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Fermi surface and superconducting gap in superstructure-free BigdPbg 38512 0:CUOg_ 5
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We report an ultrahigh-resolution angle-resolved photoemission spectroscopy on superstructure-free
Bi; gPhy 385K 0:CUOs 5 with various hole concentrations. The Fermi surface retains a holelike character
centered atw, ) from under- to overdoping. The superconducting gap exhibitg a»-like anisotropy with
a typical gap value of 10—-15 meV neg@r, 0). Comparison with BiS,CaCyOg shows that the size of the
superconducting gap and the energy of the hump structure Beare well scaled with the maximum
T(TT™). This suggests that the superconducting properties are essentially charactefiZ8libngspective of
the number of Cu@layers or the BiO superstructure.
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Angle-resolved photoemission spectroscOpRPES has  or the structural modulation in the BiO layer, and their char-
been intensively employed on f&8i,CaCyOg(Bi2212) and  acteristic energies are well scaled with the maximutgnof
has revealed several important features of the cuprate higkeach compound. In contrast, we have also observed that the
T, superconductoréHTSC’s) such as thel,2_,2-like super- ~ ARPES spectral feature is less resolved in Bi2201 than in
conducting gap® and the pseudogap above the superconBi2212 even when we take into account the scaling factor,
ducting transition temperaturd {).*~" Detailed analysis of which may suggest an intrinsic difference between the two
ARPES spectra has elucidated the interaction of electronsompounds.
with a collective mode of wave vectdrr, ). On the other Single crystals of Pb-substituted Bi2201
hand, a recent ARPES study on Bi-system HTSC's usingBi; gPhy 3s5r, 01CuUO;_s5) were grown by the traveling-
higher photon energies has raised a question regarding tis®lvent floating-zone methdd.The composition was deter-
so-far believed holelike Fermi surfa€ES) in HTSC's, pro-  mined by fluorescence x-ray analysis. We have confirmed by
posing an electronlike FS centered at tBe 0) point® It is transmission electron microscopy that the crystals are free
well known that Bi2212 has two CuQayers per unit cell from any structural modulatior$. The doping level was
and also a strong incommensurate modulation in the BiControlled by annealing under vacuum at high temperature of
layer. It is still unknown how the double CyQayers affect 500-600 °C. Thd& . of samples was determined by the mag-
the electronic structure and consequently the superconduatetic susceptibility measurement and is UP=18K,19K
ing properties. Further, the incommensurate superstructure Bnd ODT.=13K,0K, where 0 K means that the sample
the BiO layer is expected to strongly modify the electronicdoes not show any signature of superconductivity down to 4
structure and, in fact, complicates the interpretation ofK. ARPES measurements were performed using a SCIENTA
ARPES spectrd!! In contrast to Bi2212, BBrL,CuQ;  SES-200 spectrometer with a high-flux discharge lamp and a
(Bi2201) has a single Cu®layer per unit cell, though a toroidal grating monochromator. We used the Heréso-
slight modulation in the BiO layer still remains. A recent nance line(21.218 eV to excite photoelectrons. The energy
structural study has found that substitution of Bi with Pband angulaimomentum resolutions were set at 7—11 meV
completely erases the superstructure in the®BO layer!?  and 0.25°%0.01 A1), respectively. The Fermi leveEg) of
It is thus very important to perform ARPES measurementghe sample was referenced to a gold film evaporated onto the
on Pb-substituted Bi2201 to check the universality of the keysample substrate and its accuracy is estimated to be better
features observed so far in Bi2212 as well as to obtain athan 0.4 meV.
insight into the Fermi-surface topology free from the struc- Figure Xa) shows the photoelectron intensity map along
tural modulation. the (71, 0)-(r, ) cut at 13.5 K for four samples with different

In this paper, we report a systematic ultrahigh-dopings. Figures(b) and Xc) show a set of ARPES spectra
resolution = ARPES study on  superstructure-freeof a UD 18-K sample measured alof@, 0)-(7, 0) and (O,
Bi; gPhy 3eSr 01CUQ;_ s with various dopingdunderdoped 0)-(7, ) cuts, respectively. It is clear from Fig(a that
(UD) T,=18K,19K to overdoped (OD).=13K,0K]. We there is a dispersive feature ndag centered ats, 0) that
found that the FS retains its holelike character for all thecrossesEx midway between(s, 0) and (7, ) for all the
doping levels from UD 18 K to OD 0 K. We have observed samples. The Fermi momentunkg) determined by the
a d,2_2-like anisotropic superconducting gap. By compar-|V,n(k)| method® is shown by arrows for ODO K Kz
ing the present experimental results on Bi2201 with those or=0.177) and UD 18 Kkg=0.157).1* We find that the Fermi
Bi2212, we found that the key superconducting propertiesnomentum is gradually shifted toward ttw, 7r) point when
observed so far in Bi2212 are essentially universal in thehe doping level is decreased. On the other hand, we find in
Bi-system HTSC'’s irrespective of the number of Gu&yers  Figs. 1(b) and Xc) that a band dispersing froi®, 0) to (,
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FIG. 1. (Color) (a) ARPES intensity map of BigdPhy 3651, 01CUO;_ s for four samples with different dopingsverdopedrl.=0 K, 13 K
to underdoped =19 K, 18 K). Bright area corresponds to the high ARPES intensity. Vertical axis corresponds to the momentum along the
(w, 0)-(m, ) cut while the abscissa shows the binding energy relativEgo The Fermi momentumkg) determined by théV,n(k)|
method(Ref. 13 is shown by arrows for OD 0 KKz=0.17) and UD 18 K kz=0.157). The inset shows the Brillouin zone with a
schematic Fermi surface obtained from the present measurdmenting and three cuts where ARPES measurements were dbhe.
ARPES spectra of BigPhy 3s56 0:CUO;s _ 5 (underdopedr .= 18 K) measured along th@, 0)-(m, 0) cut at 25 K. Rough peak position is
indicated by red circlegc) ARPES spectra of BigPhy 365r 0/CuG; _ 5 (underdoped .= 18 K) measured along th@, 0-(s, =) cut at 13.5
K.

I T T

0) does not cros&r while there is a singlé&g crossing of Bi1.80Pbo.38Sr2.01Cu06-5
the band in thé€0, 0)-(4r, ) direction. All these experimental
results unambiguously indicate that there is a holelike F¢
centered at(sr, ), in good agreement with previous
reports®>~1’ and the volume of FS systematically changes
with doping by keeping its holelike character for all the dop- =
ings from D 0 K to UD 18 K. However, it is not clear at ‘é
present whether the FS topology changes with photon ener¢ =
as reported in Bi2212Ref. 9 since we used only one photon
energy(He I, 21.218 eV from a discharge lamp. A careful =
ARPES study with synchrotron radiation is necessary tc“;;
=
=
2

He Iox (21.218 V)

T=135K
e A1)

— fitting curve

clarify this.

Figure 2 shows ARPES spectra in the very vicinitykgf
measured at tw&g points along(, 0)-(a, ) and (0, 0)-(r,
) cuts for an UD 19 K sample, compared with those of a,=
gold-film reference. We find that the ARPES spectrum at the
(71, 0)-(7r, m) crossing shows a remarkable leading-edge shif
relative to that of gold while the leading edge at tt (0, 0)
0)-(7r, ) crossing almost coincides with the gold reference. t
This clearly indicates that an anisotromg. 2-like super- I , "
conducting gap opens in Bi2201 as well as in Bi22312. 20 10 Egp -10
Referring to the temperature dependence of the supercol Biﬂding Encrg}f (meV)
ducting gap of Bi22138 it is expected that an almost full
superconducting gap opens at 13.5 K in the present Bi2201 g 2. (Color) ARPES spectra in the very vicinity & mea-
sample T.=19K) because an almost full gap opens at 60 Ksyred at the Fermi momentum at 13.5 K along the0)-(w, m) and
in the Bi2212 sample witf,=90K.'8 In order to estimate (0, O-(m, @) cuts for Bi gPhyssSh 0:CUOs_ 5 (underdopedT,
the size of the superconducting gap, we have simulated the 19 K) compared with those of a gold-film reference. A green line
spectrum with the BCS spectral function by taking into ac-denotes the numerical simulation to estimate the superconducting
count the finite-energy resolution and the finite temperaturgap. For details, see text.

Underdope
T.=19K
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FIG. 4. Comparison of representative characteristic energies of

FIG. 3. Comparison of doping dependence of the ARPES specsuperconducting propertigsize of the superconducting gap, energy
trum at the (s, 0) point between Bi2201 and Bi221@Ref. 8. position of the hump structure in ARPES spectrum, ard at
Rough energy position of the hump structure is marked by barswhich the in-plane resistivity of the optimally doped sample shows
Broken bar in the ARPES spectrum of Bi2201 UD 19 K shows aa deviation from thel-linear behaviorRefs. 12 and 28 between
possible position of the quasiparticle peak. Bi2201 and Bi2212. A straight line shows the ratioTgf** of each

compound[90 K (Bi2212)/23 K (Bi2201)=3.9]. Note that all the
effect (Fermi-Dirac function at 13.5 K The result is shown yalues are on/Uear this Iing, suggesting existence of an energy scal-
with the green line in Fig. 2. We find that the leading edge ofind between Bi2212 and Bi2201.
the ARPES spectrum is well fitted by the simulation, while
the higher-binding energy region is not well reproduced(~3.9), suggesting existence of a certain energy scaling in
probably because the incoherent part and the background the ARPES spectrum ne& between Bi2201 and Bi2212.
the ARPES spectrum are not included in the simulation. Theén spite of the similarity in overall structure in the ARPES
estimated gap size of the UD 19 K sample iscfl45meV.  spectrum neaEg, we find in Fig. 3 that the spectral feature
This value is relatively small compared with a typical valueis less resolved in Bi2201 than in Bi2212. This broad nature
(40—45 meV reported for Bi2212 with a similar hole in the ARPES spectrum in Bi2201 is not understood even
concentrationty 2! reflecting the difference in thel,,  when we take into account the energy scaling réti®.9)
namely, the strength of the pairing interaction. It is remarkedand/or the measurement temperature relative toTtheRe-
here that the ratio of the gap size (40—45meV/14 meMerring to a previous ARPES study on Bi2242it is ex-
=2.9-3.2) is close to the ratio of the maximang(T®) for ~ pected that the present energy resoluti@dnmeV) is suffi-
each compound 90 K(Bi2212)/23 K(Bi2201)~3.9]. This  cient to resolve each structure nday in Bi2201 as well as
suggests the existence of a certain scaling in the characterigy Bi2212. It is also remarked here that a similar
tic energy of the superconducting property. broad nature in the ARPES spectrum négr has been

Figure 3 shows the doping dependence of the ARPE®bserved in other single-CyO layer compounds
spectrum at, 0) for Bi2201 and Bi2212 Detailed analysis such as BiSr,_,La,CuQ;, 5,*’ La,_,SKCu0,* and
of the ARPES spectra of Bi2212 in this momentum regionHgBaCuQ, . 5.2* Therefore, the absence of a clear hump-
has revealed the interaction of electrons with a collectivedip-peak structure may be an intrinsic and common feature
mode® For Bi2212 we clearly find a “hump-dip-peak” for single-layer compounds, although the origin is not clear
structure produced through this interaction in all the spectrat present, and this awaits further investigation.
from UD 55 K to OD 72 K. We find a small humplike Next we compare the various energy scales in Bi2201 and
structure around 50 meV in the spectra of UD 18 K and UDBIi2212. Figure 4 summarizes the comparison of characteris-
19 K in Bi2201 as denoted by bars. This humplike structuretic energies of the superconducting properti@s, size of
may correspond to that around 200 meV in Bi2212. Furtherthe superconducting gap, and energy of the hump in the
a quasiparticlelike peak appears at about 20 meV in the spe@&RPES spectruimbetween Bi2201 and Bi2212. In Fig. 4 we
trum of UD 19 K as shown by a broken bar. It is thus in- also include the temperature at which the in-plane resistivity
ferred that the overall ARPES spectral feature nearand  of the optimally doped sample shows a deviation from the
its doping dependence are similar between Bi2212 and-linear behaviot??® Since the in-plane resistivity is be-
Bi2201, although the energy scale is distinctly different be-ieved to be closely related to the pseudogafhis tempera-
tween the two. When we compare the energy scale betwednre serves as a measure of temperatdrg) (at which a
Bi2212 and Bi2201 from the energy position of the humplike pseudogap opens Bt , although thel’* was not determined
structure in each ARPES spectrui@i2201 UD 19 K and in this study due to a fast degradation of the sample surface
Bi2212 UD 75 K), we obtain the ratio of 3.§=190/50. at high temperature. A straight line in Fig. 4 shows the ratio
Surprisingly, this value is almost the same as that of & of T{'® between Bi221290 K) and Bi2201(23 K). As seen
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in Fig. 4, the size of the superconducting gap, the energgcattering experiment on Bi2201 is thus greatly desired to
position of the hump structure in the ARPES spectrum, and¢heck the mode energy and consequently the energy scaling.
T* are well scaled withT{'®*. This suggests that the super-  In conclusion, from the present ultrahigh-resolution
conducting and pseudogap properties are essentially th&®RPES study on superstructure-free Pb-substituted Bi2201
same in both Bi2212 and Bi2201 irrespective of the numbewith various dopings, we found théb Bi2201 has a holelike

of CuG; layers or the structural modulation in the BiO layer, Fermi surface centered &, ) in the entire doping region
and their characteristic energies are well scaled with thérom UD 18 K to OD 0 K, (ii) the superconducting gap
maximumT., namely, the strength of the pairing interaction. symmetry isdy2_y2-like with a typical maximum gap value
Finally we briefly comment on the collective mode in of 10-15 meV, andiii) the ARPES spectral feature ne&¢
Bi2201. A recent theoretical work by Abanov and (hump-dip-peak structuyeand its doping dependence of
Chubuko¥® has shown that the energy separation betweemBi2201 are similar to that of Bi2212 while the energy scale is
the peak and the dip dtr, 0) in the ARPES spectrum cor- remarkably different and the spectral feature is less resolved
responds to the energy of the collective mode of wave vectoin Bi2201. By comparing the present results on Bi2201 with
(m, ), which couples with electrons and leads to the superthose on Bi2212, we found that the characteristic energies of
conductivity. Indeed, a recent precise ARPES study orthe superconducting properties are well scaled with the
Bi2212 has revealed the collective mode with the energy ofnaximumT, (T0'®) of each compound. This suggests that
~40 meV; which shows a good agreement with the energythe superconducting properties are characterizeds ir-

of the magnetic-resonance peak observed by neutron scattggspective of the number of CyQayers or the structural
ing on Bi2212%" In contrast to Bi2212, the ARPES spectrum modulation in the crystal.

of Bi2201 does not show a clear dip-peak structiifig. 4).

However, considering the energy scaling in the ARPES spec- This work was supported by grants from the CREST
trum at(, 0) (Fig. 4), the peak-to-dip separation in Bi2201 (Core Research for Evolutional Science and Technology
is expected to have a value smaller than that of Bi2212 by &orporation of JST, the Japan Society for Promotion of Sci-
factor of the ratia(3.9). This estimates a value of 10 meV for ence (JSP3, and the Ministry of Education, Science and
the mode energy in optimally doped Bi2201. A neutron-Culture of Japan. T.S. thanks the JSPS for partial support.
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