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Photoemission study of Pb doped BBr,CaCu,0g4: A Fermi surface picture
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High resolution angle resolved photoemission data from Pb dopg8rBiaCyOg (Bi2212) with sup-
pressed superstructure is presented. Improved resolution and very high momentum space sampling at various
photon energies reveal the presence of two Fermi surface pieces. One has the holelike topology, while the other
one has its van Hove singularity very close t8,0), its topology at some photon energies resembles the
electronlike piece. This result provides a unifying picture of the Fermi surface in the Bi2212 compound and
reconciles the conflicting reports.
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The Fermi surface plays an important role in understandean be found by studying the Pb-doped Bi2212 system. In
ing the physics of any material. Among other things its shapehis compound Pb is doped into the BiO plane disrupting the
and size determine the type and number of charge carriers IO plane modulation and removing the superstructure com-
the material as well as the charge and spin dynamics. Faulication near the £,0) region*®*"2°
example, in the context of the Fermi-liquid approach to high- In this Communication we present results of Fermi sur-
temperature superconductdk$TSC’s), Fermi surface topol- face mapping of Pb-doped Bi2212 with high energy resolu-
ogy is related to commensurate or incommensurate nature ¢&ibn and very higtk space sampling. We used various photon
the neutron data.Furthermore, detailed knowledge of the energies and different methods to determine the Fermi sur-
Fermi surface is essential to determine the superconductinfigce. Our 22 eV data complement recent reports on the ex-
gap size and symmetry in the superconducting state. istence of two Fermi surface pieces. The photon energy de-

Angle resolved photoemission spectroscpRPES isa  pendence reveals that the relative intensity depends strongly
unigue tool to probe the Fermi surface of the HTSC’s. Overon photon energy. While the bonding Fermi surface has a
the last decade the HTSC system most extensively investilear holelike topology, the antibonding piece has its van
gated by ARPES is Bi2212:1° However, the existence of Hove singularity very close tor,0) and its Fermi surface is
superstructure in the BiO layer and shadow bands has maddectronlike as seen at some photon energies. This result con-
the Fermi surface determination in this compound complitradicts earlier reports of a single universal Fermi surface in
cated, especially around thkl(s,0) point, where main this compound:!®1’On the other hand, our data provides a
bands, superstructure bands, and shadow bands cross theifying foundation for understanding the controversies
Fermi level. For several years there was a general agreemeaibout the Fermi surface of this important superconductor, as
for a holelike Fermi surface centered aroudsw,w),  different reports stress different aspects of the global Fermi
mainly based on ARPES experiments performed at 22 e\surface features.
photon energ§~2° This holelike Fermi surface picture was  ARPES data have been recorded at beamline 10.0.1.1 of
believed to apply over the entire doping range studied byhe advanced light source utilizing 55, 44, 33, 27, and 22 eV
ARPES (from underdoped samples with,~15 K to over-  photon energy in £ 10~ 11 T vacuum. The sample was kept
doped samples witli,~68 K). Later a vigorous discussion in the fixed position relative to the beam polarization, and the
started, with experiments utilizing 33 eV photon energy sug-analyzer was rotated. The beam polarization was in the
gesting an electronlike Fermi surface centered around’the sample plane perpendicular 16—Y direction, with beam
point} =2 Other groups disputed electronlike Fermi surfacenearly at grazing incidence with the sample surface. We used
reports, dismissing the observed results by invoking the ina Scienta SES 200 analyzer in the angle mode, where cuts
terplay of matrix element effects with BiO layer superstruc-parallel toI'—Y direction are carried out. The momentum
ture and shadowband$-* Finally, recent reports on Bi2212 resolution was +0.06 A~ in the scan direction and
using 22 eV photons demonstrated the presence of the tw0.19 A~ in the perpendicular direction for 55 eV photon
Fermi surfaces in the material due to bonding and antibondenergy and better for other energies, and the energy resolu-
ing interaction of CuO plane$:*°It is of great importance to  tion was 7—18 meV. An extensive and fine sampling mesh
reconcile all the reported results and to resolve the uncewith more than 4000 EDC's for each photon energy was
tainty in the Fermi surface of Bi2212—the compound exten-collected. The slightly overdoped Pb-doped Bi221P, (
sively studied and the source of many significant results. =84 K) and overdoped Pb-doped Bi22IP.& 70 K) were

Because the main discrepancy originates in thedf re-  grown using the floating-zone method. The single crystalline
gion, where the superstructure effect of the BiO layer issamples were oriented by using Laue diffraction ex situ and
strongest, a definitive resolution of the Fermi surface issueleaved in situ in vacuum. The samples were measured at

0163-1829/2001/64.8)/18050%4)/$20.00 64 180505-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

P. V. BOGDANOVet al. PHYSICAL REVIEW B 64 18050%R)

FIG. 1. (Color) Panel (a)
shows the spectral intensity at the
Fermi level for data collected with
22 eV photons. White arrow
shows the light polarization. Pan-
els (b)—(f) show EDC's along the
cuts indicated in pandh). EDC's
are stacked top to bottom in the
direction of the arrows.
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FIG. 2. (Color) Panel (a)
shows experimental spectral in-
tensity map at 12 meV binding en-
ergy collected using 22 eV pho-
tons. Panel(b) shows calculated
ARPES intensity for Bi2212 in
the same experimental conditions
by Bansilet al. Light polarization
is given by the arrow in this panel
and is the same as in pan@).
= Inset in panela) schematically in-
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FIG. 3. (Color Gray scale image in panéh) shows the spectral intensity at the Fermi level collected with 55 eV photons. The white
arrow shows the polarization of radiation with respect to the crystal surface. Arrows and thick lines indicate the cuts presented in panels
(b)—(d). Red line indicates the Fermi surface shape. Pdibgigd) show data along select cuts in the Brillouin zone. Spectra are stacked top
to bottom parallel to 4r,7) —(0,0) direction. Left side of each panel shows a two-dimensional plot with brightness proportional to signal
intensity, while right side shows corresponding EDC's equally spaced in vertical direction for clarity.
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and polarization, as shown in Fig(2. The simulation uses

0t first-principles one-step photoemission model calculation
= 027 and comes up with two bands for two adjacent Guilanes
B 00 in a unit cell. These two bonding and antibonding bands give
< 0.2 rise to two Fermi surfaces. The bonding piece is an outer
' holelike piece, indicated by blue lines in the inset of Fig.
-0.44 .4 al) | _ ) 2(a). On the other hand, the antibonding piece, indicated by
the red area in the inset of Fig(&®, is hard to judge from
BBI089 89244 DR 0N T R 1l these data, because the saddle point of the band is very close
] to Er at (7,0) 2 The simulation also indicates that the image
_ plot is very similar whether this piece of the Fermi surface is
S 0.2 holelike or electronlike, i.e., whether the Van Hove saddle
> 0.0 point is above or belovEr. The absence of superstructure
x 02 complication in our data and the striking similarity between
' experiment and theory strongly suggest that there are indeed
-0.4 c) d) two pieces of the Fermi surface in Pb Bi2212.
e 05 018, T DY ~ The Fermi surface seen under other measurement condi-
Kx (/a) Kx (n/a) tions turns out to be very different. Figure 3 shows data

recorded at 55 eV under the same measurement geometry.

FIG. 4. In this figure spectral intensity maps at the Fermi levelFigure 3a) shows the map of spectral intensityEt in the
for different photon energies are shown. Pafaglshows data col-  momentum space. In Figs(8, 3(c) and 3d) we plot raw
lected at 27 eV, panéb) shows 33 eV data, pan@) shows 44 eV data obtained along the select cuts shown (@ By thick
data, and paneld) shows 55 eV data. white lines. Cut(b) is close to the nodal direction in the

second Brillouin zone, while cut&) and (d) are cuts equi-

100 K (Figs. 1, 2, and ¥and 20 K(Fig. 3). The Fermi energy distant fromM point. The sampling density in the cuts is
was obtained from the EDC’s of po|ycrysta”ine AU. Very h|gh and is representative of the Sampling density of the

In Fig. 1(@ we show the map of spectral intensity at entirek space studied. The high quality data clearly shows a
Fermi energy Eg) obtained at 22 eV photon energy. The quasiparticle dispersing towards the Fermi level, eventually
white arrow shows the polarization of radiation with respectcrossing it and disappearing. While the intensity map in Fig.
to the crystal surface. To determine the spectral intensity mag(@ hardly shows any features in the first zone, Fi¢d)3
we divide each EDC by the integrated signal intensity from &clearly shows a well-resolved feature crossing the Fermi
order synchrotron light and is proportional to photon flux. of 10 lower than that in Fig. ®). In fact, all features seen in
The normalized EDC's represent electron spectral functiohe second zone are observed in the first zone as well. The
weighted by the Fermi function and matrix elem&hHigh- ~ Fermi surface shape emerging for this photon energy is elec-
est intensity points in the spectral intensity map at the Feerronllke._We_have conﬂrme_d this result W|t_h data taken in all
energy give one method for determining Fermi surface. Irfhree Brillouin zones by using three complimentary methods:
Figs. 1b)-1(f) we plot raw EDC data obtained along selectintensity map a€g, the traditional method of tracking the
cuts shown in Fig. (B) by green arrows. Here Fermi surface EDC’s, and the sharpest drop in{k). The contrast in data
crossing is defined as the location in the momentum spackkom Figs. 1-3 immediately suggests that the 55 eV data
where the intensity of the spectral feature decreases drastpicks out the inner piece of the Fermi surfa&s).
cally and the leading edge crosses the Fermi level. From both To investigate the photon energy dependence of the FS
the nearEg spectral weight image plot and from the EDC'’s further, we collected data at other photon energies and in Fig.
one clearly sees two Fermi surfaces, as indicated by solid we plot the measured spectral intensity mapS;atin Fig.
ovals in Figs. 1b)-1(f). Concomitant presence of two Fermi 4(a) we plot our spectral intensity map collected at 27 eV. We
surface pieces is consistent with recent data recorded atsee an electronlike FS in the first zone, and the spectral
similar photon energ3f+° weight in the second zone is significantly suppressed. This

Figure 2a) shows 22 eV data from another sample takencomplements the 55 eV data in panel Figd)3In Fig. 3b)
in a more extendel-space area. This data were taken at 20at 33 eV photon energy spectral intensity map shows strong
K in the superconducting state, where the spectral weighsuppression of the spectral weight at the M point and can be
aroundM point is suppressed at the Fermi level due to the sinterpreted as either holelike or and electronlike. This data is
gap opening, so the map shown corresponds to 12 meV bindjuite different from earlier results recorded at another
ing energy(BE). This map can effectively be used to indicate geometry:°~*The 44 eV data in Fig. &) looks very similar
the underlying Fermi surface. Although the maximum gap isto the 22 eV data in Fig. (@) with bilayer split Fermi sur-
larger than the energy window, finite resolution still revealsfaces. Spectral weight map FS results are supported by indi-
the underlying Fermi surface, and larger integration windowidual EDC analysis.
does not change the picture. This data, as well as the normal- There is a very unusual photon energy related variation in
state data in Fig. (&), show striking resemblance to theoret- the ARPES data. With the large unit cell size in the normal
ical simulation by Bansikt al?? for the same photon energy direction €~30.6 A), one would expect periodicity with
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1-2 eV steps in photon energy for the energy range studieding of the bands due to the interaction between the layers
Surprisingly, this is not the case. Existence of bilayer splitwas a long standing problem. Earlier photoemission results
Fermi surface means strong interaction between the twavere interpreted as evidence for the absence of the bilayer
CuG, planes in Bi2212 unit cell. It is reasonable to assumesplitting® Our data in Figs. 1, 2, and 4, collected with much
that the variation in the data with the photon energy is alsdetter energy and momentum resolution, show the splitting
driven by the separation of the layetis=3.4 A, with cor-  to be present, even for the samples with not far from
respondingkz=2m/d=1.85 A . This would be more con- optimal.
sistent with the observed variations with large photon energy The picture emerging from the above is clear: there are
intervals. Calculations similar to those found in Ref. 22 for atwo pieces of the Fermi surface, one of them clearly holelike.
range of photon energies will be very useful to understandhe other piece is different, as it lies very close to the special
this phenomena. point where Fermi surface changes from holelike to electron-
~ Our results, in particular the variation of the Fermi surfacejixe with small change in chemical potential Kt, . This is
picture with photon energies and the observation of the bithe ynderlying reason for this piece to behave slightly differ-
layer splitting, contradict earlier reports from Pb dopedenty at different photon energies. This picture provides a
Bi2212. Previous dat&"’from the same material at different ynifying foundation for all the controversial reports on the
photon energies were interpreted as an evidence for the unis shape in Bi2212. Bi2212 Fermi surface has always been
versal holelike Fermi surface. We attribute this discrepancygyriputed to the Cu@plane, and because doping with Pb
mostly to poorer energy70 meV compared to ours 7-18 gges not change the Cu(lane, the Fermi surface in Pb-
meV) and momentum (0.094 A* compared to ours 0.006 goped and Pb-free compounds should be the same. Our find-
x0.019 A™%) resolution used in that study for photon en- ing indicates that the accepted picture of a single holelike
ergies other then 22.4 eV. Attempts were also made to SURermj surface in Bi2212 for the entire doping range studied
port a single universal holelike Fermi surface picture by in-is incorrect. Instead, there exists another Fermi surface piece

; ; 15 ; X
voking matrix element arguments: While a band  that is at the boundary between hole and electron character.
calculation did show a strong spectral intensity variation
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ters is the matrix element variation in a small region in theAdvanced Light Source of Lawrence Berkeley National
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