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We have performed an angle-resolved photoemission study of overdopegbi;a CuQO,, and have ob-
served sharp nodal quasiparticle peaks in the second Brillouin zone that are comparable to data from
Bi,SrL,CaCyOg, 5. The data analysis using energy distribution curves, momentum distribution curves, and
intensity maps all show evidence of an electronlike Fermi surface, which is well explained by band-structure
calculations. Evidence for many-body effects are also found in the substantial spectral weight remaining below
the Fermi level around+#,0), where the band is predicted to lie abdye.

DOI: 10.1103/PhysRevB.63.220501 PACS nuni®er74.25.Jb, 71.18:y, 74.72.Dn, 79.60.Bm

Studies of low-lying excitations and the Fermi surface inthe matrix element effects. In the second BZ, using a favor-
the high-temperature superconductors by angle-resolveable polarization, we have identified a sharp spectral feature
photoemission spectroscoffRPES have mostly been fo- along the diagonal direction in this sample that is comparable
cused on BiSr,CaCyOg, s (BSCCO (Refs. 1-6 and to that of BSCCO. This observation demonstrates that the
YBa,Cu;0; (YBCO).” In these systems, however, addi- surface quality of LSCO is comparable to that of BSCCO
tional features derived from complicated crystal structuresand gives credence to LSCO data in the underdoped region,
such as the Bi-O superstructures in BSCCO and the Cu-@®ince the sample quality of LSCO in the underdoped region
chains in YBCO, have made the analysis rather complicateds expected to be improved with decreasing Sr content. Our
In particular, the Bi-O superstructure complicates the interdetailed analysis shows that the compound has an electron-
pretation of spectra aroundr(0), resulting in the contro- like Fermi surface with additional spectral weight near
versy over the Fermi surface geometry.La, ,Sr,CuQ,  (m,0), which is the remnant of the flat band feature in the
(LSCO), by virtue of the absence of these effects and theunderdoped samples. The detailed comparison of experiment
availability of high-quality single-crystal samples over the and simulation also provides a better understanding of the
entire doping range, provides the opportunity to advance oumatrix element effect in these experiments.
understanding of the high-temperature superconductors. In The ARPES measurements were carried out at BL10.0.1.1
the underdoped regime, earlier studies have uncovered thi the Advanced Light Source, using incident photons with
presence of two electronic componefits’ a systematic sup- an energy of 55.5 eV. We used a SCIENTA SES-200 spec-
pression of the spectral weight near/2,77/2) (when com- trometer in angle mode, where one can collect spectra over
pared with that of overdoped samples or BSCCO for data-14°, corresponding to a momentum width ofL.17 (in
taken under the same conditionand straight Fermi surface units of 1A, wherea~3.8 A is the lattice constantThe
segments nears,0) of width ~ /2 %12 which have been total energy and momentum resolution was about 20 meV
interpreted as evidence for electronic inhomogeneitiesind 0.02r, respectively. We studied high-quality single crys-
(stripes. In the overdoped regime, an electronlike Fermi sur-tals of LSCO withx=0.22 grown by the traveling-solvent
face was observed in the high-superconductorsput de-  floating-zone method. The measurements were performed in
spite this progress, important problems remain. Sincen ultrahigh vacuum of 10 Torr at 20 K and the samples
ARPES data from underdoped samples are very broad, wowere cleavedn situ. The position of the Fermi levelHg)
ries about the sample quality persist. There are also questiongas calibrated with gold spectra.
about the effects of the photoemission matrix elenf&nt,  Figure 1 shows energy distribution curvéSDC'’s) for
which makes it difficult to extract quantitative information two different experimental geometries along the directions
about stripe effects on nodal spectral weight by comparinghown in the right panel. In both geometries, the light is
the experiments and theoretical calculations that predicincident to the surface with an incident angle-ef7°. The
suppression?~1® We address these important questions byEDC's in geometry | were measured by rotating the sample,
performing a detailed study of overdoped LSC=0.22)  which causes the changes in the in-pldhesector of the
where the stripe effects are expected to be weaker, and haugcident photons as shown in the right panel. On the other
the aid of reliable band-structure calculatidonslike the case hand, in geometry I, the spectra were measured by moving
of BSCCQO. We performed ARPES in three Brillouin zones the analyzer, and therefore the in-plaBevector is fixed.
(BZ's) and performed numerical simulations to investigateWhile in geometry |, theE-vector was almost normal to the
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|_a1 783r0 2ZCUO4 ity limit. In fact, underdoped samples give better cleavage
' ’ vl than overdoped samples, which possibly indicates the better
geometry surface quality for the underdoped samples. Therefore, the

M/ \ ARPES results in the underdoped region, which show broad
(@ features aroundsf,0) and interpreted as a two-component

»
/% / feature? should be reliable results.

T The band dispersions along tf@®0) to (,0) and(0,0) to
>,

(7, ) directions, which have been derived from the ARPES
spectra by taking the second derivatives, are shown in Fig. 2.
geometry Il In going from (0,0) to (w,0), the band reacheB; at ky

\/ \ ~0.87 but substantial spectral weight remains beBwup
to (7,0). However, as shown in the inset, the peak in the

/>V°)< (d/)/ momentum distribution curve@DC’s), which are defined

I by the photoemission intensity versus momentum curves at
E\/’% constant energy, clearly crosses the Fermi level around
(0.857,0) concomitant with the decrease of spectral weight
for k,>0.85. This behavior is not seen in optimally doped
and underdoped LSCO along tt@&0)-(,0) line® The LDA

FIG. 1. Energy distribution curves for LagSr, ,,CuQ, at 20 K. band calculation also predicts an electronlike Fermi surface
Right panels show the momentum space for each cut andEthe for x=0.171"18 although the calculation shows finite band
vector in the two geometries. For details, see the text. dispersions along the axis and the Fermi surface is some-

what k, dependent. Thek, dispersion is expected to be

sample surface, resulting in a small in-pldeomponent, in strongly renormalized in real mqterié%Therefore, we state
the geometry Il, theE vector was almost parallel to the that thex=0.22_ has an elect_ronllk_e F_erml_surface cent(_ared at
sample surface. Panelg) and (d) show ARPES spectra (0,0. The rgd Ilng shovysatlght-blndlng fit to the experimen-
around the ¢,0) point. These spectra show a single peakt@l band dispersion with parametelfs —E4=1.2 eV, tpq,
with little dispersion, which will be addressed in the discus-=0-5 €V,E,y=1tpp,/2=1p,,/2=0.15 €V. Heref 4, andE,,
sion below as a remnant of the “flat band” feature appearing@'® the transfer integrals for the nearest-neighbop@-Qu
belowEr even forx<0.28 Panels(b) and(e) give the nodal  3dx2-y2 and O 2,-O 2p, overlap, respectively. The best fit
cut[(0,0) to () directior] in the first BZ for each geom- Values fort_pd(, an_dE?(y are_much smaller than those obtained
etry. One can see that par@ shows a dispersive feature from a ftight-binding fit to the LDA band-structure
while panel(b) shows almost no corresponding spectral fea<alculatior?® due to the band narrowing corresponding to the
ture, due to transition matrix element effects. Thus, commass enhancement by a factor of3 in the overdoped
pared to the previous results, we could observe the nodakgion?
feature in the first BZ more clearly in geometry II. Further-  Figure 3 shows the spectral weight plot integrated over a
more, as shown in panels) and(f), we found that the nodal 30 meV window around the Fermi levg(a),(c)] for both
state feature becomes stronger in the second BZ, particularfyeometries and simulations of the spectral weight plot for
in geometry Il. As a whole, geometry Il gives clearer disper-each geometry including transition matrix element effects
sive features, probably because the in-plEnector is much  [(b),(d)] (see below. Integrating over the narrow window of
larger than that in geometry |. These results show that therthe order of the energy resolution makes it possible to obtain
are significant matrix element effects which should be carethe spectral weight aEg, which approximately represents
fully considered in order to extract intrinsic information. It the Fermi surface. The Fermi surface&at 0 and=/c from
should be emphasized that the intensity of the first BZ nodathe band-structure calculation for £ aM,CuQ, (x=0.2) 1’
state in underdoped LSCO is still much weaker than that iras well as the Fermi surface from the present tight-binding fit
BSCCO or overdoped LSCO observed under the same exare superimposed on Fig(é8. As a whole, they well de-
perimental conditions. These relative changes in data witlscribe the global features related to the Fermi surface ob-
doping under the same experimental geometry are intrinsitained from ARPES. In particular, looking at the nodal di-
but the matrix element effect makes quantitative analysisection in the second BZ, they agree well with each other.
more difficult. The volume enclosed by the tight-binding Fermi surface is

One may suspect that the weak dispersion of the featureS-s=0.8x 272, which satisfies Luttinger's sum rulgSgs
in underdoped LSCO, particularly in the nodal direction, =27%(1—x)] within experimental accuracy.
may be due to inferior surface qualityoughness, defects, Here, we have performed simulations of spectral weight
etc). The present results have shown that the sharpness dfstribution including matrix-element effects by using the
the nodal feature seen in geometry Il is comparable to that isame method described in Refs. 22 and 23. The simulation
BSCCO, which demonstrates the high quality of the LSCOmethod which we apply here has given a good account of the
surfaces. One can expect that the sample quality decreaspisotoemission results on grapKftend TaSe?® Therefore,
with increasingx because of the disorder introduced by Srthis is a good starting point to understand the matrix element
and the difficulty in the crystal growth due to the Sr solubil- effect in the present ARPES results, at least qualita-
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FIG. 2. (Colorn Energy dispersion and a tight-binding fit for
La; 7651 2CuUQ,. The gray plot in the inset was obtained by nor-
malizing the spectra to the peak in each MDC. Black spots thus -1.0

correspond to the peak position of each MDC curve.

tively. First, we consider the initial stateli) b
=(IWN)Z; e aRi* g (r—Rj—7) as the two-
dimensional tight-binding ground state, whedg is the
atomic orbital Cu 8,2_,2 or O 2p,,p,. The matrix element

factor |23 given by M(k):|adx2—y2Adx2—y2Ti_anA?x FIG. 4. (Color) Contour plot of the spectral weight shown in
+ apyApyl , WherFJAdxz,yz !ApyvApx are angular distribution  Fig. 3(c) symmetrized with respect to tiepoint. Red curves show
factors from each atomic orbital Cud_,2, and O the electronlike Fermi surface obtained from the fit to the experi-
pr,py_24 ag, ay, andapy have been determined from the ment as shown in Fig. 2. Shaded regions aroumcD) reflect a
tight-binding fit to the dispersion of the ARPES result as'¢mnant of the “flat band.

shown in Fig. 2. The spectral functioh(k,w) of the tight-
binding band was approximated by broadening shiinc-

tion with width of w2, wherew is in units of eV. Then, the
simulated momentum distribution of spectral weight is given
by n(k)=M (k) f1(k,w)dw, wherel (k, ) is spectral weight
broadened by an energy resolution of 20 meV.

As shown in Fig. &), in geometry I, the nodal states in
the first BZ show almost no spectral weight while those in
second BZ are enhanced, consistent with the experimental
data in Fig. 8a). This implies that the suppression in geom-
etry | compared to geometry Il is caused by matrix element
effects. According to the simulation, the smaller matrix ele-
ments in the first BZ are a result of the combination of the
symmetry of thed,> 2 orbital and the large out-of-plane
component in thé vector. The enhancement in the second
BZ may be caused by the angular distribution factor of the
three atomic orbitals, because they have a small emission
probability for small angles when tHe vector is vertical to
the surface. In geometry Il, we can see the clear dispersion
and spectral weight in the nodal state in the first BZ as
shown in Fig. 1e) and Fig. 3c). The simulation in Fig. &)
shows an enhancement of the spectral weight in(€h®-
(7r,7r) direction compared to the nodal states of the first BZ
in geometry |, which qualitatively agrees with the experi-
mental results.

While the overall features in the experimental results
agree with the simulation as shown above, there was still a
discrepancy between them regarding the spectral weight dis-

ment. (b),(d): Simulation. White and black curves {a) represent ~ tribution near ¢r,0). Here, we discuss the possible origin of
the Fermi surfaces of band calculatitRef. 17 atk,=0 and=/c,  the strong spectral weight around the,0) point which can-
respectively, and red curves represents the Fermi surface from tH¥0t be described within the simple two-dimensional electron-
present tight-binding fit. Note that the spectral weight in the nodalike Fermi surface picture. As shown in Fig. 4, the spectral
direction is enhanced for geometry [lic) and (d)] compared to  weight distribution around+,0) shows a relatively straight
geometry I[(a) and (b)]. contour along thek, direction, which is slightly narrower

FIG. 3. (Color) Spectral weight integrated within 30 meV of the
Fermi level. White arrows designate tRevector. (a),(c): Experi-
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than that in Nd-LSCO |k,|</4) 1! This spectral weight the (i7,0) region. These two features are qualitatively similar
distribution is very similar to that of the flat band which to those observed in Nd-LSCO and LSCO wit0.15
appears belovEg for smallerx. Presumably the#,0) flat ~ samples!*? although quantitatively the flat band effect in
band feature which exists in the optimum and underdoped SCO with x=0.22 is weaker. This dual nature of the elec-
regions does not completely lose its spectral weight even fofronic structure can be explained in terms of order-disorder
x=0.22 (and probably forx=0.3, see data in Ref)8vhere  stripes competitioh? The origin of the nodal state can be
the saddle point is located abok . Therefore, the spectral nderstood by considering strongly disordered stripes and/or
weight around {,0) appears as a remnant of the “flat weakened stripe order. In the latter case, one may begin to

band.” Recently, there have been debates as to whet?%r thefgcover the underlying band structure. The underlying elec-
exists an electronlike Fermi surface in BSCCO or MOt. yonic structure will manifest itself stronger as the charge

While this discussion has been complicated by the Bi-O su- rdering effect becomes weaker in LSCO with 0.22
perstructures, the present results_ from ove_rdoped LSC8 In conclusion, we have unambiguously observed an elec-
C'eaf'y .ShOW an electronlike Fermi surface .W'th much IeSStronlike Fermi surface in slightly overdoped LSCO with
ambiguity. One may suspect that the matrix element may_

suppress spectral weight only around the() point makin 0.22, which agrees with the band-structure calculation. By
PPress sp Welg y P 9 utilizing the matrix element effects, we have obtained clear
the holelike Fermi surface appear electronlike. However, a

far as the matrix element simulation using the simple tight-aisloerSion and sharp peak fea“.*TeS for th_e nodal states com-

binding scheme is concerned, such a suppression localized arable to B.SCCO' The transition matrix element effects

momentum space around(0) 'is difficult to explain. This is ve been dlspussed by simulations, wh_lch account for lthe
' enhancement in the second BZ and for different geometries.

consistent with an earlier calculatidh.In the case of . . .
. " Although the stripe effect in the present sample is weaker,
BSCCO, the possibility of additional states at,0) has been the observation of the nodal spectral weight and the straight

prqpos_ed.ln the present case, strong intensity aroun_lc[]o ' segment near,0) is consistent with the picture of order-
which is not predicted by the simulation, always exists Irre-Jisorder competition of stripes in the system

spective of polarization geometries, while the nodal states
are strongly affected by matrix element effects. This implies This work was supported by a Grant-in-Aid for Scientific
an intrinsic unusual electronic structure such as stripes ass&esearch “Novel Quantum Phenomena in Transition Metal
ciated with the “flat band” feature. Oxides,” a Special Coordination Fund from the Science and

As seen in Fig. 4, we have shown that the electronic strucTechnology Agency and the New Energy and Industrial
ture of LSCO withx=0.22 shows two features. One is the Technology Development OrganizatioNEDO). Advanced
nodal Fermi surface which is found to be consistent with theLight Source of Lawrence Berkeley National Laboratory is
band-structure calculation. The other is the remnant flat bandperated by U.S. Department of Energy’s Office of Basic
which gives rise to a straight segment of spectral weight neaEnergy Science, Division of Material Science.
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