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Electronic structure of La,_,Sr,CuQ, in the vicinity of the superconductor-insulator transition
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We report on the result of angle-resolved photoemission study of,ISx, CuQ, (LSCO) from an optimally
doped superconductok € 0.15) to an antiferromagnetic insulator=€0). Near the superconductor-insulator
transitionx~0.05, spectral weight is transferred with hole doping between two coexisting components, sug-
gesting a microscopic inhomogeneity of the doped-hole distribution. For the underdoped kS©2), the
dispersive band crossing the Fermi level becomes invisible in the (&@))( direction unlike
Bi,Sr,CaCyOg,,. These observations may be reconciled with the evolution of holes in the insulator into
fluctuating stripes in the superconductor.

The key issue to clarify the nature of high-temperatureultrahigh vacuum better than>510~* Torr during the mea-
superconductivity in the cuprates is how the electronic strucsurements. The samples were cleaiesitu by hitting a post
ture evolves from an antiferromagnetic insulatéfl) to a  glued on the top of the samples. The measurements were
superconductofSC) with hole doping. For hole-doped CyO  done only at low temperatured ¢ 11 K), because the sur-
planes in superconductors, band dispersions and Fermi sUigces degraded rapidly at higher temperatures. Throughout
faces have been extensively studied by angle-resolved phehe paper, the spectral intensity for different angles is nor-
toemission ~_ spectroscopy (4ARPES primarily  on  mgajized to the intensity of the incident light. In the analysis,
Bi,Sr,CaCyOg.y (BSCCO." " Also for an undoped AFl,  he gpectrum at0,0) is assumed to represent the angle-

; ; 5,6 X F
E'and d|spehr3|tc;nsdhave been ]?bserveddfogCBOZCIé_. _ Imdependent background, because emission from the states of
owever, the band structures of AFIs and SCs are distinct ¥,2_,» symmetry is not allowed for the direction normal to

different and ARPES data have been lacking around th‘fhe CuQ plane due to a selection rule. Indeed, Figs. 1 and 3

boundary between AFls and SCs. In order to reveal the misss—how that spectra in the vicinity of the Fermi levél{) are
ing link, the present ARPES study has been performed on P y

La, ,SKCuO; (LSCO), which covers continuously from angle independent, when there are no dispersive features.
SCs to AFls in a single system. ARPES spectra along (0,9)(77,(.))—>.(77,77) clearly

In addition, the family of LSCO systems shows a suppresSNoW angle dependence as shown in Fig. 1. Even though
sion of T, at a hole concentratiod=1/8, while the BSCCO SPectral feature32 are broad for underdoped and heavily un-
system does not. As the origin of the anomalysat1/8, the ~ doped Eupratejs,' © the dispersive component emerging
instability towards spin-charge order in a stripe form hasaround k=(,0) is sufficiently strong compared to the
been extensively discussed on the basis of the incommensangle-independent background. Figure 2 shows the doping
rate peaks in inelastic neutron scatteriiyS).’~® Compar-  dependence of the ARPES spectrum atQ). As reported
ing the ARPES spectra of LSCO and BSCCO will help us topreviously?, a relatively sharp peak is present just belBw
clarify the impact of the stripe fluctuations. for the optimally doped samplex&0.15). For the under-

In the present paper, we discuss the observation of twdoped samplesxE0.12,0.10, and 0.07the peak is broad-
spectral components coexisting around the semiconductoened and shifted downwards. When the hole concentration is
insulator transition(SIT) (x~0.05), the unusual disappear- further decreased to the vicinity of the SIk=0.05), the
ance of the Fermi surface neat/Q,7/2) in the underdoped peak nearEg rapidly loses its intensity and concomitantly
LSCO (x<0.12)# and their relevance to stripe fluctuations. another broad feature appears aroun@.55 eV. In the AFI

The ARPES measurements were carried out at beamlinghase x=0), the peak nedr disappears entirely while the
5-3 of Stanford Synchrotron Radiation Laboratg8SRL). structure around- —0.55 eV becomes predominant. As for
Incident photons had an energy of 29 eV and were linearh.SCO, Fig. 2 is different from the scenario that a single peak
polarized. The total energy resolution was approximately 43s shifted downwards and continuously evolves from the SC
meV and the angular resolution wasl°. Single crystals of into the AFI as seen in BSCCO and £a0,Cl,,'* and
LSCO were grown by the traveling-solvent floating-zonerather indicates that the spectral weight is transferred be-
method and then annealed so that the oxygen content becartveeen the two features originated from the SC and the AFI.
stoichiometric. The accuracy of the hole concentrafiomas On the other hand, ARPES spectra in t©g0)-(,)
+0.01. Thex=0 samples were slightly hole doped by ex- direction show a different doping dependence. The spectra
cess oxygen so tha#=0.005 was deduced from its 'Ble for representative doping levels are shown in Fig. 3. For the
temperaturel =220 K1° The spectrometer was kept in an optimally doped samplex=0.15), one can identify a band
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FIG. 1. ARPES spectra of La,Sr,CuQ, for x=0, 0.03, 0.05, and 0.07, taken along (6;0),0) (upper panelsand (ir,0)— (7, )

(lower panels The dispersive component emerging aroﬁﬁd(w,O) is sufficiently strong compared to the angle-independent background.
The inset shows the Brillouin zone and the Fermi surface of underdoped I(BEO4).

.

Intensity (arb. units)

hv
|

RN

(n,lr)

Jojonpuootedng

—29ev
L1 1 |

—iopensu] ~

-1.0 -08 -06 -04 -02 0

0.2 0.
Energy relative to E (eV)

EN

FIG. 2. Doping dependence of ARPES spectri=af,0). The . o
spectra have been normalized to the intensity of the vaIence-barEiF should be res_ponsﬂqle for the superconductivity. On the
peak at~—3 eV. Each thin dashed line denotes the spectrum apther hand, the dispersions of the broad feature seen around
(0,0), representing the angle-independent background. The spec- 0-5 €V are almost the same amoxg 0, 0.03, and 0.05
trum of x=0.05 at the superconductor-insulator transition pointand similar to the band dispersion of the undoped £uO
shows two spectral features associated with the antiferromagnetiglane in SyCuQ,Cl, (Refs. 5 and § and PrBaCu;0,."
insulator and the superconductor -at—0.5 eV and~—0.1 eV,

respectively.

crossingEg around (0.4r,0.47), although the dispersive
feature is considerably weak. For the underdoped samples
(x=0.12,0.10, and 0.07the band crossingr disappears,
even though the system is still superconducting. The invis-
ible band crossing alon,0)-(, ) is reproduced for sev-
eral samples for 0.6¢x=<0.12, excluding accidentally infe-
rior surfaces as its origin. For the insulating sample (
=0.03 and 0, a broad feature appears around-0.45 eV
near (/2,7/2), correlated with the growth of the broad
structure around- —0.55 eV at ¢r,0).

Overall dispersions of the spectral features have been de-
rived from the ARPES spectra by taking second derivatives
as shown in Fig. 4. The band nd&¢ for x=0.05, 0.07, 0.10,
and 0.12 has a dispersion similar to that %o+ 0.15 around
(7r,0): when one goes as (0;0)(,0)— (,), the band
approacheg&g until ~(0.87,0), stays there until#,0), then
further approachekr, and goes aboveEg through the su-
perconducting gap around (7, 7/4). The band seen near

Along the (0,0)-(,7) cut, the broad peak moves up-
wards, reaches a band maximum-{0.45 eV} around
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FIG. 3. Doping dependence of ARPES spectra taken along-£0(@) 7). While a broad feature dispersing acr@ssis identified for
x=0.15, the dispersive band is absent neafor x=0.12 and 0.07, even though the system is superconducting.=F0:103, a band appears
at ~—0.45 eV around £/2,7/2).
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(7/2,7/12), and then disappears. The broad peak emerges in
going from (0,0) to ¢r,0) and then disappears between (0,0)
and (mr, 7). Therefore, the band around0.5 eV originates
from the lower Hubbard band_.HB) of the AFI.

In Fig. 5@), the dispersive components of the ARPES
spectra are compared betweemr,@) and ~(m/2,7/2).
Around the SIT k~0.05), the two spectral features coexist
at (,0), while only one broad peak is observed at
~(m/2,77/2). This excludes extrinsic origins for the two
structures such as a partial charge-up of the sample. Figure
5(b) demonstrates that the spectral line shapem0) and
the relative intensity of two structures are quite systemati-
cally evolved with hole doping, indicating that surfaces of
good quality were consistently obtained for all the doping
levels. The spectral weight transfer is reminiscent of an ear-
lier discussion based on angle-integrated data of LSCO and
Nd,_,Ce,Cu0,.® A possible origin for the coexistence of
the two spectral features is a phase separation into hole-poor
antiferromagneti¢AF) domains and hole-rich superconduct-
ing domains. The spectra around the SIT may be regarded as
a superposition of the spectra of the SC and the AFI, as
illustrated in Fig. &b). Indeed, when holes are doped into
La,CuQ,,y with excess oxygens, such a phase separation
occurs macroscopically as revealed by, e.g.,, neutron
diffraction* but a corresponding observation has never been
reported for the Sr-doped LSCO system. A more likely in-
terpretation is a microscopic inhomogeneity of the hole den-
sity in the sense that the doped holes are segregated in
boundaries of AF domains on the scale of several atomic
distances. Indeeg, " SR (Ref. 19 and **%a nuclear quad-

FIG. 4. Band structure deduced from the ARPES spectra byuPole resonancéNQR) (Ref. 16 experiments have shown

taking the second derivatives after subtracting the anglethe presence of a local magnetic field in the so-called spin-
independent background. For=0.05, while the band around | u €l
—0.1 eV originates from the band in the underdoped supercontaken above the spin-glass transition temperature, splitting

ductor x=0.12, 0.10, and 0.07the band around- 0.5 eV appears

glass phaséFig. 6(@)]. Then, since the present spectra were

into the two structures would be due to dynamical fluctua-

to originate from the lower Hubbard band in the antiferromagnetictions of such a microscopic phase separation. Furthermore,

insulator =0).

the microscopic phase separation may explain why the
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FIG. 5. (a) Comparison between the spectra at@) and~ (/2,77/2) (multiplied by 2 for La, ,Sr,CuQ,. The spectrum at0,0) has
been subtracted as the angle-independent backgrébn8pectra at 4,0), normalized to the integrated intensity &> —0.9 eV, clearly
demonstrating the systematic evolution with hole dopirig. ARPES spectra for other cuprates: ,CaOC} (undoped and
Bi,Sr,CaCyOg,, (underdoped and overdopedhown in a similar way tda), taken from Refs. 6 and 11, respectively. While the line
shapes at4,0) are similar between La,Sr,CuQ, and B,Sr,CaCyOg., ,, the line shapes at (7/2,7/2) are quite different(d),(e) Doping
dependence of the spectral intensity nEar(E>—0.2 eV) at (7,0) (O) and at~(#/2,7/2) (Aup), normalized to the intensity of the
valence-band peak of ther(0) spectra at- —3 eV and to the integrated intensity B> —0.9 eV for(d) and(e), respectively.

chemical potential is pinned against hole doping for system, it has been reported that the sharp peak Beas
=0.121" However, as for the underdoped BSCCO, the split-suppressed neatr{2,77/2) upon Zn doping, which is consid-
ting of the two components by-0.5 eV has not been re- ered to pin the dynamical stripe correlatidi€® The ab-
ported so far and the peak atr0) seems to be shifted sence of the band crossiigr near (/2,7/2) may be rec-
smoothly in going from the SC to the AFt.The difference  onciled with the vertically and horizontally oriented stripes
might imply that the tendency toward the hole segregation isn | SCO? Intuitively, while the system may be metallic
stronger in LSCO than in BSCCO. along the half-filled stripes, namely, in the (0,0-0) or

The ARPES spectra of LSCO are compared with those ofg )_(0) direction, the low-energy excitations should be
BSCCO(Refs. 6 and 1Bin Figs. §a) and §c). Whereas the 5nq1y suppressed in the directions crossing all the stripes

!ine sha;t)_es a'][cqg,O)_arel simlilartrl])etweer: LS%; ant/szSCCO such as the (0,0)+, ) direction. This conjecture was sup-
irrespective of doping levels, the spectra neafm/2) are ported by a recent numerical study of small clusters with

quite different: while the peak ne&g is sharp for both the Y . . ; .
overdoped and underdoped BSCCO, one finds no We”(_:harge stripe$! and is consistent with the suppression

defined feature arounBg for underdoped LSCO. This dif- Ef theN(I;ag (c:o%f|c;|ent<|rl1/8t2hze stripe-ordered state  of
ference is likely to be related to the stripe fluctuations, which al_l-_ﬁﬁx q 0.4 du 4 %rx f' th wral intensit
have more static tendency in LSCO than in BSCCO, judging(E e doping dependence of the spectral intensity &gar

: _ >—0.2 eV) is shown in Figs. &) and Fe) for two nor-
from the suppression df at 5=1/8. Also for the BSCCO malization methods. Note that the essential features are in-

dependent of normalization. Our picture of the evolution of

o0 (@) La, ,Sr,CuO, the spectral weight is schematically drawn in Fig. 6. In the
@ ARPES spectra, the intensity neag appears at4£,0) with
2200 " . (b) . - . -
& 3 pseudogap QL sc hole doping forx=0.05, where the incommensurability of
R —~ st~ the spin fluctuations also arises according to the INS stéidy.
] state gap* 2 2 On the other hand, the intensity nea/2,77/2) remains sup-
0 SG SC . ) | c )
4 AD o0 : AFl pressed with hole doping for the entire underdoped region
S |WH8 | _———Weightnear E-at(x0) LHE g CHE (0.05=x=<0.12). Hence, one may think that the segregated
= / Weight near £at~{% %) holes forx~0.05 already start to be arranged vertically and
8% 0.1} 0.2 03 horizontally. Therefore we propose that the hole-rich bound-
& sIT 18 Hole Doping &

aries of the AF domains around the SIT continuously evolve

FIG. 6. () Schematic picture of the evolution of spectral weight into stripe correlations in the underdoped ,SC' In gomg.from
with hole doping for the lower Hubbard band and the band gear X=0-12 to 0.15, the Fermi-surface crossing appears in the
at (,0) and at~ (w/2,7/2). The phase diagram was drawn after (0,0-(,7) direction, probably corresponding to the phe-
Refs. 15 and 26SG: so-called spin-glass phaséb) Schematic nomenon that the incommensurability in INS saturates for
drawing indicating that the spectra around the SXF-0.05) con-  X=0.15%% It may be understood that the doped holes in ex-
sist of two kinds of electronic states derived from the SC and thecess ofx=1/8 overflow the saturated stripes and that the
AFIL. two-dimensional electronic structure recovers.
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