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The electronic structure of the La,Sr,CuQ, (LSCO) system has been studied by angle-resolved photo-
emission spectroscopfARPES. We report on the evolution of the Fermi surface, the superconducting gap,
and the band dispersion around the extended saddle lpsi(tr,0) with hole doping in the superconducting
and metallic phases. As hole concentratiodecreases, the flat band at,0) moves from above the Fermi
level (Ep) for x>0.2 to belowEg for x<<0.2, and is further lowered down to=0.05. From the leading-edge
shift of ARPES spectra, the magnitude of the superconducting gap areufdl i6 found to monotonically
increase ag decreases from=0.30 down tox=0.05 even thougfi ;. decreases in the underdoped region, and
the superconducting gap appears to smoothly evolve into the normal-state)gap.a6. It is shown that the
energy scales characterizing these low-energy structures have similar doping dependences. For the heavily
overdoped samplexE& 0.30), the band dispersion and the ARPES spectral line shape are analyzed using a
simple phenomenological self-energy form, and the electronic effective mass enhancememhfaoige 2
has been found. As the hole concentration decreases, an incoherent component that cannot be described within
the simple self-energy analysis grows intense in the high-energy tail of the ARPES peak. Some unusual
features of the electronic structure observed for the underdoped regich 10) are consistent with numerical
works on the stripe model.
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[. INTRODUCTION face, the superconducting gap, and the band dispersions with
hole doping throughout the superconducting and metallic
For the detailed understanding of a higp-cuprate sys- phases (0.08x=<0.30) of LSCO, focusing on the features
tem, the determination of the low-energy electronic structure@around the extended saddle pointlat (7,0), which are
i.e., the Fermi surface, the band dispersion, and thé&rucial to the determination of the Fermi-surface topology
superconducting- and normal-state gaps, is required as tf@hd the behaviors of superconducting- and normal-state
ground for studies of the superconducting mechanism ané@ps. The discussion leads to the issue of the doping depen-
for the interpretation of thermodynamic and transport propd€nce common to three characteristic energies of the elec-
erties. Indeed, such information has been directly observelonic structure, and the self-energy and the electron effective

P deduced. In the previous paper, ARPES spectra for
by angle-resolved photoemission spectroscqyRPES ~ Mass are ,
for  Bi,SpCaCyOg., (Bi2212),+-° Bi,Sr,CUGs x=0.10 and 0.30 have been reported and the formation of a

. 10,11 12 o Fermi surface centered €3,0) for an overdoped sample has
(Bi220D, ™~ and YBgCu;0; (YBCO). ™ Since the elec- "0 o0 ccdd on the other hand, the evolution of the
tronic properties of the hight, cuprates are strongly depen- ARPES spectra around the superconductor-insulator transi-
dent on the hole concentration, it is necessary to investigatg

tfon (x=0.05) has been addressed in Ref. 14, where the

the doping dependence of ARPES spectra systematicallguppressiOn of quasiparticle weight around/Z,=/2) has

over a wide hole concentration range in order to extract key,oan  a1so  discussed for underdoped  superconducting
features relevant to the high: superconductivity. LSCOM

Among the high¥. cuprate systems, we have recently
focused on the La ,Sr,CuQ, (LSCO) systent®'* because
the hole concentration is well controlled over an exception-
ally wide range and uniquely determined by the Sr concen- Single crystals of La ,Sr,CuO, were grown by the
tration x (and small oxygen nonstoichiometryn addition, traveling-solvent floating-zone method and were annealed so
an instability towards spin-charge ordering in a stripe formthat the oxygen content became stoichiometric. The accuracy
has been extensively discussed from the incommensurate inf the hole concentration was0.01. The samples were in-
elastic neutron peaks:’ The suppression of . at x~1/8  sulating forx=0.05, superconducting for=0.10, 0.15, and
(Refs. 18 and 1Ppindicates that the stripe fluctuation has 0.22, and metallic without superconductivity far=0.30.
more static tendency in LSCO than in Bi2212. Details of the growth conditions and characterization of the

In this paper, we address the evolution of the Fermi surerystals are described elsewhéte??

Il. EXPERIMENT

0163-1829/2002/69)/09450411)/$20.00 65 094504-1 ©2002 The American Physical Society



A. INO et al.

ARPES measurements were carried out at the undulato
beamline 5-3 of Stanford Synchrotron Radiation Laboratory
(SSRL). Incident photons had energiestof=29 or 22.4 eV
and were linearly polarized. The electric vector and the wave
vector of the incident photons and the sample surface norma
were kept in the horizontal plane. The samples were fixed
with respect to the incident light with an incident angle of
45° and ARPES spectra were collected using a hemispherice
analyzer of 50 mm radius. The total instrumental resolution
including the analyzer and the monochromator was approxi-
mately 45 meV and the angular acceptance was1°®. In

the case of LSCO, 1° corresponds to 1/19 and 1/23 of theg

(0,0)-(7r,0) distance in the Brillouin zonéBZ) of the CuQ
plane for incident photon energies bi=29 and 22.4 eV,
respectively. The samples were cleavedsitu at the plane
parallel to the Cu@ planes by knocking a top post glued on

the sample under an ultrahigh vacuum better than 52

x 10" Torr. The orientation of the sample surface normal

was finely readjusted using the reflection of a laser beam™

The directions of thea and b axes were finely corrected
using band folding in the ARPES spectra with respect to the
ky=0 line. Since the sample surface degraded rapidly at higr
temperatures, the samples were kept at low temperature
(T=11 K) during the measurements. The cleanliness of the
surface was checked by the absence of a hump at energ
~—9.5 eV and of a shoulder of the valence band at
~—5 eV. All the spectra presented here were taken within
12 h after cleaving. The position of the Fermi levEL] was

repeatedly calibrated with gold spectra during the measure PR IR I R
ment, and the experimental uncertainty in the energy calibra:

tion was aboutt2 meV. The intensities of the spectra at

different angles have been normalized to the intensity of the

PHYSICAL REVIEW B 65 094504

La,,Sr,CuO, x = 0.22 (Overdoped)
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FIG. 1. ARPES spectra of overdoped ,LgSr,CuQ, (x

incident light. In the present paper, the measured crystal mo=0.22) without any data manipulations except for the energy cali-

mentak = (K, ,k,) are referred to in units of &/ wherea is
twice the Cu-O bond length within the Cy@®lane, and the
extended zone notation is adopted; that i&, ¥alue larger
than 7= means that the momentum is in the second BZ.

Il RESULTS
A. ARPES spectra
ARPES spectra of overdoped LSC®=0.22) in the su-

bration. Insets show the measured mome(atecles in the Bril-
louin zone and the in-plane component of the polarization of the
incident photongarrows. In going along (0,0)>(,0), the band
crossesEg near (,0), although part of spectral weight remains
below Eg at (7,0).

Bi2212 under a similar doping level and the same instrumen-
tal resolutior?® Indeed, the energy position and width of the
peak were well reproduced by several experiments, indicat-
ing the validity of the analysis of the ARPES peak performed

perconducting state are shown in Fig. 1. Here, the spectra at@ Sec. Il E. . o . _
the raw data recorded on the spectrometer except for the fact Usually the band dispersion is obtained by tracing the

that the energies have been calibrated to the Fermi edge

HRPES spectral peak. As one goes fr¢@0) to (,0) or

gold. It seems that the intensity of the dispersive componerffom (2,0) to (,0), the peak energy increases towalfgs
relative to the angle-independent background is weaker fods shown in Fig. (g). Around ~(0.8m,0) and~(1.2m,0),
LSCO than that for Bi2212. Probably, since the cleaved surthe peak reaches the vicinity of the Fermi leve}] and the
face of LSCO is not so flat as that of Bi2212, some photopeak intensity decreases between these points. However, part
electrons lose momentum information at the surface opf the spectral weight remains beld#¢ even at ¢r,0), and
LSCO and thus detected as an angle-independent backie weight completely disappears only in going from,@)

ground. In addition, the peak intensity is also strongly af-

fected by the transition matrix element, which is different

to (7, 7) [Fig. 1b)]. The remnant weight at#,0) is larger
for x=0.22 than forx=0.3* indicating that a band of flat

among various cuprate materials. The relative weakness afispersion arounds,0) lies quite close to the Fermi level
the dispersive component due to the high background mafor x=0.22112* Since even fox=0.3 a small weight re-
induce some uncertainty of the spectral line shape, comparedains belowE at (,0) ' the band around+,0) is not a

to Bi2212. However, the peak energy is less affected by itsingle peak but has a broad energy distribution, implying a

and the peak width of LSCO is practically similar to that of

complicated spectral weight distribution aroung,@) as dis-
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La,_,Sr,CuQO,
x=0.15 (Optimally Doped)
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FIG. 3. ARPES spectra near the Fermi leveEg) for
La, ,Sr,CuQ, (x=0.05) near the superconductor-insulator transi-
FIG. 2. ARPES spectra of optimally doped LaSr,CuQ, (x  tion, displayed in a similar way to Fig. 1. Alongr(0)— (7, ), the
=0.15) (Refs. 13 and 1% displayed in a similar way to Fig. 1. Peak disperses towaréis and loses its intensity before reachifg
Along (0,0)— (1,0), the peak clearly remains beldy, indicating ~ around ¢r,0.25m), indicating a “normal-state gap” opened on the
a Fermi surface centered at (). The band arounds,0) shows a underlying Fermi surface.
very flat dispersion and is located slightly beldy .

through the superconducting gap. The band aroum@)
cussed recent7?® Along the (0,0)-(r,7) cut, although shows a very flat dispersion and is located slightly below
the dispersive feature is weak, the increase of the intensity &g.1%?* The spectra along (0,0)(w, ) for x=0.15 are
Er compared to the background around ®,@.47) sug-  similar to those fox=0.3 (Ref. 13 and 0.22: one can iden-
gests a Fermi-surface crossing asxis0.3 and 0.133  tify the dispersion of the weak feature crossifg at
Overall, the electronic structure for=0.22 is in transition  ~(0.4#,0.47). Thus, the electronic structure far=0.15 is
between the electronic structures characterized by the Ferrgimilar to those for other optimally doped Bi221Ref. 2
surfaces centered a0,0 (x=0.30) and at {,7) (x  and Bi2201(Ref. 11), except for that the dispersive spectral
=0.15)13 peak along (0,0} (,7) is weak for LSCO.

In Fig. 2, ARPES spectra for optimally doped LSC® ( ARPES spectra of the heavily underdoped LSCO (
=0.15) are displayed agdih**in a similar way to Fig. 1. =0.05) in the normal state are shown in Fig. 3. As the hole
Even though the spectra were taken at a temperatureoncentrationx decreases, the peak neag around @r,0)
(~11 K) well belowT. (=39 K), the condensation peak is becomes broader and weaker. This is consistent with the
absent or unresolved for LSCO as in Bi2281yhile the line  spectra of other underdoped cuprates, where the dispersive
shape with a peak, dip, and hump has been observed aroufehture is so broad that it is merely a shoulder rather than a
(w,0) for Bi22121?"? As one goes fron(0,0) to (m,0) or  spectral peaR® When the hole concentration decreases
from (27,0) to (7,0), the peak approach&s: but clearly  down tox<0.03 for LSCO, the feature nek becomes too
remains belowEg at (7,0), indicating a Fermi surface cen- weak to discuss the dispersion because of the spectral weight
tered at ¢r,7). In going from (7,0) to (7,7), the peak transfer into a band around-0.5 eV (see Fig. 6% As
intensity decreases, while the midpoint of a leading edge ishown in Fig. 3, while the band for=0.05 stays beloviEg
always belowEr (—3 meV at the closest t&f, i.e., the  with very weak dispersion along (G80)— (,0), the band
minimum-gap locus implying that the band goes abot#  disperses rather strongly toward&g along (7,0)
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FIG. 4. (a) Dispersive component of ARPES spectra taken along
(0,0)— (r,7) for x=0.15. The angle-independent background has O - B G B
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(c) Second derivatives of the ARPES spectra taken along (0,0) -100
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ored with light and dark gray, respectively, in the figure. Original 0.0) (0) = = 0.0)
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ARPES spectra are shown in Fig. 2. The dispersive component o (270)
the ARPES spectra has been smoothed by convoluting with the ’ Momentum
Gaussian and then differentiated twisee the text The results are

displayed in Figs. 5 and 6 in order to visualize the dispersion
relation.

FIG. 5. Band dispersion near the Fermi level fop LgSr,CuQy,
measured by ARPES. The second derivatives of the ARPES spectra,
which are shown in Fig. 4, for example, are displayed as a density
plot on the gray scale, where white regions denote the negative peak
—(m,0.2m) and the feature disappears around,d.25m) of the second derivatives. Note that, because of the finite instrumen-
before the leading-edge midpoint reaclkgs indicating that  tal resolution AE~45 meV, the structures nedEr are pushed
a gap is opened aroundr(0.257) for x=0.05. Presumably, down below the resolution limit- — AE/2 (dashed lines
the gap is opened on the underlying Fermi surface as in the
superconducting samples althoudh=0 and may be re- orbitals due to the photoemission matrix-element effect. In
garded as a “normal-state gap® Remarkably, in the order just to remove this extrinsic step, the spectré0d)
(0,0)— (,r) cut, no dispersive feature nor intensity modu- were subtracted from all the spectra at the other angles under
lation could be identified at E for x<0.121*in contrastto ~ simple normalization to the intensity of the incident light.
the spectra forx=0.15. Therefore, the electronic structure The validity of this subtraction may be understood by a typi-
nearEg for x=0.05 is similar to that fox=0.1 reported in  cal result shown in Fig.(@). Indeed, the spectrum &2,0) is
the previous papéﬁ the Fermi surface centered at () is so featureless that its subtraction makes essentially no effect
observed around #,0.257), but it is invisible around on the second derivatives except for the extrinsic stetp-at
(m/2,712). All the resulting spectra were then smoothed by convoluting
with the Gaussian whose energy width is the order of the
energy resolutioritypically ~50 me\), since the collected
signals were of the order of 10° counts for the peak com-

Overall band dispersions neBg are visualized in Fig. 5, ponent and thus the signal-to-noise ratio is the order of
below, by use of the second derivatives, which are shown in-1/30. Along the momentum direction, no smoothing or in-
Fig. 4 for example. First, the step Bf seen in the spectrum terpolation is applied to the data and thus each horizontal
at (0,0 seems to be present at all the angles with almospixel in Fig. 5 corresponds to each ARPES spectrum. Finally,
constant intensity, as shown in Figs. 1, 2, and 3. Hence, wthe spectra are differentiated two times and displayed by the
assigned the spectrum @,0) to the angle-integrated signals gray scale plot in Fig. 5, where white regions denote the
likely due to the surface imperfection, because no emissionsegative peak of the second derivatives. In the differentia-
are allowed at(0,0) from the d,2_,2 symmetry of Cu 8 tion, the energy step of the data was smaller enagbr 10

B. Band dispersions
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meV) compared to the energy resolution. Indeed, taking theand calculated within the Hubbard model with the stripes
second derivatives would be an appropriate way to visualizeising the Hartree-Fock approximatfdnand dynamical
the band dispersion of this system, becausexfsi0.1 the ~mean-field theor§f!

dispersive feature does not show a clear peak but a shoulder. The band arounds,0) is thought to primarily contribute
Practically, the second derivative method has been widelyo the formation of the superconducting condensate in a
used and outlined the band dispersions excellently from thé-wave superconductor, because the quasiparticle weight
ARPES spectr&~*5The validity of the above data manipu- N€arEg around ¢r/2,m/2) is virtually absent in underdoped
lations is assured by comparing the second derivatives hSCO (x=0.12). As shown in Fig. 5, when LSCO is opti-
Fig. 4(c) with the original raw spectra in Fig(®, and com- mally doped_, the flatband aroundr(0) is Ioc_atgd slightly
paring Fig. 5 with the gray scale plot of the original data PEIOWEE as in the other cuprate system;. This is the case for
shown in the top panels of Fig. 10, below, fior=0.30 and all the hole-doped higfi~. cuprates studied by ARPES so

2 . .
0.15. In Fig. 5, thin black curves following the negative far,” suggesting that the energy position of the @) flatband

peaks in the second derivatives are also drawn. Thus theﬂas a universal doping dependence among fiigbuprates

: .—and that the optimunT. requires the 4,0) flatband to be
error bars were represented by the half width of the Wh'tenearEF.45As for the relevance of the flatband energy to the

gradation. Note that, because of the Fermi cutoff and th%igh T, the presence of the flatband nd&r enhances the
T . -~ i o By
finite ‘instrumental resolutiomg~45 mevV, spectral fea density of low-energy single-particle excitations which are

tures neark. are pushed down below- —AE/2 (dashed jyo1yed in the formation of the superconducting condensate
lines).”® The obtained band dispersion for=0.15 is similar through a large portion of thke space?*

to the ARPES results of other optimally doped cuprates such |, Fig. 6, we summarize the doping dependences of the

as Bi2212(Ref. 2 and Bi2201(Ref. 11. ~ dispersions around#,0) and (7/2,7/2). It is clearly seen
Figure 5 shows that the so-called #(0) flatband” is  that the flatband around(0) is lowered ax decreases and

CIearIy observed fox=0.15, 0.10, and 0.05 in the sense that|oses its intensity in the insu|ating phase_ As reported

the flat region around the saddle point at,Q) is extended previously'* the spectral weight is transferred from the band

up to ~(0.7m,0) % The flatband, which is~120 meV  near Er (~—0.1 eV) to the lower Hubbard band at

below Ef for x=0.05, moves upwards monotonically with ~—0.5 eV in the vicinity of the superconductor-insulator

hole doping, crosses the Fermi level arow€l0.2, causing transition k=0.05). The evolution of the band nekg is

the increase of the density of stat€09) at Ef as observed different between £,0) and @@/2,7/2): with decreasing,

by angle-integrated photoemissiOAIPES) and the quasi- the spectral weight is largely lost already »# 0.12 for

particle density reflected in the electronic specific feand  ~(7/2,7/2), whereas it remains substantial down xo

finally goes above the Fermi level. Since the chemical poten=0.05 for ~(,0). On the other hand, the evolution of the

tial shift with hole doping is small€100 meV) in the re- insulating band at-—0.5 eV is similar between+,0) and

gion 0=x=<0.15% the energy shift of the flatband in this (7/2,7/2).

composition range is due to the deformation of the band

structure itself. Probably the lowering of the flatband at C. Fermi surface

(7r,0) is due to the influence of short-range antiferromagnetic

correlations. _Under the an_tiferro_magnetic cor_relations, hehe doping dependence of the Fermi surface has been de-
spectral function of magnetic exmtatmmé(q,.w) IS peaked duced as shown in Fig. 7. Here the Fermi-surface crossings
nearq=(m, ). Then, the photohole aw,0) is particularly  haye peen determined to be the momenta where the leading-
dressed strongly in the collective ma_lgnetlc excnatlo_ns_, beédge energy reaches a local maximum and the spectral peak
cause the photohole atr(0) can enter into a state of similar intensity (quasiparticle weightchanges most strongly. They
energy around (@) by producing a collective excitatiog  correspond to the minimum-gap loci, when a gap is opened
= (m,m), as proposed by Shen and Schrieffet! Since the  on the Fermi surface. As for the superconducting gap, it has
emissions from the dressed photoholes are predominaieen confirmed that the minimum-gap locus coincides with
among the spectral intensity in the underdoped region, théhe Fermi surface in the normal stdfedn Fig. 7, thick error
kinetic energies of photoelectrons front,Q) are lowered by bars denote the actually measured positions of Fermi surface
the stronger dressing of photoholes with decreasing holand the width of the error bars indicate two momenta where
concentration. the most weight of dispersive features is clearly beBy

As for the underdoped samplez=0.05 and 0.1 the and has almost gone abo¥g . The area enclosed by the
band dispersion aroundr(0) is not symmetric between the Fermi surface is 713 %, 798 %, and 855 % of the half
(7,0)—(0,0) and @r,0)— (7, 7) directions. While the band BZ area forx=0.3, 0.22, and 0.15, respectively, consistent
is very flat, showing almost no dispersion along,@)  with the Luttinger sum rule for the electron density-%
—(0.77,0), the dispersion alongn(,0)— (7,0.37) is sub- (=70%, 78%, and 85%, respectivehAs for x=0.1 and
stantial and consistent with a simple parabolic dispersio®.05, since the Fermi surface around/2,7/2) was invis-
(with a gap atEg). The asymmetric dispersion and the un-ible, dotted curves are tentatively drawn in Fig. 7 so that the
clear Fermi surface aroundr(2,7/2) for underdoped LSCO area enclosed by the Fermi surface~€.9 and ~0.95,
are consistent with the electronic structures calculated by nurespectively?? of the half BZ area, supposing that the Lut-
merical exact diagonalization on small clusters with stfipes tinger sum rule is still satisfied. As the hole concentration

From the ARPES spectra taken at various doping levels,
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FIG. 6. Doping dependence of the band dispersion arouwnd)((upper panelsand (7/2,7/2) (lower panelsfor La, ,Sr,CuQ,. From
left to right, the samples are an antiferromagnetic insuléddtl) for x=0, an insulator fox=0.03, near the superconductor-insulator
transition(SIT) for x=0.05, superconductof$C) for x=0.07, 0.10, 0.12, 0.15, and 0.22, and a normal m@td) for x=0.30. Data in
the wide energy range were taken from Ref. 14. The features-a0.5 eV in the underdoped samples are the lower Hubbard band.

decreases, the Fermi surface near,0) smoothly moves subtracted as the angle-independent background for each
through (r,0) so that the topological center of the Fermi composition. For the nonsuperconducting=(0.3) sample,
surface is turned over frort®,0) to (7, 7) atx~0.2. Onthe the leading-edge midpoint is apparently pushed abBye
other hand, the position of the Fermi surface neaf2(m/2) ~ (~6 meV) due to the finite instrumental resolution

is less sensitively dependent on the hole concentration and-45 meV)’ As the hole concentration decreases, the en-
the weak spectral intensity neasrf2,m/2) at Er becomes  ergy of the peak and the leading edge are shifted downwards
invisibly weak forx=0.12 The Fermi surface of LSCO is 45 a result of the opening of the superconducting gap.

thus strongly doping dependent, while the Fermi surface of |, Fig. gb), the energy shift\ of the leading-edge mid-
optimally doped LSCO is basically similar to that of yoint rejative to that fox=0.3 (~+6 meV) is plotted and

- 23
B|2|312. 7 indicates that * I hol Ket” q compared with the results of other experiments on LSCO,
igure 7 indicates that  small hol€ POCKeL around ; o 'paman scatterirftunneling*® and neutron scatterif

. . . : . %tudies(left axis). Crosses indicate the superconducting tran-
the decrease in the carrier density proportionak,tevhich sition temperatureT, (right axi9 and the prediction of the

has been observed in the Hall coefficient measurement as field th f hed ducti
1/Ry<x,*" should be attributed to the fact that the quasipar—mean' leld theory for thed-wave superconducting gap

ticle weight aroundEg decreases asx due to the spectral ZA'\SAEZA'H‘BTC (Ref. 5 (left axig). In fact, what are mea-
weight transfer to higher binding energiés’ sured in these experiments are different quantities; e.g., the
neutron scattering measures the gap in the spin-excitation
spectrum, which is not simply connected to the single-
particle excitation gap probed by ARPES. In addition, the
The doping dependence of the energy gagamay be magnitude of the ARPES leading-edge shift tends to be
estimated from the leading-edge shift on the Fermismaller than the tunneling result, probably because the
surface!~1%*2 Figure 8a) shows the ARPES spectra at the broadness of the peak reduces the apparent shift of the
momenta where the leading edge reaches the maximum eARPES leading edge, while it hardly affects the peak posi-
ergy (minimum-gap locusaround ¢r,0) as shown by open tion observed in tunneling spectra, which represent the
circles in the inset. Here, the spectrum (8100 has been momentum-integrated spectral function. Nevertheless the

D. Energy gap
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-200 -100 0
Energy relative to Ex (meV)

(0,0)

(70) FIG. 8. (a) ARPES spectra for momenta on the Fermi surface
L i (minimum-gap locugsnear (,0) as denoted by open circles in the
(bF)s;( ~0.92 inset. From the ARPES spectrum for each composixioihe spec-

trum at (0,0) has been subtracted as the angle-independent back-
ground.(b) The shiftA of the leading-edge midpoint in the ARPES
spectra relative to that of=0.3 (~+6 meV), denoted by open
circles. Error bars denote the uncertainty in determining the
leading-edge position of each spectrum. The leading-edge &hift
approximately represents the magnitude of the superconducting or
normal-state gap and is compared with the gap deduced from the
d-wave mean-field approximationA¥E=4.%gT, (crosses (Ref.

51) and other experiments: Raman scattefimgen diamonds(Ref.

48), scanning tunnel spectroscogsolid triangleg (Ref. 49, and
inelastic neutron scatteringpen boxes(Ref. 50. As x decreases,

the magnitude of the energy gap keeps increasing even in the un-

%Ev; ; derdoped region in spite of the decreasing
wr);%

doping dependence of the gap magnitude is consistent

Sps = 0.85(772)

(c)x=0.15

S 7 > among the ARPES and other experiments.
. P As the hole concentrationdecreases, the magnitude/of
§ A keeps increasing even in the underdoped region, in spite of
i () x =01 Th the decreasing .. This remarkable feature has also been

reported for Bi221ZRefs. 6 and 8and is thus likely to be a
universal feature of the cuprate superconductors. The present

4%#(“)4% data have ensured that this tendency is sustained down to
=0.05. Although the sample af=0.05 is not superconduct-

ing, still an energy gap is opened-a{ 7,0.25r) as shown in

= ©0) (0) Fig. 3(b), corresponding to the “normal-state gap” observed
T T Y for underdoped Bi2212-° From the ARPES spectiigigs.
l J:(e)x—oosl 3(b) and 8b)], it appears that the superconducting gap

smoothly evolves into the normal-state gap with decreasing

- hole concentratiol. This observation certainly has the same
significance as the fact that the temperature dependence of
the leading-edge shift is continuous &t for underdoped
Bi22125~° These connections between the normal- and
superconducting-state gaps suggest that these gaps have the

FIG. 7. Fermi surfaces of La,Sr,CuQ,, obtained from ARPES . . .
experiments. Thick and thin error bars denote the observed Fermls-ame origin. Assuming that the magnitude of the energy gap

surface crossings and those folded by symmetry. Az $00.10 and A represents the paring .strengt.h, the doping dependence of
0.05, since no dispersive features are observed Beaaround 1c May be roughly described using the productioénd the

(w/2,7/2), the dotted curves are tentatively drawn so that the are§uasiparticle density ar related to the flatband energy.
enclosed by the Fermi surface-s0.9 and~0.95, respectively, of When the hole concentration is further decreasedxto

the half Brillouin zone area, assuming that the Luttinger sum rule is<0.05, the normal-state gap becomes difficult to be identi-
satisfied. fied because the spectral weight of the band near
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In order to deduce the energy position and width of the
ARPES peak more precisely, a model for the spectral line
shape is necessary. The actual peak is asymmetric and fairly
deviated from the simple Lorentzian even for the heavily
overdoped samplex&0.3) 12 Therefore, we introduce a
simple but more general form of the self-energy:

[ + I | | E. Self-energy analysis

200 —

Energy (meV)
g
I

(meV)
g

T
T

|

l

Y Y+ Yo
olT+i  o/GH+i

2(w)=- (G>1I),

50 — . s . . .
which satisfies the Kramers-Kronig relation. The denomina-

tor of the second term is to maRy w) converge to zero for
w—, a sufficiently largeG being taken as a cutoff energy.
Then, forw<G, X(w) is expanded arounliy as > (w)~
—¥(o/T)—iyo—iy(w/T')2 HereI is the characteristic en-
ergy which scales for the quasiparticle energy vyo=
—ImX(0) represents the scattering rate of the quasiparticles

FIG. 9. Doping dependence of three characteristic energies: th%t »=0 and Shou!d be zero fqr a_m ideal Fermi Iquld, ayld
leading-edge shift on the Fermi surfaderepresenting the super- represents the high-energy limit of the peak width since
conducting and normal-state gaps, the energy of the flatband around ImZ(w)=y+ 7y, for F<w<G. In the present analysis,
(.0), (), and the “large pseudogapspg, which would cor- the momentum dependence of the self-energy is ignored for
respond to the high-energy bump in angle-integrated photoemissidite€ simplicity. Then, the spectral functioh(k, ) is given
(AIPES) spectraRefs. 37 and 58 Error bars foiE, o) indicate the by
uncertainties in determining the peak energy-dtr,0) (Ref. 52,
based on variation among several different samples. The inset

1
shows the scaling relations asg~2.5E, g andApg~13A. Ak, w) = Im<—w— ek—E(k,w)) )

Er diminishes and, alternatively, the wide insulating gapwhere ¢, is the dispersion of the single-particle band. The
(~0.5 eV) becomes predominatfit. calculated spectra have been obtained as the product of
Figure 9 shows the binding enerd . o of the band at A(k,w) and the Fermi-Dirac distribution functiof(w,T),
(7,0) 2 which is confidently determined by measuring sev-and then broadened by the energy and angular resolutions
eral samples for eack, compared with the energies of the (42 meV and 2°, respectivelyFinally, upon comparing with
superconducting or normal-state gap measured by the experimental spectra, the angle-independent background,
ARPES leading-edge shift and the “large pseudogapsg, i.e., the spectrum &0,0), is commonly added to the calcu-
which would correspond to the high-energy bump in AIPESIated spectra.
spectras’®3 These characteristic energies show quite similar Parameters fixed in the analysis are the temperature and
doping dependences as shown in the inset, even though théire energy and momentum resolutions, and the single-
energy scales are differenkpg~2.55 o) and Apg~13A. particle dispersiorg, has been taken from the local-density-
Therefore, the electronic structure of the underdoped LSC@pproximation(LDA) energy band of undoped L@u0,.%
is essentially characterized by a single parameter which raf@n the other hand, the parametdrs,y, and y,, describing
idly increases as decreases fax=<0.22. The proportionality the self-energy, are obtained from the present least-squares-
Ape~2.5E(,~13A implies that the origin of the fit analysis, and the results are shown in Table I. Here, the
superconducting- and normal-state gaps may be related themical potential shift of the LDA band due to the hole
that of the large pseudogap and the flatband energy, indicatioping into LgCuQ, is adjusted to reproduce the experi-
ing that the behaviors of the cuprate superconductors anmment, and the spectral intensity at each angle has also been
strongly affected by the short-range antiferromagneticadjusted to the experiment, because the momentum depen-
correlations’’40:54 dence of the matrix element is unknown.

TABLE |. Effective-mass enhancement factaf /m,, at E obtained from the self-energy analysis of the
ARPES spectra fox=0.30(overdopeflandx=0.15 (optimally dopedl, and parameterE, y, andy, of the
model self-energy which best reproduce the experimental spectrantiéne, obtained from the electronic
specific heat coefficien,, (Ref. 38 is also shown for comparison.

X m*/m, (ARPES I (ev) v (eV) 7o (eV) Fermi surface m*/my, (ver)
0.30 2.0 0.20 0.21 0.077 Centered(@i0) 2.5
0.15 2.1 0.30 0.34 0.081 Centered at, {) 2.5
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-
2]

(7,0) contains an intense incoherent component which
cannot be described by the simple model self-energy analy-
sis. This difficulty, in addition to the limited experimental
resolution, indicates that the obtaineddifw), which de-
scribes the peak shape, has some uncertainties, while
ReX (w) obtained from the peak position is reliably deter-
mined.

The effective mass* relative to the bare-electron mass
m, is also obtained from the self-energy,

*
m_, Ry
mb Jw ©=0 F
x=015] pw (0)x=0.3 and the result is shown in Table I. Namely, the electron ef-
L Gr20) B : fective massm* has been directly obtained from the band
(31/2,0) dispersion around the Fermi level. The effective-mass en-
hancement factom*/m,, deduced from ARPES spectra is
approximately consistent with that from the electronic spe-
cific heat coefficientsy,,* indicating that the self-energy
used is reasonable to some extent. Furthermore, we also find
the peak in the spectral function &g has a width of
2yo(Mp/m*)=77 meV for bothx=0.30 and 0.15, in addi-
tion to the broadening due to the instrumental resolutions.
(m,0) The quantities of—ImX(0)= 1y, obtained by the present
analysis are approximately consistent with the fact that the
result for overdoped Bi2212 is-90 meV, independent of
temperature in the normal stafe> T, .%’ Although the spec-
trum of thex=0.15 sample was taken in the superconducting
state, our preliminary temperature-dependent measurements
(w2,0) indicated no significant broadening of the peak abdye
except for the thermal broadening.

-
=)
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o
o

oo
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0o

e Exp. :
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Nmmie]
[Nmrrnnd
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Neaad
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e
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[“aanranr
e
|
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Intensity (arb. units)

(m/2,0)

ISl

L \ . .((),0) =5 IR IR
-04 -0.2 0 -06 -04 -02

Energy relative to E (eV) In summary, the systematic ARPES study of LSCO has
) 3 revealed the evolution of the Fermi surface, the supercon-

FIG. 10. Results of the self-energy analys[s (fa)rx_—O.lS and ducting gap, and the band dispersion arounedj with hole
) X:.O'SO' Botiom panels: calculated Spedﬂ".ies) fitted to the doping. While the Fermi surface and the band dispersion of
experimental spectr@ots along (0,0) (,0). Middle panels: real the optimally doped LSCO are essentially consistent with the

and |m.ag|_nary parts of the self-energy l_Jsed in th_e ca_lculatlon. Tol?esult of Bi2212 those low-energy electronic structures
panels: dispersiorg, of the local-density-approximation energy

band of LgCuQ, whose chemical potential adjusted to experimenthave been found to change drastically for the wide hole con-

(dotted line$ and the peak dispersion in the calculated spectracentration range (0.65x<0.30) available for LSCO. Nota-

(solid lines, overlayed with the gray scale plot of the experimental Pl the magnitude of the superconducting-state §areeps
spectra, where the white region simply denotes high spectral interiicreasing asx decreases down tx=0.05, and the
sity (not the second derivatives superconducting-state gap appears to evolve smoothly into

the normal-state gap for=0.05. It has been shown that the

Figure 10 shows the results of such analysis for (0,0)doping dependence @ deviates from the decreasifig in
—(a,0) cut. Both the peak line shape and the peak disperthe underdoped region but follows a doping dependence
sion are successfully reproduced for the heavily overdopedommon to other two characteristic energies: the energy
sample &=0.30), confirming the dispersion relation and E, ¢ of the extended flatband at(,0) and the pseudogap
Fermi-surface crossings shown in Figs. 5 and 7. Note that thenergyA s obtained from AIPES. Therefore, the electronic
weak residual spectral weight around,Q) is also present in structure of the underdoped cuprates may be characterized by
the calculated spectra even though the band enegggt a single parameter. For the heavily overdoped regign (
(7,0) is aboveEg, indicating that the experimental spectra =0.30), a simple self-energy analysis has successfully repro-
are consistent with the Fermi surface centered0dl). For  duced both the band dispersion and the spectral line shape
the optimally doped samplex& 0.15), on the other hand, the and indicated the effective mass /m,~2. However, as the
high-energy tail of the peak was difficult to reproduce afterhole concentration decreases, an incoherent component
extensive trials particularly aroundr(0), although the peak which cannot be described by a simple self-energy analysis
dispersion and the peak leading edge are almost correctiyrows intense in the high-energy tail of the ARPES peak. As
reproduced by a self-energy similar to thatxe£0.30. The the flatband at £,0) is lowered with decreasing the band
result forx=0.15 indicates that the high-energy tail arounddispersion along4,0)— (,0.37) becomes faster, while al-

(0,0) IV. CONCLUSIONS

o
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