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We have performed systematic angle-resolved photoemission spectroscopy on tfig figierconducting
family of Bi,Sr,Ca,_1Cu,0,5,. 4 (N=1-3). In addition to the generic features of the large Fermi surface and
d-wave superconducting gap, we have found that there exists a scaling of the doping dependence of the energy
gap. Moreover, comparison of the nodal dispersion in the superconducting state shows that thethenk”
sudden change of band dispergiowhile occurring at a similar binding energy, becomes more pronounced
with increasing layer number, indicating stronger coupling between electrons and a collective mode.
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It has been well established that the Gu@ane is a key In this paper, we report systematic high-resolution ARPES
block in the crystal structure to realize the high-temperatur®n Bi,Sr,Ca,_;Cu,0,,, 4 (n=1-3) single crystals. By
(high-T.) superconductivity in cuprates. It is empirically comparing the experimental result for=3 with those for
known that the superconducting-transition temperatdlig ( N=1 and 2, we discuss the universality and speciality of the
increases with an increasing number of Guilanes(n) in a basic electronic structure neg in these three higfi- cu-
unit cell of the crystal. For example, in Bi-family highs prates, such as the Fermi-surfa¢es) topology, the
superconductorgHTSCy, T. increases from 10 K for superconductmg-gap symmetry, and the.doplng depende.nce
single-layered BiSr,CuQ, (Bi2201) to 90 K for bilayered of the superconductlng gap. We also discuss the_ coupling
Bi,Sr,CaCyO, (Bi2212), and further to 110 K for trilayered strength of electrons with collective mddeas a function of

X : ) i n to study the microscopic origin to enhantgin multilay-
Bi,Sr,CaCu30, (Bi2223). This suggests that the interlayer o oq cuprates.

interaction is important to achieve highg and that there High-quality BiLSKLCa, ;CUOsss (N=1-3) single
may be a certain universal rule relatingrioHowever, de-  crystals were grown by the traveling solvent floating-zone
spite intensive theoretical and experimental studies, the miTSF2 method. Details of sample preparations have been
croscopic origin to enhancé; in multilayered cuprates is described elsewhef@!! ARPES measurements were per-
still unknown. It is thus urgently required to clarify differ- formed with a GAMMADATA-SCIENTA SES-200 spec-
ences and similarities in the electronic structure, in particulatrometer at the undulator 4m-NIM beamline of the Synchro-
in the low-energy excitation which directly relates to the su-tron Radiation Center, University of Wisconsin-Madison,
perconductivity, among single- to multilayered high-cu-  Wisconsin, as well as with a same-type spectrometer using a
prates. Angle-resolved photoemission spectros¢RPES high-flux discharge lamp and a toroidal grating monochro-
has revealed the essential electronic structure of iigbu-  mator at Tohoku University, Japan. We used 22-eV synchro-
prates such as Fermi surfadeand superconducting gdf.  tron photons and a Héa resonance ling21.218 eV to
Recent improvement in the energy resolution in ARPES hagxcite photoelectrons. The energy and ang(aomentum
enabled direct observation of low-energy excitatidnas  resolutions were set at 9—15 meV and 0.2° (0.0074)A
well as the interaction between two Cu@lanes(bilayer respectively. Samples were cleavidsitu in an ultrahigh
band splitting.2° However, in contrast to intensive ARPES vacuum of 4—& 10 * Torr to obtain a clean surface for
studies on bilayered cupratési2212), few ARPES works to  measurement. The Fermi levet£) of samples was referred
systematically study the electronic structure near the Fernto that of a gold film deposited on a metallic substrate which
level (Eg) as a function of Cu@planes have been reported. is in electrical contact with samples.

This is because of the difficulty in growing a high-quality = Figure 1 shows ARPES-intensity maps of Bi2223 as a
trilayered single crystalBi2223). Comparison among these function of the two-dimensional wave vector for an under-
three Bi-family HTSCs would reveal not only the basic elec-doped sample witf .= 100 K (UD100K) and an overdoped
tronic structure irrespective of the number of Guglanes one with T.=108 K (OD108K). ARPES intensity is inte-
(n), but also, more importantly, the difference in the low- grated over the energy range of 50 meV centeredtat
energy excitation for differerm compounds, which is crucial Measurements were done in tiiguadrant to avoid the com-

to find key parametés) to enhancdl in multilayered high-  plication from the superlattice ban@83wo intensity maxima

T. cuprates. symmetric to theM point are clearly seen ol -Y(X) line,
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FIG. 2. (a) ARPES spectra of Bi2228JD100K) in the super-
conducting stateT=40 K) measured at variolg points shown in
inset of(b). (b) Momentum dependence of the superconducting gap
(A) for n=1-3 as a function of FS anglep] (Refs. 4 and 16
Solid line for Bi2223 represents the best fit using the gap function:
A(K)=Aax [Bcos(2p) + (1—B)cos(6p)] (Ref. 1.

FIG. 1. (Color) Plots of ARPES intensity integrated within . . . o ]
+50 meV centered aEp for (a) Bi2223 UD100K, (b) Bi2223 ~ conducting gap in underdoped Bi2223, similar to the opti-

OD108K, (c) Bi2212 OPT91K, and(d) Bi2201 (Pb-substituted ~mally doped Bi2223? In order to estimate the
UD19K. superconducting-gap sizeA] more accurately, we have
symmetrized the spectra with respectBpe (Ref. 15 and fit
each curve by two Lorentzians symmetricEg. The ob-
tainedk dependence ai is shown in Fig. o), together with
those of Bi2201 and Bi221%® The overall “V” shape of
the gap curve, as well as the node along Ih¥ line (¢
=45°), strongly support thd-wave nature of the gap in all
mated thg F.S volume to be 5@% and 5%2% of the Bi-fan)ﬂly HTSggs. V\F;g have fit the gap size for Bi2223 as a
whole Brillouin zone for UD100K and OD108K samples, function of ¢ by using the formula A(g)
respectively. These ve_llues correspond@eo.l_Zt 0.03 _and = A,,.,[Bcos(26) + (1-B)cos(65)], where the cos(®) term
0.17_i 0.03 whgre Fxis the.hole count, consstgnt with the represents the second harmonic of the >-gap functiont’
dopllngilevel,_ since the doping Igvel at the optimally dopedgyajient agreement is obtained with the parameters,
region is typicallyx=0.16° In Figs. 1c) and (d), we plot  —47 meV andB=0.94. A small but finite amount of the
the ARPES intensity for Bi22120PT91K: optimally doped, second tern{6%) may be due to thanderdoped nature of
Tc=91 K) and Bi2201(UD19K: underdopedT.=19 K).  the samplé’ It is noted here when we compare the gap size
One can Clearly see that ARPES—intensity distributions ar%mongn:1_3, we find that the overall gap value System-
essentially similar to that in Bi2223, showing that the hole-atically increases with increasing demonstrating a certain
like Fermi surface is a generic feature of the Guflane in  scaling of the superconducting g&b.
HTSCs. It is also noted that the trilayer splitting is not Next we study the doping dependence ... Figure
clearly resolved in Bi2223, since the MDC can be fitted by a3(a) shows ARPES spectra at the superconducting $tkie
single Lorentzian. This may be due to the difference in theK), measured akr on the M-Y line (¢=0°) for three
spectral weight distribution between Bi2223 and bilayerBi2223 samples with different dopings(UD100K,
Bi2212, as suggested by recent theoretfta@nd ARPES OPT108K, and OD108K Although the overall spectral fea-
studies? ture such as the hump-dip-peak structure looks similar, there
Figure 2a) shows ARPES spectra nedf for the are quantitative differences in the spectra. When the doping
UD100K Bi2223 sample in the superconducting std@K) s increased from UD100K to OD108K, the intensity of the
measured on the Fermi surfade-(points in theY quadrant QP peak is gradually enhanced and at the same time the peak
[see the inset to Fig.(B)]. A sharp quasiparticl€QP) peak is  position (A 4,0 Systematically moves towail:, consistent
located about 50-meV away froEy near theM point (spec-  with similar behavior observed in Bi22f2The increase in
trum 1), and gradually moves towards when approaching the QP-peak intensity is consistent with the increase in the
the nodal line. No sizable leading-edge shift is observed isuperfluid density as the hole doping is increaSedIn or-
spectra 7-9. This momentum dependence of QP pealder to estimate\ 5, quantitatively, we have fit the ARPES
clearly indicates the highly anisotropic nature of the superspectra by a Gaussian for the QP peak and a linear function

but not on thd™-M line. This clearly defines a large holelike
FS centered axX(Y) for both samples, consistent with a re-
cent report? We have determined the Fermi vectds:) by
fitting the momentum distribution curvé®DCs) and esti-
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FIG. 3. (a) Doping dependence of ARPES spectra of Bi2223 in

the superconducting statd0 K) measured aM-Y crossing for
three doping level§UD100K, OPT108K, OD108K Solid lines
represent the numerical fittings. The dashed straight line around 4
meV is a guide for the eyegb) Comparison of the doping depen-
dence ofA ,,,, among Bi-family HTSCgRefs. 16 and 20 (c) Same
as for(b) but normalized withT2P".

with an asymmetric cutoff for the hump:?° Both are multi-
plied by the Fermi-Dirac function and then convoluted by a
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FIG. 4. (Color) ARPES-intensity plots along thE-Y direction

Gaussian with a width of the instrumental resolution. Figurein the superconducting state for nearly optimally doped Bi-family

3(b) plots obtained\ .. as a function off ./ T2P' whereT2P!

HTSCs, (@) Bi2201 (Pb-substitutedT.=19 K), (b) Bi2212 (T,

is the T, at optimal doping, compared with those of Bi2201 =91 K), and(c) Bi2223 (T,=108 K). (d) MDC peak dispersions
(Ref. 16 and Bi2212 obtained by the same fitting for three samples after normalizing the wave vector. The normal-
proceduré® Both Bi2223 and Bi2212 show a general trend ization of the wave vector is performed by aligning three disper-
in which A,,.x decreases with increasing doping. It is alsosions so as to pass the same poinEatand 250 meV. The MDC
evident thatA ,,,, of Bi2223 is larger than that of Bi2212 at Peak position at 250 meV is obtained by smoothing each MDC.

a fixed doping level. Tha& ., of Bi2212 is on average 0.85
of that of Bi2223, which is close to the ratio ®f (91 K/108
K=0.84). This suggests a similarA,,,,/kgT value for both

Remarkably, when we normalize the wave vector so as to
align the peak a€r and the highest binding enerd250

compounds, consistent with a recent break junction tunnelingheV), the dispersions nedi- show a systematic difference

experiment on Bi2228! In fact, as shown in Fig.(8), when

among three compounds as shown in Figl) 4t is evident

we normalizeA ., with T2P! for each compound, we find that the “kink” in dispersion becomes more pronouncechas

that all these compounds show a very similsy,,, /KT,

increases. This observation strongly suggests that the cou-

value at a fixed doping level. This suggests a scaling in th@ling strength increases with the number of Gu&yers in a
doping dependence of the energy gap among the three comanit cell and consequently the maximufp. A similar be-

pounds.

havior, indicative of the stronger coupling with largeris

Finally, we examine band dispersion along the nodal di-also observed in the ARPES spectral line shape arounklithe

rection. Figure 4 shows the energy dispersions Bgan the
superconducting state measured aldhy for nearly opti-

point, where the “peak-dip-hump” structure becomes more
pronounced with largen.® This similarity in then depen-

mally doped Bi2201, Bi2212, and Bi2223. We find that al- dence suggests the same origin for the “kink” structure
though the normal-state dispersion is almost identical fomlong the nodal direction and the “peak-dip-hump” around
three compounds, they have a noticeable difference in théhe M point in the superconducting state.

superconducting state as explained below. It is established The results in Figs. 4 and® imply an important nature
that the nodal dispersion shows a characteristic bending b@f the many-body effect in the low-energy excitations. We
havior (“kink” ) nearEg, which is attributed to the coupling found that the coupling constant and the,,, increase with
between electrons and a certain mode. We find in Fg. 4 increasingn (maximumT,.), pointing to a possible correla-
that a “kink” is also present in Bi2223 and it has almost the tion between these two important physical parameters. Fur-

same binding energ§p0—80 meV as in Bi2201 and Bi2212.

thermore, the present ARPES result also puts a constraint on
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interpreting a microscopic origin of the coupling between In conclusion, we have performed systematic high-
electrons and the collective mode. If the coupling is purelyresolution angle-resolved photoemission spectroscopy of Bi-
due to the longitudinal-optical phon6rthe present ARPES family HTSCs. We have shown that the holelike Fermi sur-
result suggests that the phonon density of stéeslisper- face and thed,2 -like superconducting gap are generic
sion) should show a systematic difference withwhereas features of the CuPplane, irrespective of the number of
the representative phonon frequencies look similar to eaclayers in a unit cell. In addition, we have found a scaling rule
other (50—80 meV. On the other hand, if the coupling is in the doping dependence of the energy gap for three com-
from the magnetic mod®’223it is expected that the inten- Pounds. Comparison of the nodal dispersion in the supercon-
sity of the resonance peak arouQd=(m,w) in inelastic ductlng_state has_ also revealed that the interaction of elec-
neutron-scatteringINS) experiments increases with increas- /oS With mode is stronger for larger

ing n. Recently Keeet al** reported that the intensity of the  \ve thank M. Mori, T. Tohyama, J. R. Engelbrecht, and Z.
magnetic-resonance peak is too small to account for the sigyang for useful discussions. This work was supported by a
nificant kink features observed by ARPES. If this is the caseGrant-in-Aid for Scientific Research from MEXT of Japan,
it raises another question as to why the temperature depefhe U.S. National Science FoundatighlSP) Grant No.
dence of the strength of the kink closely resembles that of th©@ MR-0072205, and the Sloan Foundation. T.S. thanks the
resonance-peak intensity? Further comprehensive com- Japan Society for Promation of Science for financial support.
parison between ARPES and INS could clarify these impor-The Synchrotron Radiation Center is supported by U.S. NSF
tant issues in the low-energy electron dynamics of HTSCs.Grant No. DMR-0084402.
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