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We present complete Fermi-surface mappings of an untwinned single crystal gCME¥ ;s in two
distinct photon polarization geometries. Various methods for Fermi-surface determination with angle-resolved
photoelectron spectroscopy are discussed and a technique based on the momentum space density of states is
developed and applied. The data reveal the presence of twg fla@e-derived Fermi-surface pockets, along
with weak evidence for a single chain sheet, in agreement with earlier work on twinned crystals enitib
predictions, but show no sign of the expected “stick” pocket centeredratr]. In contrast with earlier work
on Bi,Sr,CaCyOg, 5, We see no evidence for “shadow bands” in optimally doped YB&0,_ 5, support-
ing the contention that these features arise from structural rather than magnetic correlations.
[S0163-182608)04810-3

I. INTRODUCTION AND EXPERIMENTAL In Bi,Sr,CaCyOg, s (Bi2212), complications arising
TECHNIQUE from superstructure have led to contradictory conclusions re-
garding the presence or absence of bilayer splitting, despite
The observation of large, bandlike Fermi surfaces in bottsimilar data>® highlighting the subjectivity of conventional
electron- and hole-doped high: superconductors with FS attribution. Because the predicted magnitude of the split-
angle-resolved photoemission (ARPES places strong ting in Bi2212 is much smaller than that for optimally doped
constraints on many-body theories for these systems, and h&4.23, the latter material is much more appropriate for such
led to extensive discussion of the Luttinger sum rule and thénvestigations. In addition, Y123 does not suffer from the
relevance of Fermi-liquid theory to the electronic structure ofBi2212 superstructure distortion, although its FS is compli-
the cuprates in the metallic doping regime. Two importantcated by the presence of four distinct segments and signifi-
guestions can be addressed by Fermi-surf&& measure- cantk, dispersion, based on predictions alb initio local-
ments on two-layer cuprate§) do two FS pockets arising density approximation (LDA) calculations::~** Also
from coupling of the Cu@ bilayers exist? andii) do important is the fact that no complete FS mapping has been
“shadow bands” originating in antiferromagneti&F) cor-  performed on an untwinned sampfegven though twinning
relations appear as echoes of the Fermi surface shifted by thhenders interpretation of the data more difficult. Significant
AF wave vector, {r,7)? To adequately analyze these issuesanisotropy is predicted in the band structure and FS of Y123
it is essential to understand what is being measured in adue to the Cu@chains breaking the fourfold tetragonal sym-
ARPES experiment, how a FS is defined in a many-bodymetry. This leads to smearing of the spectral functions and
correlated system which may be far from the Fermi-liquidFS of twinned crystals by superimposition of th&XSI" and
ideal, and how that information is extracted from the experi-I'Y " octants of the Brillouin zone.
mental data. In this paper we discuss various methods for Interest in the possibility of directly observing strong an-
extraction of Fermi surfaces from ARPES d&td,discuss tiferromagnetic correlation effects in the Fermi surface of the
the implementation and relative merits of these, present aupratedwas brought to the forefront by Aebi’s repbt? of
complete Fermi-surface mapping of an untwinned singleantiferromagnetic “shadow bands” in data taken in photo-
crystal of YBgCuzO-_ 5 (Y123) for two distinct polarization  electron diffraction mode on optimally doped Bi2212 in the
geometries, and compare the results with both local-densitgormal state at room temperature. Such a dramatic manifes-
approximation (LDA) predictions and measurements ontation of magnetic behavior in a doping and temperature re-
other highT, superconductors. gime where the antiferromagnetic correlation lengths are of
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Y S Y g Qquasiparticles “by eye” in the EDC’s. While it is impossible
c >0 to attribute specific, quantitative criteria to human judge-
ment, there are a number of guidelines which are useful in
identification of crossing points. First, the centroid of the
quasiparticle peak can be trackedispace and extrapolated
to its intersection with the Fermi energy, this point defining
the Fermi-surface boundary. Second, the total area beneath
the quasiparticle peak can be monitored, with the crossing
i roughly corresponding to the point where this area has di-
: minished by a factor of 2. Finally, the energy position of the
r x T midpoint of the leading edge of the EDC’s may be observed,
(21 with the crossing found at the point where this quantity
(a) (b) : . . )
reaches its maximum value. Depending on the particular

FIG. 1. Thek-space grids over which ARPES spectra were ac-preferences of the practitioner, one of these methods may be
quired. Each point represents a full photoemission EDC covering agtrictly adhered to or some synthesis of all three may be
energy window of approximately 1 eV below the Fermi enexgy.  Used. In either case, the subjective method is adequate for
(@) corresponds to photon polarization paralleli&; O, (b) to  Sketching out rough details of Fermi-surface topology and
polarization parallel td"Y. for gaining a qualitative overview, but is neither quantitative

] nor unigque, and cannot provide an unbiased, automatic
the order of a planar lattice constant, at most, would havg,aans of extracting FS contours.

strong implications for the relevance of magnetically medi-  an ajternative technique, based on photoelectron diffrac-

a_\te_zd pairing in the microscop.ic_ mechanism for superconducggp, method$ has been used by Aebt al, to measure the

tivity. Unfortunately, the possibility of &(2X2) reconstruc-  Formi surface of Bi2212 among other materfat&1°2|n

tion in Bi2212 and other experimental difficulties hinders 5 anproach, the total photoemission intensity in a narrow

discrimination of such correlations from simple structuralenergy window centered dB is measured as a function of
16,17 F .

effects.”" The absence of these uncertainties in Y123, a§ p scanning over the Brillouin zone. By acquiring a single

well as a much better understanding of the details of they,¢s nqint rather than a complete EDC for elarector, it is

crystal structure, makes Y123 potentially better suited to adbossible to densely sample the entire BZ much more rapidly

dress these questlons as well. ) and completely than is feasible in conventional EDC mode.
Our experimental setup and apparatus are discussed expyever, there are four disadvantages to this method. First,
te_nswely in the preceding pap&only relev_ant_ deFaHs are it only provides information on the relative spectral weight
reiterated here. Photoel_ectron energy distribution C“rveﬁearEF, but does not allow the identification of dispersive
(EDC’s) of the neaiE region were obtained over one quad- ¢, asiparticle features or determination of the band structure.
rant of the two-dimensional Brillouin zon®Z) in two dis-  gecond, matrix element effects and cross-section fluctuations
tinct sample orientations, one with the plane of photon PO,y jead to sizeable variation of the total photoemission
larization, E, parallel toI'S [(0,0)=(m,m)] (denotedO:1) intensity in different parts of the BZ, over- or underempha-

and the other parallel 'Y [(0,0)—(0,m)] (denoted®;).  gjzing certain regions df space. Third, while the technique
Figures 1a) and 1b) show thek-space grids over which a5 initive appeal, the precise physical meaning of the

EDC'’s were taken for each orientation. All spectra were acqaniity being measured is not well defined. The essential
quired using plane polarized synchrotron radiationhof — 455umption which is made is that the spectral weight at the
=28 eV, provided by the undulator at beamline V of the permj level has a maximum & : this certainly holds in a
Stanford Synchrotron Radiation Laboratof$SRL). Total  gimple Fermi-liquid model, but there is no particular reason
energy resolution was approximately 50 meV, with an anguyg pelieve that this behavior is universal in strongly corre-
lar acceptance ot 1° corresponding to roughly 2.5% of the |5teq systems. Fourth, in the instance of the Higimateri-

full BZ width. Untwinned Y123 single crystals of excep- 5i5 or other systems where there is an extended regién of
tional quality, with typical transition widths of 0.25 K, were space having a high spectral density near but below the
cleaved at low-temperature parallel to tieplane, and were  Formj energy, the photoelectron diffraction method is unable

maintained at or below 20 K at all times to avoid sampleiy ragolve true FS crossings from the né&r weight, and
; 11 ,
degradation. Chamber pressure was better tha® ““torr - yj|| actually include contributions from occupied states lying

throughout data acquisition; no noticeable changes in thginin the greater of the instrument resolutian, or kT, of
spectra were observed over the course of the measuremeﬁt#_
To compensate for fluctuations in count rates from changes’ p ihirg technique, which has been proposed by Randeria
in beam intensity and sample position, all spectra were norg; al.® relies on the approximate sum rule relating the spec-
malized to the integrated photoemission weight well above, 5| function to the momentum space density of staBES),
the Ferm.i energy_arising from inelastically scattered elec—n(k). As noted in their lettern(k) =/~ A(K, ®)f(®)dao.
trons excited by higher-order light. To see how this relates to what is measured in an ARPES
experiment, note that, within the sudden approximation, a
valence-band ARPES spectrum may dygproximatedas a
sum over bands of the product of a matrix element for each
Conventional ARPES FS determinations infer crossingdand with the corresponding single band spectral function:
from cuts through the BZ, subjectively identifying dispersive | (K,w)=2,M(k,hv)f(w)A.(K,»). It is further conjec-
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Il. METHODS FOR FERMI-SURFACE DETERMINATION
WITH ARPES
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data. In cases where the matrix element variation is non-

- negligible, a simple first-order correction may be made using
ﬁ ank}(ak the logarithmic derivative insteaVIn n(k)|, thereby map-
k

ping out regions where thelative variation inn(k) is large.
This can be used to correct for variations in cross section due
Zie to polarization effects when data is acquired with synchro-
tron radiation or other polarized photon sources.

By relying on conservation of spectral weight, the pres-
ence of weight near but belo will not affect the appear-
¥ ance of the Fermi surface determined in this way, unlike the
photoelectron diffraction method, nor will the finite experi-
mental energy resolution, since the Fermi statistics defining

FIG. 2. A schematic illustration of the momentum space de”Sitharticle conservation are unaffected by the instrumental
of states,n(k), and its derivative[ dn(k)/dk] in the context of a broadening. Similarly, conservation of spectral weight is a
simple Fermi-liquid model. The mass renormalizatitp defines robust property of many-body systems, independent of the
the fractional quasiparticle weight in the coherent part of the SPECetails of the interactions, making this approach equally
trum. valid for strongly correlated and non-Fermi-liquid materials.

An example is the Luttinger-liquid scenario, as discussed by

tured that ARPES spectra may be used to directly measur€hakravartyet al,?! in which the § function singularity in
n(k), through the aforementioned relationship between phothe gradient is replaced by a power-law divergence; while
toemission spectra andi(k,w). This is true within a small the details ofn(k) are affected, the FS crossing appears in
region ofk space, if we assume thdd(k,hv) is weakly the expected region &f space. The main disadvantage of the
varying and we further restrict ourselves to a single band, igradient method is the fact that numerical differentiation,
which case we can integrate ovew to obtain which magnifies the noise already present in the data, is nec-
ffAnI (k,w)dw=M,(k,hv)n(k), whereA, is the quasipar- essary for extraction of the Fermi surface. This is particularly

ticle bandwidth. Then the energy-integrated ARPES specProblematic for data taken, as ours were, in normal EDC
trum is proportional to the momentum space DOS, moduﬁcqwsﬂ_lon mode, necessitating a _degree of _numencal
lated by the photon energy akddependence of the matrix _smopthmg f_or'g.ood results._ The requw'ed smoqthlng results
element prefactor. Unfortunately, the situation in real, multi-in slightly diminished effectivek resolution relative to our
band materials is not nearly so simple. First, the photon en@ctual instrumental contribution. The much denkespace
ergy dependence is nontrivial, and can lead to vastly differSampling of the photoelectron diffraction measurements
ent contributions from bands having different orbital Should allow significantly improved signal-to-noise ratio in
character, especially in the UPS energy range. This is pa@PPplications of the derivative method.
ticularly true in structurally complex materials such as the [N experimental implementations of the momentum space
cuprates, which have polyatomic bases with many atom®OS methods some finite cutoff enerfy, must be chosen
and, consequently, many overlapping bands. Second, for @er which thew. integration is mad@..Except in.the .ideal
global picture of the Fermi surface, thedependence of the case whereE; lies in an energy window which is not
matrix element term is likely to be significant on the scale oftransected by any bands from above or below, a problem due
the Brillouin zone. In these cases, it is difficult to justiy, t0 quasiparticles appearing or disappearing through the inte-
priori, straightforward application of the(k) approach. gration limit arises, potentially leading to spurious peaks in
Despite these complications, it is possible to formulate ghe gradient. These false crossings may be identified in a
quantitative means of directly extracting Fermi-surface infor-number of ways. By examining the experimental band dis-
mation from a complete set of ARPES data spanning th®€rsions, it |s_pos§|ble to discriminate crossings of quasipar-
Brillouin zone. It is well known that, within the Fermi-liquid ticles dispersing into or out of the window from/to lower
framework, the momentum distribution drops discontinu-lying states from those in which the quasiparticle actually
ously at the Fermi surface, with the size of the stBp, passes through the_ Fermi energy. A_nother_ method is to note
being directly related to the mass renormalizati€ig. 2. that the true Fermi surface is invariant with respect to the
Experimental broadening from the finite angular resolutionchoice ofE, so that ¢/JEc) g Vil (k,w)dw=0. For this
will remove this discontinuity, leading to a sigmoid function reason, an important consideration in performing these ex-
of k. In the case where multiple quasiparticles coexist, theperiments is the need to retain some energy distribution in-
momentum distribution will manifest several discrete dropsformation, even if one is ultimately only concerned with the
one for each band. If we consider the momentum space gr&S topology.
dient of this function,|V,n(k)|, it is clear that a peak will
occur at the position of each Fermi surface cr_ossing, corre- Ill. THE EERMI SURFACE OF Y123
sponding to the steps in the momentum density. Under the
assumption that the matrix element term is slowly varying Recently the Fribourg group has published several articles
relative to the characteristic “width” of the Fermi surface clearly demonstrating their ability to achieve significantly
(primarily defined by the angular resolution of the photo-improved resolution of band splitting by performing ARPES
emission spectrometerthe derivative of the photoemission studies in the photoelectron diffraction acquisition moue.
spectral weight will manifest essentially identical behavior,With this method the photoemission intensity in a fixed ki-
allowing the Fermi surface to be directly extracted from thenetic energy window around, is sampled over an ex-
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r X r r X r data, and constitute a useful framework within which to dis-
N cuss possible deviations from conventional behavior. On this
basis, in the following we consistently compare our results to
the LDA predictionst!™*® The principal features of the
y y y @ v LMTO Fermi surface are two large Cy@lane-derived hole

pockets centered on th® point, a chain derived FS sheet

running roughly parallel td'X, and a small pocket centered
on S. Projection of the orbital character of the relevant bands

~———F reveals that the inner plane pocket is principally derived
r X r r X T from the bondingpdo plane states comprised of
(a) k=0 (b) k=1 3d,2_y2, O(2) 2py, and Q3) 2p, orbitals, while the more

_ dispersive outer pocket derives from the corresponding anti-
FIG. 3. Fermi surfaces calculated within the local-density ap-hondingpdo™* states. The small “stick” pocket & arises
proximation using the LMTO method fok,=0, andk,=, in — himarily from bonding between the apical oxygefdDand
panels(a) and (b), respectively(Ref. 13. CuG, plane derived Ba, while the remainingpdo chain sheet weakly hybridizes

sheets are shown in black, while Cy©hain sheets are shown in . . _ -
gray. Unlike Bi2212, which is predicted to have very litteaxis with the bondingpdo band atk,=0 and strongly hybridizes

band dispersion, the presence of Guhains in Y123 leads to With the antibondingpds” band atk,= , resulting in sub-
significant three-dimensionality, as manifested in the notable disStantialc-axis dispersiort®
persion of the Fermi surfaces alokg. Figures 4a) and 4b) show the photoemission intensity
maps for our data ab=E, reflected along symmetry lines

tremely fine mesh irk space, complementing the normal to span the full BZ, for both sample geometries. These plots
ARPES technique of sampling EDC’s over a wide energywere generated by interpolation of data takenkapoints
window but at only a few points in the Brillouin zone. For shown in Figs. {a) and Xb), respectively, on a regular
purposes of comparison, we have applied this analytical apsquare mesh corresponding to an angular spacing of 0.7°.
proach to our data on untwinned Y123. While our data werelThe sampling density of EDC’s is significantly higher in
acquired in conventional EDC mode, they constitute a comfegions ofk space where the intensity is high, and sparse in
paratively dense mesh lnspace which we may numerically regions corresponding to unoccupied states. Our angular
interpolate to simulate the photoelectron diffraction ap-resolution, as defined by the acceptance cone of the spec-
proach. trometer, is shown as the circle centered @inUnlike the

The Fermi surface of optimally doped Y123, calculatedwork of Aebi et al, on Bi2212, our effective windowing
using the full-potential linear muffin-tin orbitdFP-LMTO)  function in this plot is simply the Gaussian instrument re-
method is shown in Figs.(8) and 3b) for k,=0,7.}>*3As  sponse rather than a square window convolved with the in-
studies on twinned Y123 and numerous other cuprates hawdrument response.
made cleaf;® band-theory predictions are at least qualita- The orthorhombic symmetry breaking of the chains is im-
tively correct for these materials, provide the oaly inito  mediately clear in both orientations, with the intensityEat
theoretical predictions for comparison with the experimentadominated by weight from the narrow spectral featurd at

r . I X r

FIG. 4. (Color) Photoemission intensity maps at the Fermi energy@er(E||T'S), and O, (E|T'Y) are shown in panel&) and (b),
respectively. Data taken in tHeXSY quadrant have been reflected along symmetry axes to produce a map of the entire irreducible Brillouin
zone. The black circle at the center indicates the angular acceptance cone of the spectrometer.
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although to a lesser degree @, than in O,. The highest

intensities, found alond'Y, correspond to the oft-discussed 1.0
“extended van Hove singularity(evHs in Y12322-%This
feature appearsnly alongT'Y in our untwinned samples,
unlike twinned crystals where tHeX andI'Y lines are de-
generate, and disappears for polarization perpendicular to the
CuGQ; chains, indicating that the evHs is actually a chain-
related feature of the electronic structure stemming from the
surface termination of the cleaved crystals. An extensive dis-
cussion of arguments in support of this attribution is pre-
sented in the preceding companion pajjer.

The fourfold symmetric signal originating in the CuO
planes dominates emission from the bulk chains, which
should form a Fermi-surface sheet parallellt¥, presum-
ably due to the surface sensitivity of the photoemission tech-
nigue. Overall the measured intensity contours are qualita-
tively consistent with those observed in photoemission
studies of other higfi-, materials, both hole and electron
doped®~>2*~2’which are found to have a large hole pocket
centered on 4, ). Interestingly, the small “stick” Fermi-
surface pocket predicted to be centered on $hpoint in FIG. 5. Normalized cuts through the data of Fig&)4nd 4b)

LDA calculations is entirely absent in our data, contrastingParallel toI'Y for k, ranging between 0.5 and 1.0. Two peaks
with earlier measuremen:fsThe fact that the bands respon- corregpondlng to two separatg Fermi-surface crossings appear in the
sible for this pocket arise largely from hybridization of Ba d9ata in both sample geometries.

and apical @) atoms makes it plausible that the BaO sur-

face termination may strongly perturb them from their bulklines paralleling botlY andI'X for various values ok,
energies, and consequently affect their Fermi crossingndk,, respectively. In this approach, which is complemen-
behavior?® tary to band-structure identification, with a peak being iden-

Qualitatively both intensity maps bear a strong resemtified in k for fixed w=Eg, Fermi-surface crossings should
blance to the LMTO Fermi surfaces, with the exception ofappear as peaks in the intensity as a functiok.dfigure 5
the absent “stick” pocket. The apparent width of the Fermi-shows normalized Fermi level intensity curves for cuts par-
surface segments is roughly twice the experimental angulagilel to 'Y for k, between 0.5 and 1.0, corresponding to
resolution, becoming even larger near ¥ipoint, where itis  cross-sectional slices of the data in Figé)4and 4b). The
limited by the spectrometer energy rather tiam@solution in  data in both plots have a double-peaked structure extending
these regions where the bands are quite flatDina large  over a large fraction of th& X line, with a smaller feature
pocket centered o is seen along with significant weight near thek,=0 line and a more prominent one aroukgl
distributed nearX, while O, shows a similar pocket and =0.2 which merge into a single broader peak neardt to
additional weight bifurcated away froid along thel'X di-  ©,, but remain distinct inD,. An important technical detail
rection. Neither geometry shows strong evidence for a chaiwhich arises when performing such an analysis is the occur-
Fermi-surface crossing alongY, although weight arising rence of spurious peaks when the line along wHidgg) is
from the surface state appears where it would be expected, being interpolated lies parallébr nearly s to a segment of
the region where chain states lie in the unoccupied b&hds.the Fermi surface. In this case, the actual Fermi “crossing”
Because of the breadth of the features in panés dnd  will be extremely broad, and noise in the data may give rise
4(b), the data are consistent with both thdo™ antibonding  to features which do not correspond to the true Fermi sur-
and pdo bonding plane pockets but the two may not beface. For this reason, data from these regions must be disre-
clearly distinguished except possibly neér Unfortunately  garded as unreliable.
the weight nearX may arise from either the saddle-point  Application of the gradient method to the data of Fig. 4 is
bifurcation of the antibonding pocket induced by plane dim-presented in Figs.(6) and Gb). Sample lifetime constraints
pling, or from the chain sheet which manifests significantand data acquisition time make it impossible to acquire an
c-axis dispersion in this part of the zone due to hybridizationarbitrarily dense set of EDC's, necessitating interpolation of
with the pdo™ states. Because the value lof is not well  our data ink space to generate a uniform mesh which is then
defined in our measurements, it is likely that our data willnumerically smoothed by convolution with a two-
include contributions from values & where stationary ini- dimensional window function having a breadth 1.5 times the
tial states lead to density of states enhancement. We note thastrument width, and differentiated to form the quantity
the data from th& X SI" octant is qualitatively similar to the |V,In n(k)|.2° In choosing grids spanning the Brillouin zone
earlier Fermi-surface measurement of twinned Y123 by Liu(see Fig. 1, we were guided by previous investigations, al-
et al, taken in the®, geometry with 21 eV photons from a lowing us to concentrate spectra in regions where there is
He gas discharge lamp. appreciable spectral weight belok:, and sample the re-

To identify Fermi-surface segments and crossing pointgions containing unoccupied states more sparsely. The loga-
more precisely, we have looked &tEf) contours along rithmic gradient was chosen to minimize the intensity varia-
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FIG. 6. (Color) Fermi surfaces determined from the logarithmic gradient of the photoemission intensity at the Fermi energy, plotted as
in Fig. 4. The small segments nebirare artifacts due to the small effective window wfintegration. Panel¢éc) and (d) show the Fermi
surfaces derived from the datdhick black and gray lingsalong with Fermi-surface crossings identified by conventional band dispersion
measurementgpen circley (Ref. 18. Superimposed are the LMTO calculated Fermi surface& fei0,7 (plane states are shown in red,
chains in blug

tions seen over the BZ in the raw data; other than diminishedested innefbonding plane FS pocket, with weak indica-
contrast, the results of application of the bare gradient aréions of the outefantibonding pocket visible primarily near
essentially indistinguishable. X andY. While the derivative data is too noisy to unambigu-

Examination of Figs. @) and &b) reveals the expected ously reveal both crossings alodgS, detailed analysis of
large hole pocket centered @ with significantly narrower dispersion relations along this line clearly demonstrates their
Fermi sections than observed in the photoemission intensitgresencé® The chain band is weakly apparent, though it
maps. In contrast with the photoemission intensity maps dispresumably overlaps to a large degree with the antibonding
cussed above, the segments resolved with the gradient aptane segments arourXl Figures 6c) and 6d) show sub-
comparable in width to the instrumentakresolution defined jective Fermi surfaces, determined from the plots (& &nd
by our angular aperturbroadened by smoothingWe veri-  6(b), as thick lines. Superimposed are LMTO Fermi-surface
fied from the band dispersions that the parallel segments neaontours fork,= 0,7, with the plane bands in red and chains
the I' point result from the finite energy window, with a in blue. Experimental FS crossings determined from band
quasiparticle dispersing up from higher binding energy passdispersions using the conventional method are indicated by
ing first through the lower edge of the energy window, thenthe open circle$® The expected bifurcated saddle points in
crossing the Fermi surface, as discussed in Sec. Il. The réhe antibonding Fermi surface may be resolved in segments
maining portions are sections of the true Fermi surface, alparallelingI'Y, indicated by the thick gray lines. Our ability
though segments in the vicinity of the surface peak' are to make quantitative statements about this region of the Bril-
aliased by the spurious spectral weight of this feature and arfeuin zone is, however, compromised by the large contribu-
not representative of the bulk Fermi surface. tion of the surface peak ne#r A complimentary bifurcation

In both orientations we can clearly resolve the stronglyof the saddle point in thEX direction, if present, is not well
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FIG. 7. (Color) Fermi surfaces determined from the logarithmic gradient of the integrated photoemission intensity, plotted as in Fig. 4.
The w-integration cutoff of 0.6 eV was chosen to encompass all quasiparticles seen in the ARPES EDC'’s which disperse through the Fermi
level.

resolved, in contrast with LDA predictions. This is likely a ing with Fig. 6; we attribute this to unresolved overlap of the
consequence of strorgaxis dispersion distributing spectral two-plane Fermi surfaces and/or the chain FS. Finally, unlike
weight over a larger region df space for the dispersive the preceding figures, there also appears to be a weakly re-
pdo* FS sheets in this part of the Brillouin zone. ,,  solved pocket centered & in these plots which might be
whereE is parallel to the Cu@ chains, we note that even attributed to the otherwise unobserved “stick” sheet. How-
using the logarithmic gradient technique the emission fromever, close examination of the band dispersions reveals that
the feature nea is by far the most prominent contribution, these are actually artifacts from a downward dispersing band
while the relative contributions are comparablediq. which has its maximum at th® point, with a binding energy
The results of the gradient method appliednidk) data  slightly lower than the upper limit for ous integration. For
integrated over the observable quasiparticle bandwidth othis reason, it is important to consider all aspects of the pho-
roughly 0.6 eV are shown in Figs(a and 7b). The most toemission data in a unified manner.
dramatic difference between these plots and those in Figs. 4 Comparison of the results of the simple intensity mapping
and 6 is the significant enhancement of the cross section fgFigs. 4a) and 4b)] with the results of application of the
Fermi-surface weight alon§fX in both geometries, and a momentum space derivative meth@€gs. 6 and ¥ empha-
simultaneous suppression of the weight néaA nonnegli-  sizes some of the pitfalls of naaly applying the photoelec-
gible contribution from the bulk chain Fermi surface is alsotron diffraction method to the problem of Fermi-surface
resolved alond’Y near thel” point in panel 7a). Its absence measurement. While the derivative data shows excellent
in panel 7b) is likely the result of weight enhancement of overall agreement with data points obtained subjectively
the surface feature along this line #,. Another notable from the band dispersions as well as with the LDA predic-
difference is the width of the segments, which is measurablyions, the “Fermi surfaces” obtained directly from the inten-
greater than the expected resolution in both panels, contrastity maps are both much broader and larger in volume. This
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shadow bands seen in Bi2212 are structural in origin, and do
r X r r r not arise from the vestigial antiferromagnetic order in this
material, and are consistent with earlier investigations

f \ searching for closed pockets aloR in twinned Y123°

V. SUMMARY AND CONCLUSIONS

In summary, we have discussed several techniques for
k J extraction of Fermi surfaces from angle-resolved photoemis-
sion data, comparing and contrasting their merits and disad-
r X r r ' vantages. A method of quantitative Fermi-surface determina-
k,=0 kz=1t tion based on a momentum space DOS analysis is proposed
which eliminates many of the uncertainties of the other tech-
FIG. 8. “Shadow band” Fermi surfaces generated from theniques and is demonstrated to provide results consistent with
LMTO calculations of Fig. 3. Sheets for each valuekpfire shifted  those approaches. Various different methods have been ap-
by (m, ) relative to the Fermi surface for the primitive unit cell to plied to sets of ARPES spectra taken on untwinned crystals
reflect incipient antiferromagnetic order. Such ordering will, in the of optimally doped Y123 in inequivalent photon polarization
static limit, lead to a Fermi surface of half the original volume, geometries and the results compared and interpreted within
rotated by 45°, in whicll” and S are degenerate. the context ofab initio LMTO calculations of the Fermi
surface of this material.
observation again underscores the importance of retaining Our data unambiguously reveal a strongly nested inner
the full information contained in the photoemission EDC's Fermi-surface pocket centered 8nwhich we attribute to the
for consistent identification of Fermi surfaces. Future develCuQ, bondingpdo bands. The bilayer splitting of the plane
opment of the momentum space technique with more spebands, which is clearly resolved in the polarization-
cialized equipment should improve the noise level in derivadependent energy distribution curves presented in the com-
tive data, and, by further exploitation of polarization panion papet® appears as a more weakly resolved outer
dependence, may be able to more clearly discriminate thgheet in thek-space data. We also resolve vestiges of the
Fermi-surface contributions from the planes and chains.  principal chain sheet in some of the data, but it is signifi-
cantly suppressed, consistent with a strongly modified sur-
face chain termination. While the absence of bilayer splitting
in this material would be a striking manifestation of non-

The shadow bands observed in the Fermi surface ofermi-liquid behavior, the presence of such splitting is not
Bi2212 by Aebiet al,, seen in normal-state measurements ofnecessarily incompatible with Luttinger-liquid concepts
the photoemission intensity at room temperature, were attribsince these effects should manifest themselves at much lower
uted to echoes of the bonding FS shifted by, ) arising energy scales. Our data show no sign of the stick Fermi
from strong antiferromagnetic correlations. This interpreta-surface centered &, consistent with previous measure-
tion has been controversial; the appearance of these featuré¥nts. We also have considered the evidence in our experi-
in their experiment is particularly surprising because the datanents for antiferromagnetic shadow Fermi surfaces, and
were taken on optimally doped, metallic Bi2212 at 300 K,compared our results with those from Bi2212. Unlike
which has an extremely short antiferromagnetic correlatiorBi2212, we find no evidence for the presence of such shadow
length on the order of a planar lattice constant. A possibldands in any of our data on optimally doped Y123.
alternative explanation of this effect is a weak2Xx2)
structural distortion which would mimic the effects of static
antiferromagnetic order. Our data on Y123, which were
taken at low temperatur@0 K), provide an independent test ~ The data in this study were obtained at the Stanford Syn-
of this hypothesis on a material known to be free of suchchrotron Radiation LaboratofSSRL) which is operated by
structural distortions. the DOE Office of Basic Energy Sciences, Division of

Figure 8 shows schematically what would be expected irChemical Sciences. The Office’s Division of Materials Sci-
the case of Y123 if antiferromagnetic long-range order wereence has also provided support for this study. The Stanford
present; the true LMTO FS is indicated by the solid lines,work was supported through ONR Grant No. 00014-95-1-
while the shifted echoes plotted in gray represent the foldin@960, and the Center for Materials Research. D.A.B., R.L.,
from the AF potential. One should be able to directly observeand W.N.H. acknowledge the support of the Natural Science
these echoes in the photoemission data experimentally, withnd Engineering Research Council of Canada, and the Cana-
the most prominent features of the unperturbed Fermi surdian Institute for Advanced Research. M.C.S. would like to
face presumably having the strongest shadows as well. Exexpress his gratitude to Professor Ole Andersen for the op-
amination of the experimental Fermi surfaces in Figs. 4, 6portunity to work at the Max-Planck-Institut, Stuttgart, and
and 7 does not reveal any indication of such a folding in anywould also like to thank Dr. Ove Jepsen, Dr. Sasha Liecht-
of our data. In addition, close inspection of EDC's along theenstein, and Dr. Warren Pickett for stimulating discussions
I'S line shows no evidence for the presence of a peak shiftednd Dr. Armin Burkhardt for assistance with visualization.
by (27/3, 27/3) corresponding to the main Fermi-surface M.C.S. gratefully acknowledges the support of the Fannie
crossing near #£/3, w/3).1® This data suggests that the and John Hertz Foundation.
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