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Angle-resolved photoemission spectroscopy (ARPES) has been performed on the single- to
layered Bi-family high-Tc superconductors (Bi2Sr2Can�1CunO2n�4, n � 1–3). We found a sharp cohere
peak as well as a pseudogap at the Fermi level in the triple-layered compound. Comparison amo
compounds has revealed a universal rule that the characteristic energies of superconduc
pseudogap behaviors are scaled with the maximumTc.
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pseudogap, and (iv) energy scale which dominates the

superconducting and pseudogap properties.
ences between Bi2223 and Bi2212. Importantly, the hu
dip-peak structure is clearly resolved even atkF and the
Over a decade, angle-resolved photoemission spec
copy (ARPES) has played an important role in develop
our understanding of high-Tc superconductors (HTSCs
Recent remarkable progress in energy and momen
resolutions of ARPES enables a direct observation of
energy excitation in HTSCs which dominate the sup
conductivity. The superfluid density [1,2] is discussed
terms of the temperature and doping dependence o
weight of the coherent peak. ARPES line shape at (�, 0)
and a characteristic kink in dispersion have been in
preted as an interaction of electrons with (�, �) magnetic
mode [3,4] and that with longitudinal optical (LO) phon
[5] . The lifetime of excitation deduced from ARPES h
been found to have a direct relation to the optical cond
tivity [6] and the electrical resistivity [7] and has be
discussed in relation to the quantum critical behavior
However, it is unknown at present whether these chara
istic features of the low energy excitation are universa
all HTSCs, since a majority of ARPES studies have b
done onBi2Sr2CaCu2O8�� (Bi2212) which hasCuO2

bilayers. It is thus important to perform a systema
ARPES study on HTSCs with different numbers ofCuO2

layers in a unit cell to find universal properties in HTSC
Although Bi-family HTSCs (Bi2Sr2Can�1CunO2n�4, n �
1–3) look the most suitable to meet this aim, triple-laye
Bi2Sr2Ca2Cu3O10�� (Bi2223) has been scarcely inves
gated by ARPES [8,9] because of difficulty in growing
high-quality single crystal.

In this Letter, we report a systematic high-resolut
ARPES study on single- (Bi2201), double- (Bi2212), a
triple- (Bi2223) layered Bi-family HTSCs to investiga
the universality of the low energy exitation as well as
find a possible scaling rule in physical properties.
performing ARPES on Bi2223 and comparing the re
with the data of Bi2201 and Bi2212, we now addre
several important issues about (i) appearance of coh
peak, (ii) interaction of electrons with modes, (iii) origin
0031-9007=02=89(6)=067005(4)$20.00 
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High-quality single crystals ofBi2Sr2Ca2Cu3O10��
(Tc � 108 K, nearly optimally doping) were grown b
the traveling solvent floating zone (TSFZ) method wit
very slow growth rate and a steep temperature grad
[10]. The oxygen content� was controlled by the tempera
ture of postannealing and/or the oxygen partial press
The sharp x-ray diffraction pattern and the steep su
conducting transition (�T < 3 K) in the dc susceptibility
confirm the high quality of crystal. The typical size
crystal for ARPES measurement is4� 2� 0:1 mm3.
ARPES measurements were performed using
SCIENTA SES-200 spectrometer with a high-flux d
charge lamp and a toroidal grating monochromator.
used the HeI� (21.218 eV) resonance line to excite pho
electrons. The energy and angular (momentum) resolu
were set at 9 meV and 0.2� (0:005 �A�1), respectively.
Clean surface for ARPES measurement was obtaine
in situ cleaving in an ultrahigh vacuum of4� 10�11 Torr.
The Fermi level (EF) of the sample was referenced to
gold film evaporated onto the sample substrate. ARP
spectra of Bi2201 and Bi2212 were obtained with the sa
ARPES spectrometer under essentially the same ex
mental conditions [11].

Figure 1 shows ARPES spectra of Bi2223 (Tc � 108 K)
measured at 40 K along (�, 0)-(�, �) cut in the Brillouin
zone. We clearly find a sharp peak at 40–50 meV assig
to the superconducting coherent peak, together wi
broad hump structure at 110–150 meV in the spectr
is thus evident that the ‘‘hump-dip-peak’’ structure exi
also in a triple-layered HTSC Bi2223, as has been obse
by the previous angle-integrated photoemission spec
copy (AIPES) by Guet al. [9]. As found in Fig. 1, the hump
structure shows a remarkable systematic dispersion an
coherent peak looks to follow it although the magnitud
considerably weak. Similar close correlation between
dispersion of coherent peak and hump is also see
Bi2212 [4]. However, there are some quantitative diff
2002 The American Physical Society 067005-1
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FIG. 2. Comparison of ARPES spectra at the superconducting
state of Bi2201 (Tc � 19 K), Bi2212 (Tc � 91 K), and Bi2223
(Tc � 108 K) measured at (�, 0) point. Measurement tempera-
tures are 13.5 K for Bi2201 and 40 K for both Bi2212 and
Bi2223. Energy positions of hump and coherent peak are de-
noted by open circles and dashed lines, respectively.
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FIG. 1. ARPES spectra near EF of Bi2Sr2Ca2Cu3O10�� (Tc �
108 K) measured at 40 K along (�, 0)-(�, �) cut shown by a
thick line in the inset. The Fermi vector kF � ��; 0:12�� has
been determined by the minimum-gap-locus method [12]. The
energy position of the hump structure is denoted by open circles.
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hump structure disperses back to the high binding en
after passingkF in Bi2223. This dispersing back behavi
has not been clearly observed in optimally and overdo
Bi2212, while similar features are seen in underdo
Bi2212 [3,4]. This suggests that, in the optimally dop
region, Bi2223 shows a stronger dispersing back beha
than Bi2212. In a simple model of electrons interact
with modes, a stronger coupling causes a stronger
quency (energy) dependence of electron self-energy
In other words, the broad incoherent feature in ARP
spectrum (namely the hump) gains much intensity at
stronger interaction (coupling constant). Therefore,
present experimental result suggests a stronger intera
of electrons with modes in triple-layered Bi2223 than
bilayered Bi2212. At present there is no clear explana
for this layer-number dependence of interaction strengt
theoretical model to describe the relation of the coup
strength and the number ofCuO2 layers is necessary.
067005-2
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Figure 2 shows comparison of ARPES spectra in su
conducting state measured at (�, 0) among 3 Bi-HTSCs
at/near optimal doping [14]. The overall line shape
Bi2212 and Bi2223 looks almost identical to each ot
in the energy position of hump and coherent peak, as
as an intrinsic width of coherent peak (14–16 meV) [1
while that of Bi2201 is apparently different from th
others, showing no sharp coherent peak nor the hu
dip-peak structure, although superconducting gap actu
opens (leading-edge clearly shifts to high binding ener
This anomalous behavior, the absence of a sharp coh
peak in the single-layered Bi2201, may be explained
terms of a possible smallc-axis superfluid density in
Bi2201. However, the difference in the superfluid den
between Bi2201 and Bi2212 observed by the microw
experiment [18] seems too small to account for the dif
ence in the ARPES spectral line shape, suggesting
other mechanism to suppress the coherent peak.

Next, we discuss the temperature dependence of
coherent peak, superconducting gap and pseudo
ARPES intensities of Bi2223 (Tc � 108 K) along (�,
0)-(�, �) cut atT � 40–125 K are plotted in Fig. 3(a). A
pronounced narrow structure at 40 K [Fig. 3(a) bottom
assigned to the coherent peak. With increasing temp
ture, the peak gradually reduces its intensity with
changing its position, and finally vanishes around 115
This is more clearly seen in the ARPES spectra atkF
067005-2
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FIG. 4 (color). (a) Size of superconducting gap �max, leading-
edge shift at superconducting state, the binding energy of hump
at (�, 0), and T� as a function of maximum Tc. Straight lines,
obtained by least-square fit, are guides for the eyes. (b) Same as a
function of the number of CuO2 layers in a unit cell.
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FIG. 3 (color). (a) Temperature dependence of ARPES intensity along (�, 0)-(�, �) cut in Bi2223. Vertical axis corresponds to the
momentum along (�, 0)-(�, �) cut while the abscissa shows the binding energy relative to EF. Intensity is normalized to the peak
maximum at each temperature. (b) Temperature dependence of ARPES spectra of Bi2223 at (�, 0)-(�, �) crossing. Intensity of spectra
is normalized to the area under the curve. The energy position of spectral break is indicated by arrows. (c) Symmetrized ARPES
spectra of Bi2223 at (�, 0)-(�, �) crossing. The 170-K spectrum (black line) is superimposed on each spectrum for comparison.
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[Fig. 3(b)], where a spectral break (indicated by triangles)
seen in the 110-K spectrum disappears in the 115-K spec-
trum. The survival of the peak at temperatures slightly
above Tc is understood in terms of superconducting fluc-
tuation, as in Bi2212 (Tc � 91 K) where the peak at (�, 0)
vanishes around 103 K [19]. We thus conclude that the
temperature-dependent evolution of the peak is generic to
double- and triple-layered HTSCs.

A definite evidence for opening of a pseudogap above Tc
in Bi2223 is demonstrated in Fig. 3(c), where ARPES
spectra at (�, 0)-(�, �) crossing [Fig. 3(b)] are symme-
trized with respect to EF [12]. We find that the super-
conducting gap smoothly evolves into the pseudogap
above Tc (108 K). It is also found that the energy scale
of pseudogap is same as that of superconducting gap, and
the pseudogap gradually ‘‘fi lls in’’ rather than ‘‘ closes’’
with increasing temperature. These behaviors are similar to
that observed in Bi2212 [19–21], indicating that pseudo-
gaps in Bi2212 and Bi2223 have a same origin, most likely
a precursor pairing. In order to estimate T� at which the
pseudogap closes, we have superimposed the 170-K spec-
trum on the 125–155 K spectra. We find that the spectra at
125–145 K clearly show a deviation from the 170-K spec-
trum near EF, while the spectrum at 155 K appears to
coincide well with that at 170 K. This suggests that the
pseudogap closes around T� 	 150 K, consistent with the
inplane resistivity which shows a deviation from the
T-linear dependence around 140–190 K [22].
067005-3
In Fig. 4, we show key superconducting- and pseudogap
energy scales as a function of maximum Tc (Tc at optimal
doping) or the number of CuO2 layers in a unit cell. The
hump energy is regarded as a measure of a large pseudogap
[3] and the values of T� are from the ARPES and the in-
plane-resistivity measurements [22–25]. The energy posi-
067005-3
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tion of the hump has been determined by fitting using
single Lorentzian around the peak top. �max is estimated
from the fitting by the BCS spectral function multiplied by
the Fermi-Dirac function and convoluted with the energy
resolution [11,26]. We find that all the energies are well on
a straight line with respect to Tc, but not to the number of
CuO2 layers (n). This clearly indicates that the key super-
conducting and pseudogap properties of HTSCs are well
scaled with the maximum Tc. Furthermore, the scaling
between the superconducting gap and pseudogap energy
suggests that both are closely related. We note that this
result contradicts with previous tunneling and AIPES
works [9,27] which reports that the superconducting gap
size scales with n. The reason is unclear at present but we
speculate that the contradiction in part originates in the
difference of the levels of information between ARPES and
AIPES (or density of states). It would be necessary to solve
this issue in future.

We now discuss the implications for the scaling rule.
NMR study by Julien et al. has suggested a higher value of
effective super exchange interaction Jeff in triple-layered
HgBa2Ca2Cu3O8�� (HBCO, Tc � 121 K) than in bilayer
Y123, from their analysis of hyperfine coupling constant B
[28]. Recent scanning tunneling spectroscopy and Raman
spectroscopy have shown that the ratio of superconducting
gap as well as T� between single-layered La2�xSrxCuO4

(LSCO) and bilayer Bi2212 is same as that of maximum Tc
(scaling factor 91=38	 2:4), and the scaling factor shows
a striking agreement with the ratio of Jeff (measured by
uniform magnetic susceptability) between LSCO and
Bi2212 [29]. Considering these experimental results to-
gether with the scaling behavior found in the present
ARPES study, we conclude that the key superconducting
and pseudogap properties are closely related to the anti-
ferromagnetism in HTSCs and the superconductivity is
most likely due to spins in CuO2 layers.

In conclusion, we have performed angle-resolved photo-
emission spectroscopy of triple-layered high-Tc supercon-
ductor Bi2Sr2Ca2Cu3O10�� (Tc � 108 K). We have found
(i) a sharp coherent peak which disappears slightly above
Tc (115 K), (ii) a hump-dip-peak structure at (�, 0) in
superconducting state, and (iii) a pseudogap above Tc
(T� � 150 K) which smoothly evolves into superconduct-
ing gap. By a comprehensive comparison of Bi-family
high-Tc superconductors (Bi2Sr2Can�1CunO2n�4; n �
1–3), we found a universal rule that key energies which
dominate superconducting- and pseudogap properties are
well scaled with maximum Tc.
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