproximation that the various atomic planes are equally

chrotron monochromator. spaced by a distance df=c/6, and regard all subsurface Ba
atoms as equivalent to those in the bulk material. In this case,
IIl. SURFACE TERMINATION the Ba surface component comes entirely from the BaO sur-

face, and the relative intensities can be expressed as
As mentioned in the Introduction, the low-temperature
STM studies of Edwardst al.®?3 clearly resolve regions of

chains interspersed with indistinct stepped regions whose 1
height is consistent with that expected for BaO planes. These |58ng il D
results provide strong evidence for a mixed GUBraO sur- Ia
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Noting that the sum may be expressed in closed form as

Elib
c/\

E e—nc/)\:e—, (4) v
=0 eC/)\_l

we can evaluate the relative contributions using 11.7 Acfor
and 5 A for\. This gives us a surface to bulk ratio for the Ba
core levels of 82%, in good qualitative agreement with the
nearly equal contributions of the surfa@egh binding en-
ergy) and subsurfacélow binding energy features seen in X
Fig. 3, as well as with the results of studies of the Bacére
levels reported by Veadt al*> We can also establish that the Ella
electron escape depth estimateS0A is a comparatively
good one by calculating the surface to bulk ratio o+ 10 Y
A, which gives a value of 35%—significantly smaller than
observed. ! !

A similar analysis may be performed for the Cu valence- 1 0
state intensities, allowing estimation of the contribution of Binding energy (eV)
“bulk” (subsurfacechain states relative to the surface chain )
states and bulk plane states. On the general grounds dis- ~'C: 4- ARPES spectra from th¥ and Y points for photon
cussed above, we expect the surface contribution to the chaffp'arization parallel t, the chain axigupper curvesand parallel
states to dominate the bulk chain emission. Assuming thap & (Ipwer curves. The 1 eV pe"’.‘k IS seen most clearly Xatfor
the intrinsic emission from all states is equiaé., ignoring emission parallel to photon polarization, and most weakly for per-

. P pendicular emission, consistent with an initial state hawdgg ,2
matrix element Eﬁe_c)sand modifying the model used above symmetry. Contrasting with this, the peak “atappears in both
for the Cu states gives

polarizations, with some weaker enhancement for parallel emission.
( 1 ) The binding energy also differs between the two pointk Bpace,

being 0.92 eV aK and 0.98 eV al.

Mo
l iﬁain_ | total (5)
cu IV. THE 1 eV PEAK
bulk 1 ot adin o din . —3dIn S N A rather pronounced feature of the valence-band elec-
| plane= o (e +e +e “t+e )20 e "“"  tronic structure of Y123 and Y124 is the narrow feature
Cu n=

found nearX(Y) at a binding energy of approximately 1 eV.
6) Olsonet al, argue that this feature is actually a robust aspect
o of the electronic structure of all cuprate superconductors,
(e84 4 =501 S g-nein @) While .others have cqntgnded that it arises from surfgce ter-
= : mination effects extrinsic to the bufi¢:?® The emphasis of
the present paper is on the low-lying excitations in un-
|tcoltJaI:1+(e—6d/)\+e—5d/A+e—2d/A+e—4d/A+e—d/A twinned Y123, but a brief discussion of the polarization de-
pendence of the 1 eV peak in these samples is presented here
adn o for cqmp_leteness. Figure 4 shows _data(astndY_ for photon
+e ) e . (8)  polarizations parallel to the inequivalent cubic axes. In the
n=0
upper part, folE|b, we can clearly observe the featureYat
Evaluating the sums for the above values@nd\ leadsto  while it is almost completely absent 4t The lower part, for
contributions of 59, 32, and 9% for the bulk planes, surfaceE|/a, shows a dramatic increase in the intensitXatvhile Y
chains, and bulk chains, respectively. Even allowing for aris somewhat attenuated, but less strongly tharXaflhis
escape depth twice as largee., 10 A only changes the behavior atX is consistent with an initial state having,,
relative contributions of plane, surface, and chain to 64, 18d,2, ord,2_,2 symmetry, while the feature atappears to be
and 18%. Based on these estimates, it is likely that the bulkormed from an admixture of states having other symmetries.
chain features of the electronic structure will only make aA recent paper by Pothuizest al. interprets this feature as a
small contribution to the overall photoemission spectra unnonbonding state of the cuprate planes in these matétials.
less there are significant matrix element differentials for phoWe observe a clear difference in both the binding energies
toemission from one subsystem or the other. and line shapes of the two peaks, with the state lying at 0.92

I bulk _ 1
chain | total
Cu

o



6094 MATTHIAS C. SCHABEL et al. 57

TABLE 1. Selection rules for initial states having varying symmetries corresponding to the sample
geometries shown in Fig. 2. In the table, e indicates even symmetry with respect to the plane of electron
emission, ana indicates odd symmetry. A “yes” denotes an allowed transition and “no” a disallowed one.

Orientation (| A-P |f) Allowed
0,104
o0 (dy2_y2) o e (kLE) Yes
0 (dy2_y2) e e K|E) No
e (dyy) o e (kLE) No
e (dy,) e e K|E) Yes
e (p,/d,2) 0 e (kLE) No
e (p,/d,2) e e K|E) Yes
0,10,
e (dy2_y2) o e (kLE) No
e (dy2—y2) e e K|E) Yes
o (dyy) o e (kLE) Yes
o (dyy) e e K|E) No
e (p,/d,2) 0 e (kLE) No
e (p,/d,2) e e K|E) Yes

eV atX and at 0.98 eV aY, indicative of significant chain- plane sheets is a small one. For this reason, we discuss state
induced anisotropy. Our observations also clarify the appeaisymmetries within the context of approximately tetragonal
ance of multiple features in the twinned data as being a corbehavior, although some unusual matrix element effects dis-
sequence of crystalline anisotropy rather than constitutingussed below may stem from the orthorhombicity. From the

two distinct states. selection rulegTable ), we see that emission from initial
states withd,2_,2 symmetry is enhanced fdel E and emis-
V. ELECTRONIC STRUCTURE sion from states havingly, p,, or d symmetry is en-

: : : -hanced fork|[E. Panel %), corresponding to the former,
Fragmentary band dispersions along high-symmetry di- - S o )
rections in the Brillouin zone have been presented in preVig:learly reveals two distinct quasiparticle excitations having

ous studies, but these have been tainted by the mixing J?mdlng energies al' of 0:5.3 and 0.22 _eV, rgspectl_vely.
inequivalent octants of the zone from twinning. Here we ' Nese features both exhibit upward dispersion, with the
present a complete set of data for the high-symmetry diredOWer binding energy peak appearing to cross the Fermi sur-
tionsT'S, T'X, T'Y, XS, andY S taken on a single untwinned face at around 25% of thES distance, and the higher bind-
sample with a photon energy of 28 eV in each of the sampld"g energy near 35%. In contrast panéb)5 for which k|[E,
geometries shown in Fig. 2, along with a partial data seféveals two peaks at the expected energieE aut, while
taken at 21 eV. The consistency of our ARPES results haspectral weight can be seen to shift and diminish near the
been verified on numerous other samples. In each set of egrossing points, the quasiparticle features are significantly
ergy distribution curves the identifiable quasiparticle peakdess distinct and attribution of a peak centroid is difficult.
are marked with an open circle. Despite the intrinsic breadt his indicates that the observed states are predominantly de-
of these featurescomparable to the dispersive plane bandsrived from the Cu 8l,2_2 orbitals, with weak admixture of
seen in photoemission data on Bi221@ur statistics are suf- states of different symmetry. Pandth in which the sample
ficiently good to allow accurate identification of the centroid crystal is rotated 90° with respect t8;, shows some un-
in most cases. In Table I, selection rules based on freedsual features which cannot be explained using the two-
electron final states are tabulated for various initial-statelimensional selection rules. While the two features remain
symmetries and sample geometries, allowing approximate agpparent al’, the dispersion of the high binding energy peak
tribution of various bands based on their behavior with re-becomes difficult to discern, and it and the lower energy state
spect to polarization orientation. appear to overlap strongly as they approach the Fermi-
Figure 5 shows energy distribution curv@2DC’s) along  surface crossing. Paneld, on the other hand, shows the
the I'S high-symmetry direction, with the upper panels EDC’s for emission parallel to the polarization for which we
showing dispersions fonv=28 eV and the lower ones for expect suppression of thed@ . states. Surprisingly, in
hy=21 eV. For orientationg); and O3, in which the cubic these spectra the dispersion of the higher energy quasiparti-
axes are rotated 45° with respect to incident photon polarele remains clearly discernible, if somewhat weaker, while
ization, there are two symmetry inequivalent directions forthe low-energy state is difficult to discriminate. This unusual
electron emission alon§'S, corresponding to initial states behavior may stem from hybridization of plane and chain
with k||[E and kLE. In Y123 the presence of the one- states combined with the symmetry breaking of the off-
dimensional chains breaks the tetragonal symmetry. Neverormal photon incidence. Also, since data were take®4n
theless, the resulting orthorhombic structural distortion of thdast, there may be some aging effects, although no dramatic
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FIG. 5. Energy distribution curves along th& symmetry line. Identifiable quasiparticle peaks are indicated by open circles, wikh the
value of each EDC given as a fraction of the total distance between high-symmetry points.

gualitative changes in spectra were noticed over the courssidth for the high-energy feature is 0.52 eV, somewhat
of the experiment. larger than the 0.35 eV width observed in the related insu-
EDC'’s alongI'S for sample orientation€),, with b|E,  lating cuprate SICuO,Cl,,%° but still significantly renormal-
andQ,, with b_L E, are shown in panelg& and 5f), respec- ized from the 0.75 eV predicted by density-functional calcu-
tively. Again, the relevant selection rules for the low-lying lations. The observed diminishment of the correlation-
states are given in Table I. However, in these geometries amduced bandwidth narrowing is likely a consequence of
additional effect must be considered where the states derivagleakening of antiferromagnetic fluctuations in the metallic
from CuQ; chains are concerned. To the extent that we mayptimally doped compound relative to the insulator. How-
consider these chains to be ideally one-dimensional and urever, it should be noted that the photoemission feature from
coupled to each other and to the planes, it is clear that photathis doped compound is still very broad, unlike the expected
polarization perpendicular to the chains will always lead tobehavior of a Fermi-liquid quasiparticle. This breadth is
suppression of emission from chain states as there is niikely a hallmark of strong correlation effects in these mate-
mechanism for excitation of quasiparticles. Therefore, theials.
chain states which are mainly comprised of (Qu Turning to an excitation energy ¢fv=21 eV, in0,, we
3d,2_y2-O(1) 2p, hybrids, will only be observed in orienta- again see two clear and dispersive quasiparticle features for
tions having a chain component of the polarizatiéh (©,, kLE [panel %g)], which are essentially completely sup-
and(3) and will be absent i¥, for whichbl E. Panel %e), pressed fok| E [panel §h)], consistent with a large degree
with polarization parallel to the chain axis, shows behaviorof Cu 3d,2_,2 parentage. Paneli$, for photon polarization
reminiscent of that in panel®), with the low binding energy perpendicular to the chains, reveals essentially identical be-
quasiparticle being more prominentlat gradually overlap- havior, with both the low and high binding energy compo-
ping with weight from higher energies as the Fermi-surfacenents clearly resolved. Significant enhancement of a higher-
crossing is approached. Panél)5from O, for which chain  energy feature found near 0.75 eV at this photon energy
emission should be strongly suppressed, quite clearly showsakes resolution of the high-energy state nEadifficult,
both the low and high binding energy features, each beingut it becomes clearly discernible by 13%I0§.
comparatively easily tracked dispersing knto the Fermi An overall picture of the dispersions aloh@ is shown in
surface. This behavior, contrasted with that seen in pandtig. 6, with the energies of quasiparticle features identified in
5(e), strongly supports the attribution of these two bands tahe various panels of Fig. 5 plotted against normalized frac-
CuO, plane-derived states, while the enhancement of th&ion of thel'S distance. There are several key observations to
low binding energy peak i, suggests significant chain- be made from the figure. First, the two clearly resolved qua-
plane band overlap or hybridization. Our measured bandsiparticle features of plane origin are most sensibly attributed
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'S dispersion identical Fermi-surface crossing position. By taking data
"] e Of hve28eV along identical lines inK,,k,) at different photon energies
we sample different values & . Thus, the observed energy
dispersion of the plane bonding band with is most simply
interpreted as a hallmark af axis (k,) dispersion of this
state. Also significant is the degeneracy of the Fermi-surface
crossings for the two photon energies, implying that the
c-axis dispersion which is large at high binding energies be-
comes vanishingly small at the Fermi energy. This result is
consistent with LDA calculations which predict bilayer split-
ting of the bonding and antibonding plane states in Y123,
although our observed magnitude of 0.2 to 0.3 (epend-
ing onk,) is approximately one half the value expected from
the ab initio results.

EDC's corresponding to cuts along th& line are shown
in Fig. 7. The orthorhombicity of the crystals induced by the
presence of the chains makes %endY points inequiva-
lent, so the simple symmetry analysis applied to states along
I'S above is not adequate to unravel the character of the
states alond’X andI'Y. Again, as for thd'S cuts, we see
unusual differences in the spectra take®ipand O3, shown
for hy=28 eV in panels & and 7c). Panel Ta) clearly
shows a gradual upward dispersion and decreased width of

FIG. 6. Energy dispersion of quasiparticles along i®sym-  both the higher and lower energy quasiparticle$ aalong
metry line. Solid symbols indicated data points takentier=28  with the appearance of a weakly dispersive third feature as a
eV, while open symbols are fdrv=21 eV. Band minima are in- shoulder slightly below the peak negg at X. In a similar
dicated by crosses along the vertical axis, while the correspondinghanner, the two quasiparticles Btin panel 7c) disperse
Fermi-surface crossings are marked with crosses on the horizontglpward' although only the lower energy feature sharpens
axis. The thick solid lines are smooth interpolations through themeasurably. In addition, the shoulder feature is not present,
_data as guides to t_he eye, while the thin horizontal line indicates th@vithin the experimental resolution, in this set of data. Turn-
instrument resolution. ing to the data from®, and©,, we first note that, following

the selection rules in Table I, emission from stateslaf |2

to the bonding and antibonding plane states of the £uO symmetry is forbidden alon§ X in the former and allowed
bilayers. The lower binding energy featuttbe antibonding in the latter. Also, again assuming one-dimensionality of the
o statg dispersing from 0.22 eV df to a crossing at near chains, emission from chain states should be strongly sup-
25% of I'S shows essentially no dispersion kn, with the  pressed in the latter geometry as the photon polarization is
data points fronhv=21 and 28 eV lying on the same curve. perpendicular to the chains and must, therefore, couple
In contrast, the higher energy featbmndingo statg found  weakly. Examination of panel(@ confirms this; while the
at 0.53 eV atl” for hv=28 eV and crossing the Fermi sur- features are qualitatively similar to those seen in pagal, 7
face around 35% of'S, reveals significantly different dis- their intensities relative to the incoherent background are sig-
persion ahv=21 eV, with the maximum binding energy at nificantly diminished. Panel(@), for which plane state emis-
I' decreasing to approximately 0.42 eV, but with a nearlysion should be maximized and chain emission minimized,
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FIG. 7. Energy distribution curves along theX symmetry line, plotted as in Fig. 5.
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['X dispersion level, then showing a clear crossing round 60% . Simi-
T T & 01 hv-2gev larly, the high binding energy feature appears to disperse
02, hv=28eV toward Eg, then flatten out as the shoulder at 0.13 eV. We
associate the observed Fermi surface crossings with the
crossing of the strongly hybridized chain/antibonding plane
state predicted alongX at k,~ 7r in the LDA calculations.
However, because we do not know the exact value of the
inner potential, it is impossible to place strict constraints on
the value ofk, which corresponds to any particular photon
energy. This is also consistent with the decreased splitting of
the plane states dt seen forhv=21 and 28 eV being the
result of sampling at differemk, values. Despite the presence
of strong correlation effects, the Luttinger theorem antici-
pates that mean-field calculations within the LDA should
still give reasonable predictions for the Fermi-surface topol-
ogy.

The E vs k dispersion relations measured along i
high-symmetry line are plotted in Fig. 8. At high binding

T
chain

A 03, hv=28eV
v 04, hv=28eV
1o o1 hv=2tev
1 v o4 hv=21ev

06 y energy we see a weakly dispersive feature rising from 0.53
eV atl' to 0.43 eV atX. While, based solely on its disper-
P P N S S B sion, it could be argued that this feature has chainlike behav-

0 20 40 60 0 100 ior, itis clear from its polarization dependence that this is not
plausible, making the most sensible attribution that of the

FIG. 8. Energy dispersion of quasiparticles along e sym-  pondingo state of the cuprate plane bilayer. These bonding

metry line, plotted as in Fig. 6. (o) plane bands are expected to be essentially nondispersive
parallel to bothI'X andT'Y based on LDA calculations of

also reveals three quasiparticle features, the high and lothe band structure, further supporting attribution of this
binding energy structures being relatively strong, and thestructure to the planes. The quasiparticle originating at lower
shoulder feature being comparable in relative intensity tdinding energy al” disperses upward toward the Fermi en-
that of panel 7a). ergy, showing a tendency to flatten out just belewin the

At a photon energy ohv=21 eV, we observe some in- 28 eV data, but exhibiting a clear crossing in the vicinity of
teresting changes in the spectra. Parig) {0,) shows the the 60% point forhy=21 eV. From the discussion above,
feature at 0.22 eV disperse upward towXrdout, unlike the  this behavior is consistent with a hybrid band arising from
28 eV data, it continues upward through the Fermi surfacemixing of the antibonding plane and chain states. In the
crossing near 60% df X. Also different from the 28 eV data k-space region neat, the weakly dispersing shoulder, at an
is the clear upward dispersion of the higher energy quasipaenergy of 0.13 eV, forms a van Hove singularity qualita-
ticle, which moves to lower binding energy, forming an ex- tively similar to that seen in Bi2212. The data taken with 21
tended saddle-point singularity with a binding energy of 0.13eV photons also shows significant dispersion of the higher
eV at X presumably corresponding to the shoulder seen abinding energy band, suggesting a band of mixed bonding
hv=28 eV. Data forQ, is presented in panelfj. The low and antibonding character.
binding energy feature behaves in an essentially identical Figure 9 plots the measured quasiparticle dispersions
manner to that in panel(B), dispersing toward the Fermi along theXSdirection. Panels(@) and 9b) show the previ-
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FIG. 9. Energy distribution curves along tXeS symmetry line, plotted as in Fig. 5.
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XS dispersion visible although there is little evidence for the bonding band.
0“-.;‘.- T 'I%I T r U e 01, hv=28eV As observed alond'X, the low-energy chain feature is ab-
chain/ss | e Wa g = 02, hv=28eV sent in this geometry, presumably due to Kyalispersion.
01 % v %o v 03, hv=28eV Band dispersions alongSare plotted in Fig. 10. Both the
04, hv=28eV bonding o and antibondings™ bands are clearly present,
1 01, hv=21eV with two corresponding Fermi-surface crossings at 31 and
. 04, hv=21eV 18% of XS. The fact that the higher binding energy bonding
band is not seen in studies of twinned crystal€)) as has
been the convention in previous work, is significant, particu-
larly as it is this state which reveals anisotropic shifts in the
leading edge which mimic the gap behavior in Bi2212, as
] reported in our previous work.

Figure 11 shows polarization and photon energy-
dependent EDC’s taken along tH&Y line on the same
sample. Spectra taken at 28 eV(@h appear in panel 13).

Like theI'X spectra forhv=21 eV, the higher energy fea-
ture appearing at 0.53 eV Rtappears to disperse up toward
the Fermi level fairly rapidly, concomitant with the appear-
1 ance of a second high binding energy quasiparticle, weakly
e EIEE— dispersive alond'Y. It appears that these two states become
0 o200 30 4050 degenerate d. The peak at lower binding energy also dis-

FIG. 10. Energy dispersion of quasiparticles alongXi®sym-  Perses upward, as alodgx, but it is not possible to discern

metry line, plotted as in Fig. 6. if it crosses the Fermi surface or simply merges with the
higher energy peak. By 50% dfY, the most prominent

) ] feature is an extremely narroyinstrument resolution lim-
ously discussed asymmetry betwe€h and Oz, with the  jiaq) nondispersive feature which has been attributed by pre-
main difference between them being the absence of thgjgus authors to an extended van Hove singuldfit?! as
shoulder feature at 0.13 eV in the latter. In both, ¢hband,  discussed in the Introduction. Here, we instead interpret this
with a binding energy of 0.43 eV &, shows strong upward peak as a surface-related chain feature; an extensive discus-
dispersion through the Fermi energy, crossing around 30% dfion of the evidence for this is given below in Sec. VII. Panel
XS. Weaker upward dispersion is also observed in dffe  11(c), taken inO3, also exhibits anomalous intensity discrep-
band, which has a crossing near 20%X®, while the low-  ancies with spectra in panel (8 as with other data taken in
energy peak from the chains and/or twinned surface statthis orientation. Nevertheless, the main features are all quali-
also disappears in this region bfspace. The data for chain tatively similar. The higher energy peak does not disperse as
axis photon polarizationjpanel 9c)] show strongly sup- clearly nearl’, but becomes apparent closerfowhile the
pressed peak intensities, as would be expected from the madditional quasiparticle seen near 0.65 eV is only visible as a
trix elements for plane states, but are otherwise consistermveak hump in the spectra. Spectra at 43 and 50 % 6f
Similarly, while there is clear enhancement of quasiparticleclearly show that the peak nearé&st is not degenerate with
intensities inO, [panel 9d)], the qualitative behavior is en- the higher energy feature. Instead, the higher energy state
tirely consistent with data from other orientations. Parfe] 9 forms a shoulder at around 0.12 eV similar in intensity and
shows data taken withv=21 eV in O,. The matrix ele- dispersion to thes* band found alond X. Data for polar-
ments are quite weak, but the antibonding band is clearlyzation parallel to the chainganel 11d)] shows significant
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FIG. 11. Energy distribution curves along theyY symmetry line, plotted as in Fig. 5.
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I'Y dispersion state discussed below. Also visible at higher energy is the
e  Of hv=28eV nondispersive peak around 0.65 eV, which appears consis-
' a  o2m-2sev  tentwith the bonding plane band, shifted down in energy
by the chain-induced anisotropy.

The spectra taken with 21 eV photons are presented in
panels 11b) and 1Xf). Both panels show substantially simi-
lar features, with a band originating at a slightly lower en-
ergy of 0.42 eV than fohv=28 eV due to thec-axis dis-
persion. This band then moves to lower energies, and flattens
out to form the expected plane band van Hove singularity,
the nondispersive band lying at 0.12 eV binding energy near
Y. A flat band associated with the surface chain feature ap-
pears at even lower binding energy, although with signifi-
cantly reduced intensity. The dependence of the surface
chain feature on photon energy is extensively discussed in
Sec. VII B.

The dispersion relations foF'Y are plotted in Fig. 12.
While the presence of the surface feature complicates the
data somewhat, presented in this way there is actually quite a
large degree of consistency with the data aldhg. The

e gy, ST bonding o band appears at around 0.53 eVIatand dis-
0‘70 20 40 60 80 100 perses weakly downward to 0.67 eVt A second band
disperses upward to merge with the pure antibondirlg

FIG. 12. Energy dispersion of quasiparticles alonglthesym-  state in a van Hove singularity with 0.12 eV binding energy
metry line, plotted as in Fig. 6. atY. The observed dispersion seems to be consistent with the

expected chain Fermi-surface crossing appearing near 40%
enhancement of the flat band near the Fermi energy relativef I'Y, at which point the surface chain feature becomes
to all other spectral features, again supporting the contentioprominent at very low binding energy.
that this feature arises principally from the chains. No other Angle-resolved spectra alongSare presented in Fig. 13.
guasiparticles are clearly discernible in these EDC's. In conin general the signal is dominated by the contribution of the
trast, panel 1(e) shows spectra taken with polarization per- narrow surface chain feature, with a photon polarization
pendicular to the chains. This data shows the bonding bandomponent parallel to the chains &,, O,, and O;. The
hybridizing with the antibonding band and dispersing up-details of the polarization dependence are treated bébaw.
ward, with weak indications of the antibonding band at 0.2VIl); here we simply note that the greatest intensity is seen in
eV. By around 40% of thd'Y distance the hybrid band is O, for which the polarization lies entirely along theaxis.
seen to merge with the antibonding feature and remain nor@rientations?; and O3 both show the feature diminished in
dispersive at around 0.12 eV to the zone boundary, while &tensity relative to the incoherent spectral weight, and a
lower binding energy feature also appears and remains at lohigher energy shoulder can be clearly resolved at 0.12 eV in
binding energy. It is likely that this comes from overlap of the former, while the latter shows some asymmetrical broad-
the hybrid chain-antibonding plane band and the surfacening compared witl,. Panels 181) and 13e), taken with

1 a 03, hv=28eV
v 04, hv=28eV
o O1, hv=21eV
v 04, hv=21eV
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FIG. 13. Energy distribution curves along theS symmetry line, plotted as in Fig. 5.
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* FIG. 15. Results of a tight-binding least squares fit to our mea-
L A SEE—— sured ARPES band dispersions along tH®, I'X, and XS high-
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symmetry lines. Panelg) and(b) show the Fermi surfacesniddle
FIG. 14. Energy dispersion of quasiparticles along Yt&sym- contoup for the bonding and antibonding bands, respectively, and

metry line, plotted as in Fig. 6. contours corresponding to energiesgf+ 150 meV. Tight-binding

' band dispersions are shown in pariel for the high-symmetry

larizati dicul he chai litatively dif lines. Uncertainty in the exact binding energy of the antibonding
PO arlzatlpn perpen lc;u ar.to the chains, are qualitatively di “band due to overlap with the chain feature nEaris indicated by
ferent, with the quasiparticle features being much broadery,, presence of grayed bands nar

and lying at the same energy as the shoulder seéh iThe
dispersion curves corresponding to these EDC's are plotted

in Fig. 14. E(k)=2, ¢ 7i(k). 9

VI. TIGHT BINDING BANDS While there does appear to be measuredbldispersion in

o ) ) _at least the bonding plane bands, our investigations are not
Quantitative calculations of various transport and opticalsiciently detailed to allow a quantitative fitting of these to

properties require accurate information on details of band, fy|| three-dimensional dispersion relation. The difficulty of
structure. To facilitate such endeavors, we have fit our d'sdiscriminating bulk bands in thEY S octant prevents easy
persion curves along thES, I'X, and XS high-symmetry  quantitative assessment of the degree of coupling between

lines using the tight-binding basis of Normahal.** which  the chains and planes, so we have not attempted to address
they applied to fitting the band structure of Bi2212. Due tohis issue here, even though tpelo band is visible along

the presence of measurable bilayer splitting in Y123, therg-v in some experimental geometries and théo* band
are two sets of tight-binding parameters, one for ity papjfests behavior quantitatively similar to that aldn.
bonding bands and another for theo™ antibonding bands.  Figyre 15 presents the Fermi surfaces and band disper-
These are given, along with the corresponding basis funcsions resulting from our tight-binding fit. Panels(a5and
tions, in Table Il. The two-dimensional crystal momentum 15 show the Fermi surface and contours corresponding to
dependence of the energy bands within this approximation ig50 meV above and below the Fermi energy for the bonding
then simply given by and antibonding bands, respectively. As expected, the bond-
ing Fermi surface is well-localized ik space and is weakly
TABLE . Tight-binding basis functions and best-fit parameters djspersive. In contrast, the antibonding pocket reveals large
for the measured bonding and antibonding band dispersions igections of the Brillouin zone having weight near the Fermi
Y123. Least-squ_ares fitting was_performed fqr bands_along”EB]e energy, corresponding to the flat plane bands d@at. Be-
I'X, ‘and XS high-symmetry lines, and did not include the .55 of the contaminating effects of the strong featuté at
symmetry-breaking effects of the chains. (see discussion in Sec. Vllthe exact energy position of the
van Hove singularity in the antibonding plane band is diffi-

) pdo do* ) R o ..
7 (k) G c? cult to determine precisely. The best-fit tight-binding bands
1 0.1756 0.4368 themselves are plotted in panel(&6
3 (cog,+cok,) —1.1259 —1.0939
CogC0%, 0.5540 0.5612 VII. SURFACE CHAIN FEATURE
5 (cosX,+cosXk,) —0.1774 —0.0776
%(coyxcosz@+cosz<xcos<y) —-0.0701 —-0.1041 In order to firmly establish the asymmetric character of
coSK,COSX, 0.1286 0.0674 the surface chain featuf&CBH, we examined a cleaved, un-

twinned crystal with unpolarized Ne | radiatigh6.85 eV},
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A A NP ‘A B L and independent of photon polarization and geometry. Fur-
—a— Xpoint ] thermore, we can see that, aside from the extremely narrow
@ Y poOIDE ] feature aE (instrument resolution limited at approximately
—— Y-X . 20 meV), the twok points are quite similar.
The presence of a feature at tfigoint, absent aX, does
not of itself imply chain parentag@ue to the orthorhombic
distortion of the underlying lattige but the extremity of the
asymmetry and apparently one-dimensional behavior are dif-
ficult to reconcile with the 2D planar structure of the CuO
sheets. Also difficult to understand, assuming that the ortho-
rhombic distortion is responsible for the asymmetry, is the
nondispersive nature of the SCF with photon energy. A num-
ber of additional arguments, delineated below, provide
strong support for the contention that the SCF is indeed de-
rived from the CuQ chains.

A. Polarization dependence

Figure 17 shows ARPES EDC's taken at teand Y
points, withhy=28 eV, for the three distinct polarization
geometries; pane{a) corresponding toE||b, panel (b) to
ELb, and panelc) to E|I'S (orientations®,, O,, and Oy,
respectively. It is important to recognize that, while the ab-
solute value of the intensity axis is not significant, the rela-
tive amplitudes between spectra are, as they are scaled to the

Kinetic Energy (eV) integrated valence-band emission, and may be compared
qualitatively. To the extent that the chains are truly one-

FIG. 16. Spectra taken with unpolarized Ne | radiatid6.85  dimensional, the photoemission spectra taken with photon
eV) at theX andY points, revealing the presence of the SCFYat polarization parallel to the axis should maximize their con-
and its absence &. The difference spectrum reveals that the un-tribution to the signal, those with perpendicular polarization
derlying electronic structure of the two is quite similar except for should be essentially free of chain signal, and those with
the narrow peak nedtg . Overall instrumental resolution for this intermediate polarization should mix the two. Contrasting
data is~20 meV. with this, the predominantlyl,._,. Cu 3d states hybridized

with O 2p states to form the plane bands constituting the
in a geometry where all external experimental conditionsnearEg structure should be comparatively unaffected by the
were identical for spectra taken at bothandY. The result-  90° rotation, other than experiencing slight asymmetry due
ing EDC's are presented in Fig. 16, along with their differ- to the orthorhombic structure and the normal selection rule
ence, definitively demonstrating that the asymmetry is reagffects for electron emission.

Photoemission intensity (arb. units)

1.2 T T T T 0.55 v T T T 0.8

0.5
0.7

e
®
T
=3
o s
& o)
o
o
T

4
©
3]
T
o
2

o
D
T
o
n
T

o
I
2]
e
w
T

o
=
o
n
T

o
[N
T

Normalized Photoemission Intensity
Normalized Photoemission Intensity
o
w
Normalized Photoemission Intensity

0.15
0ol Y X
01} s B
Y Y 0.1F x X
Y
s~ X s ) ) s Y s ) s .
08 -06 -04 -02 0 ~0.8 -06 -04 -02 0 .8 06 -04 -02 0
% 0 0% _% -
(a) Binding Energy (eV) (b) Binding Energy (eV) (c) Binding Energy (eV)
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T ' T 0.5 eV below the Fermi energy lies in the narrow peak lying
at a binding energy of 13 meV, as reported in previous stud-
ies of the evHs in Y123, and with a width which is almost
entirely comprised of the instrument contribution. It is im-
portant to note that the two spectra used were taken on the
same sample, with the only difference between the two being
the photon polarization relative to the chains. The extreme
narrowness of this feature is in stark contrast with the other
" T dispersive bands seen on the same sample, all of which are
broader by a factor of 10-20. By this coexistence of both
very narrow and very broad features in the photoemission
spectra from one sample we are able to infer that the broad
r 7 peaks are intrinsic in origin, and do not stem from poor
sample quality or energy resolution.

Turning to the spectra &, we immediately note the ab-
sence of any features in the ndas-weight of comparable
i i intensity to the SCF in any polarization orientation. As for
the Y point, the high binding energy intensities are only
weakly dependent on geometry, although the matrix ele-
L/ ments atX appear to lead to overall enhancement for emis-

Relative intensity (arb. units)

sion from this region ok space. Also as seen 4t a broad
higher binding energy featur@round 400 meYwith little
dependence on the chain componenidé found. It is im-
portant to also consider tiiikely) scenario of residual twin-

7 ning of the crystals at the few percent level, as the detwin-

Y point 28 eV ning procedure is never entirely perfect. In the case of a
(92 _’ (94 lightly twinned crystal, the intense feature nearwill be
K - mirrored atX, albeit with its intensity significantly reduced.
: ! ' Nevertheless, because this structure is so intense in the par-
06 04 02 00 allel polarization geometry, even a few percent can cause a
Binding energy (eV) significant and spurious addition of spectral weight in the

energy region immediately belof .
FIG. 18. Normalized difference spectrum for spectra taken at
the Y point with photon polarization parallel and perpendicular to

the CUO, chains. B. Photon energy dependence

Another aspect of the photoemission data on this com-
Examination of the spectra & dramatically demon- pound which has been puzzling is the strong photon energy

strates the dependence of the SCF on sample orientation; thgpendence_ of th? SCF in_tensity. Frqm _the experimental!y
spectrum withE||T’Y shows enormous enhancement, whileMeasured dispersion relations, the binding energy of this
the perpendicular geometry reveals nearly complete suppreState exhibits little dependence &nGiven a nondispersive

sion, and the 45° spectrum shows almost exactly half thgmtlal state and further assuming a three-dimensional free-

intensity of that inO,, as expected from geometrical argu- e_Iectron—Ilke_ final state, we can .mOdeI _thg situation in a
ments. Furthermore, in addition to its factor of eight dimin- simple way in terms of direct transitions within the three-step

ishment in intensity, the small residual peak seeM & O, model. Since the parallel componentskoare conserved in

is qualitatively unlike the SCF, being much broader and |y_the photoemission process, we can write the final-state en-
ing at measurably higher binding energy, and presumably'®Y @S
originates in the planes. This quasiparticle behaves in a man-
ner qualitatively similar to that seen in Bi2212. A third fea- - _ 27T| 27 2w )
. , = —I,—m,—n

ture of the electronic structure, which appears weakly as an’ 2m, a’'b c
extremely broad peak at a binding energy of 650 meV, is (10
essentially unaffected by the polarization component parallel
to the chains so it must also derive from the underlyingFor the SCF we havek( ky ,k;)=(0,1k,), so this reduces
CuO, plane states. Also important is the comparatively weak©
dependence of the overall intensity away fré&mn on geom-
etry, all three EDC'’s aY lying between 0.25 and 0.45 at the 1 T T
high binding energy limit. hv_WJr(I)O:(2_%>h2(52(1+2m)2+32(k2+2n)2>'

In Fig. 18 we plot the difference between normalized (12)
spectra at th&' point in the geometry in which polarization
is parallel to the chains and that in which it is perpendiculatWe use a work functionlWV=5 eV based on the work of
to them. What is observed strikingly confirms our argumentsRietveldet al,** a b-axis lattice constant of 3.86 A, @axis
above; the only significant difference between the two in thdattice constant of 11.7 A, and further assume that the tran-

#2 T

“kopky ke

J’_

_q)o.



57 ANGLE-RESOLVED PHOTOEMISSION ... I. ... 6103

TABLE Ill. Photon energies for which enhanced photoemission TABLE IV. Intensity ratios for the surface chain feature at the
intensities from the feature at thé point are predicted to be maxi- point from various samples of Y123 and Y124. UBC indicates
mized, using a simple free-electron final-state model and assumingamples from the University of British Columbia, UMD indicates

strictly two-dimensional character. samples from the University of Maryland, and Argonne indicates
published results from that group’s work on twinned Y123 and
n hv n hv untwinned Y124,
2 15eV 7 57 eV Sample Ro
3 8 eV 8 74 eV
4 17 eV 9 94 eV Y123 (twinned UMD 2.3
5 28 eV 10 116 eV YPrg.05123 (twinned UMD 2.2
6 41 eV YPrg.,123 (twinned UMD 2.1
Y123 X Il (untwinned UBC 4.9
sitions at 17 and 28 eV are separated by a singhxis Y123 X Il (untwinned UBC 4.0
reciprocal-lattice vectorG,=2/c, to determinen: Y123 X'V (untwinned UBC 53
Y123 X VII (untwinned UBC 4.5
17-5+®,=0.275k,+2n)?+2.5801+2m)?2, (12 Y123 X Il 2 (untwinned UBC 4.8
28_5+(I)0:0.275kz+2(n+ 1)]2+ 258q1+ 2m)2 Y123 (untwinned 6=6.5 Argonne 3.6
(13 Y124 (untwinned Argonne 9.6
Solving these two equations gives two possible integral valY124 (untwinned Argonne 7.4

ues:n=4,5, corresponding t&,= *+ 7/c. These values pre-
cisely correspond to parts of the Brillouin zone wherekhe
dispersion of the initial-state bands would be stationary, thusnly exist in doping regimes where contiguous chains having
making a large contribution to the density of states. Fromong-range structural order are present. Once significant
this, we may in turn estimate the inner potential, althoughumbers of vacancies are introduced into the remaining

this requires assuming some value fiorvhich we take to be  chains, decreasing their average lengths, any states originat-
Zero. Then, we find thai)O% 12.9 eV. This seems to be a |ng in them will disappear_

perfectly reasonable value; for comparison, Manekeal >3
report a value of 10 eV for TaS Using this we can predict
other photon energies where there should be significant pho- D. Peak intensity ratio

toemission intensity by solving Eq11); values forn<10 R Lo
are given in Table IIl. Previous studies have found evidence 1€ absence in Bi2212 of a feature comparable in width

for the SCF at 74 e\(Ref. 16 and 94 e\ while we have and anisotropy to the SCF provides an additional clue; the
observed a peak atv=42 and 57 eV. éomparison of the €xtended flat band in the Bi compound exhibits substantially

energies where peaks are seen experimentally with the tabgreater dispersion, is observed symmetrically along both of
lated predictions reveals excellent agreement fem&9. the cubic axes, and is much broader than the SCF in ¥123.

Conversely, a similar SCF feature, with even greater inten-
sity, is found in Y123's sister compound, Y13%the pecu-
liarity of the SCF to compounds possessing Gushains is
S : ! itself highly suggestive. In Table IV we compare the relative
gen st0|ch|ometry of the chains, Wh'Ch. actas a charge reseE)'eak to background rati®, (defined as the ratio of the peak
voir for hole doping of the planes, while leaving the planarheight atY to the incoherent spectral weight 0.2 eV below

structure unaltered. As vacancies are introduced, the long- . . .
range order of contiguous CuQchains is broken, leaving ), from various twinned and untwinned samples of Y123
' and Y124. Taking into account the inevitable sample to

chain segments of decreasing length, although the micro- | iationR. i winned Y123 i o b
scopic effects of deoxygenation have not been unambigus—ampe varialion,, In untwinne IS seen 10 be

ously determined. In the fully deoxygenated limii=1 roqghly mice thgt of twinned samples, with untwinned Y124
(YBa,CusOg), the CuQ; chains have been completely re- PEING twice again as large. o
placed by CuQ dimers. In the intermediate oxygen doping .Th|s variation is gasﬂy gxplamed by two fgcts. First, in a
regime, 0< <1, vacancies are gradually incorporated intotwinned sample the intensity from thepoint will be evenly

the chains. The ortho-Il ordering transition, which occurs atdistributed betweerX and Y. Second, as previously dis-
5=0.53° and has been associated with the observed plateg&tssed, the principal structural distinction of the Y124 mate-
in T. with &, leads to vacancies preferentially occupyingrial is that it contains twice as many chains per unit cell and
alternate rows, leaving the remaining chains intact. In theiis naturally (partially) untwinned:’ it is expected that the
photoemission study of oxygen doping, Létial. found that  cleaved surface should have a similarly disproportionate
the peak neaY was clearly present, with diminishing inten- number of exposed chains, leading to an enhancement factor
sity, down to a composition of=0.5, but vanished abruptly of 2 in samples with uniform cleavage planes. The specific
below this valué? Within the context of our model and in ratio will, of course, depend on the sample and is expected to
light of the existence of the ortho-II transition, we expectexhibit cleave-to-cleave variation due to differences in the
precisely this behavior for a chain-derived state which carBaO/CuG; distribution at the interface.

C. Oxygen doping dependence
In Y123, oxygen doping is known to affect only the oxy-
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E. Doping dependence is the appearance of two nondegenerate bands arising from

Investigations of heavily Co-doped, twinned crystals ofth€ CUQ; planes, while a degeneracy of these bands might
Y123 by Guet al. % in which the Co substitutes exclusively be, bu_t is not_necessarlly, an |nd|cat|_on of non-Ferml-hqu_ld
for the chain C(1), revealed essentially no effect on th& behavior. While our data are taken in the superconductln_g
quasiparticle features for superconducting crystals with Ctate, the vastly different energy scales for the expected split-
doping as high as 18%. This data supports the contention th4f9 @nd the superconductivity-induced modifications in the
the pair of quasiparticles observed along this line arises prin€'€ctronic structure make it unlikely that this is a relevant
cipally from the CuQ planes, having a small chain-state cOnsideration. _
contribution. Unfortunately, to the best knowledge of the au- AS €xtensively discussed in Sec. V, our data clearly reveal
thors, there are no published spectra from these crystals (0] pllane-derlved guasiparticle features which haye binding
the zone boundary near the equivaldfy’ points, where we ~€nergies of 0.22 and 0.53 eV Btfor hv=28 eV, with the
expect effects on the electronic structure due to chain disrugli9n€r energy peak showing at least 0.12 eV dispersion
tion by Co should be the strongest. a!ong t_hec axis. In contrast, there is no appareyaxis

Finally, Pr doping, which substitutes Pr for the interplaned's‘p":‘rs'On of the low binding energy feature in our data.

Y atom, has the unique property among the substitutional "€S€ features disperse weakly upward towéra@ppearing

rare earths of strongly suppressing the superconductivity At 0.13 and 0.43 eV, respectively, and exhibit Fermi-surface

Y, Pr.Ba,Cus0, 5 (YPr123, inducing a metal-insulator crossing behgvior agreeing well with_ qua.litative aspects of
transition at a Pr concentration &f~0.55. Because the Pr LDA calculations. On the basis of this evidence, it appears
atom lies between the Culanes and is quite isolated from that these features are in fact the expected bilayer split plane

the chains, it would be expected to have a comparativel tates, with the mag”““d¢ of the spliting diminished by
large effect on plane-derived states and to only weakly affecioudnly a factor of 2 from its calculated value, presumably

chain features. In studies of twinned crystals of YPri23, due PEO correlation effects.' . - .
we find that the most dramatic changes in the electronic, 1N€ @pparent observation of bilayer splitting andxis

structure at low doping are observed along e line, the Qispersion "? Y_123 r_aises some intriguing qgestions regard-
main feature of which derives predominantly from planeIng the qualitative disagreement between high-energy mea-

states and is unaffected by the twinning. In contrast, the SCEUréments such as photoemission and low-energy measure-
is clearly present, even for=0.22, whereT, has been sup- ments such as transport. In most of the cupratescihgis
pressed to 60 K. Our results strongly mimic changes opmean free path for electron transport is shorter than the lat-

served in the nedE. features of oxygen deficient samples, tice Ckc])nstant In th.at ﬂllre(ét_lon,.maklr!g 'tﬁlaéﬁ_?le to argue
indicating that Pr alters the relative charge balance betweetﬁ‘f"It the tran.sport In this direction Is incoherentlowever,
gls conclusion, based on the results of transport measure-

chains and planes, but does not affect the presence of tH o
SCF at moderate doping levels. ments at very small energy scales, does not necessarily imply

Taken together, we believe that this evidence provides Hwhat lgigh-energfy jpectroslcl:op()ji%s SUChﬁ %?t p?otoeﬂwission
consistent and compelling case for association of the scgnhould not see fundamentally different effe stp act, the
with a surface chain state which is uncharacteristic of thé)bfs,ervatmn of bilayer splitting anetaxis dispersion in Y123

bulk electronic structure of Y123, and which, by virtue of its POINtS o the need for a conceptual distinction between the

intensity and proximity to the Fermi energy, strongly masksiWO Very different energy scales probed by these different

the presence of any underlying states or gaps irktspace techniques. Such a duality in which bandlike dispersive qua-

region near the/ point. Furthermore, except under the most§|part|cles are seen in photoemission measurements of mate-

- - ; Is which are clearly insulating in transport has been seen
favorable conditions and with almost perfectly detwinned'@ . . 30
samples, highly intense echoes of the SCF will appear nedf & number of other systems including NfOSLCUO,CL,,

Er at theX point as well, contaminating data from this re- and other Mott insulators.
gion as well.

IX. SUMMARY AND CONCLUSIONS

VIIl. EVIDENCE FOR BILAYER SPLITTING . . . . .
In summary, extensive studies of the dispersive quasipar-

Bilayer splitting, which arises from bonding-antibonding ticle states in optimally doped untwinned single crystals of
pairing of interplane wave functions, is predicted to be ap-Y123 using polarization-dependent angle-resolved photo-
proximately 0.75 eV al” in Y123, substantially larger than electron spectroscopy have illuminated a number of points
that expected in Bi2212. Some theoretical predictions, prinfegarding the electronic structure of this material. Based on
cipally based on the shoctaxis mean free paths in normal- analysis of the Ba p core level and inference from other
state transport data, have argued that the conductivity daturface-sensitive probes, we are able to reproduce the ob-
fundamentally contradict bandlike behavior along this axisserved surface to bulk intensity ratio with a simple model
thus precluding the possibility of this splittirif.In particu-  incorporating a mixed surface termination of BaO and GuO
lar, the interlayer tunneling mechanism of high-temperaturgegions. Furthermore, we find the electron attenuation length
superconductivity relies on incoherence of the interbilayeiin this material to be approximately 5 A, consistent with the
transport in the normal state. For this reason, it is importanso-called “universal” curve. Due to the large dimension of
to critically evaluate the evidence for this splitting in Y123 the unit cell along the axis(more than twice the attenuation
and discuss its significance. The hallmark of bilayer splittinglength, the bulk of the photoemission intensity will arise
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from the surface planes and the first subsurface Cpl@nes, the results of low-energy transport measurements emphasizes
with significant attenuation of the signal from the bulk the importance of interaction between the characteristic en-
chains. We also observe a measurable anisotropy betweengies of the physical phenomena and of the experimental
the peak observed at 1 eV binding energy at ¥handY probe.
points.
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