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Evidence for CuO conducting band splitting in the nodal direction of BLSr,CaCu,Og, 5
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Using angle-resolved photoemission spectroscopy with ultimate momentum resolution we have explicitly
resolved the bilayer splitting in the nodal direction of Bi-2212. The splitting is observed in a wide doping range
and, within the experimental uncertainty, its size does not depend on doping. The value of splitting derived
from the experiment is in good agreement with that from band structure calculations which implies the absence
of any electronic confinement to single planes within bilayers of Bi-2212. Other consequences of this finding
are also discussed.
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I. INTRODUCTION point, it is not a trivial task to extract its bare value from

Progress in the development of an appropriate theory fof’m. There are two main reasons for thig:both the de-
high-temperature superconductoeTSC's) is intimately re-  Viations of the renormalized band positions from the posi-
lated to results from angle-resolved photoemission spectroions of corresponding peaks in energy distribution curves
copy (ARPES, which is a direct probe of the quasiparticles (EDC'’s) and _the deviations of the bare band positions from
and their interactiod.Continuous improvement of the spec- the renormalized ones depend on the self-energy versus fre-
trometers leads not only to discovering new phenomena biguency modét (i) the superconducting gap and pseudogap
also, and quite often, to a change of established paradigms. additionally complicate the analysi$So, at this stage, it is
distinguishing feature of modern ARPES is the ability toNot clear whether the observed splitting values can be com-
resolvethe bilayer splittingS) of the CuO conduction band Pletely reconciled with a quasiparticle dressing of bare elec-
in the bilayer cuprates. For the first time such a splitting hadrons. In addition at the antinodal points there is some uncer-
been observed for overdoped,8i,CaCyOg.s (Bi-2212)  tainty caused by the unresolved presence or shiftsand
(Ref 2 and $and then also for op“ma”y doped and under- unknown details of BiO-derived states prEdiCted by the
doped samplé$ (clearly resolved belo® and abovéthe LDA. _ _
superconducting transitignit has been fourfef that the ob- In this paper we focus on the nodal region, wheie
served splitting can be approximated by a momentum depervithin the energy scale of the splitting the renormalization
dencet , (cosk,—cosk,)?/2, which is expected for an inter- With binding energy can be considered as linear @ndhe
plane hopping between two CuO layeveheret, describes d-wave gap _vam;hes. Wg have fpund that the splitting along
the interlayer hopping mainly mediated via Csi drbitals the nodal direction of bilayer Bi cuprates is not zero but
when the splitting along the node is much less than the maxiPersists from underdoped to overdoped doping levels and for
mum splitting at the saddle pojt Q|ﬁerent composition. _We show that the observed splitting is

One of the main conclusions coming from the observatiorin 900d agreement with LDA-based band structure calcula-
of the BS is that the HTSC cuprates are not so unusual d40ns and is caused by the vertical @,2-O 2p, hopping
was assumed before. The strong correlations in these systefigtween twoadjacentCuO layers. This finding, leaving no
produce rather weak effects on the line shape of the photcgiPace for the mentioned electronic confinement, puts some
emission spectra? which can be described within the qua- restrictions on possmle microscopic mechanisms of fAigh-
siparticle self-energy concett. They do not cause a princi- Superconductivity.
pal modification of the electronic structure as the initially
p_roposed electronic confinement to single planes _Within a Il EXPERIMENT
bilayer can dd? In the next step, to address a question such
as whether there is still some space for strong correlation The data have been obtained in the experimental setup
effects which are beyond the local density approximaion where we combined a high-resolution light source of a wide
(LDA) and could not be treated in terms of a renormaliza-excitation energy ranggJ125/1-PGM beamline at BESSY
tion, the values of the BS should be compared betwee(Ref. 18], an angle-multiplexing photoemission spectrom-
theory and experiment. Although the largest BS can be founéter (SES100, and a three-axis rotation cryo manipulator.
in the spectra from the antinodal regigaround the(s,0) The total energy resolution was set to 10 meV; the angular
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FIG. 1. Experimental evidence
for nodal splitting.(a) Fermi sur-
face map of B{Ph-2212 OD73
measured with 50 eV excitation
energy at 25 K over a wide mo-
mentum region shown in(c):
pointing up and down arrows
mark the nodal directions in the
first and second Brilouin zone
(B2), respectively; the area of in-
terest within the rectangle ifa) is
zoomed in in(b); the dashed line
goes throughV points represent-
ing the boundary of the “mag-
netic” BZ. (d)—«g) A set of images
of the energy distribution maps
(EDM's) for Bi-2212 UD80

(d),(e) and Bi-2212 OP89f),(g)
UD80 measured at 25 K along different
27 eV -0.10 nodal directions at different exci-
= tation energy:(d) and (e) in the

1 1 ] 1 1 . . .
042 044 046 048  0.50 042 044 046 048 050 first BZ along thel"Y direction,(f)
) K (A'1) ©) K (A'1) and(g) in the second BZ along the
ZX direction.
0.00 — — =4
S s
2 0.05- 2
ch 3
OP89 OP89
-0.101 18 eV -0.10 20 eV
T T T T T T T T
042 0.44 046 048 0.42 044 046 048
) k (A") @ k (A7)
resolution of the analyzer is 0.15°. The data were collected at . RESULTS

25 K on a bilayer superstructure-free led-doped (Bb-

A. Experimental evidence
2212 underdoped by oxygen reduction Tg=76 K (Pb- P

UD76), a pure underdoped Bi-221@JD80), an optimally Figure 1 gives the experimental evidence for the nodal
doped Bi-2212(0OP89, an overdoped BPb-2212 (Pb-  splitting. The Fermi surface mamormalized to maximum
OD73), and a single-layer BiLa)-2201 withT;=32 K. intensityt’) of Bi(Pb)-2212 OD73 is shown in panéh). The
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FIG. 2. The experimental data for Bi-2212 UD80 from Fige)lpresented in form of energy distribution curv@sDC'’s) (a) and
momentum distribution curve®DC’s) (b). EDC’s are taken in the momentum range frigg+0.025 A2 (top) to ke+0.015 A (bottom),
wherek is an average between antibonditg, and bondinng, Fermi level crossings; dotted EDC's roughly correspont®@nd kE.
MDC's are taken in the energy range from 3 m@wp) to —27 meV(bottom); E.-MDC shown as a dotted curvéc) MDC's integrated in
energy about 10 meV fror&g: (1) Bi-2212 UDB8O, first BZ, 17.5 e\(solid curve represents fitting resylf2) Bi-2212 OP89, second BZ,
20 eV for the solid curve and 18 eV for the dotted curg®; Bi(Ph)-2212 OD73, first BZ, 17.5 eV(4) Bi-2201, first BZ, 17.5 e\solid
curve) and 27 eV(dotted curve

map is measured with 50 eV excitation energy over a widghe photoemission from the bonding band is suppressed at
momentum region marked ift): pointing up and down ar- 18 eV (f) and becomes visible at 20 €Y9).
rows mark the nodal directions in the first and second Bril- Figure 2a) represents the energy cuts of Fige)lat con-
ouin zonegBZ’s), respectively; the dashed line goes throughstant momentum, EDC’s, arfl) momentum cuts at constant
M points representing the boundary of the “magnetic” BZ. Iltenergy, momentum distribution curvésDC's). Although
is seen that the bilayer splitting is highly anysotropic butthe photocurrent intensity at 17.5 eV is rather low, one can
does not vanish along the nodes. The nodal region within thaotice the presence of two bands in EDC’s that appear as a
rectangle ina) is zoomed in inb). Sketch(c) is based on the peak with a shoulddisee EDC's in between two dotted ones
tight-binding fit of the Fermi surfacgFS) of an OD in panel(a)]. More explicitly the splitting is seen on MDC'’s,
sample'® where two peaks can be clearly distinguistjisde MDC's

In order to demonstrate the persistence of the nodal splitwhich are close to th&:-MDC shown by the dotted line in
ing for different doping levels we focus on the energy distri-panel (b)]. In Fig. Zc), in order to improve statistics, we
bution map$’ (EDM’s) in which the photocurrent intensity integrate the MDC's along the experimentatnormalized
of outgoing electrons is plotted as a function of their energydispersion in the energy range 10—20 meV arodpdwvhere
and in-plane momentum. We use different excitation energiethe MDC width does not vary dramatically. In all measured
that have appeared to be a powerful tool to distinguish thdilayer samples from UD76 to OD73 two peaks in nodal
bilayer splitting effect on the photoemission speétRanels MDC's are well resolved at certain conditions which we de-
(d)—«(g) show EDM's for Bi-2212 UD8((d),(e) and Bi-2212  scribe below.
OP89(f),(g) measured along different nodal directions at dif- Exploring a wide excitation energy ran¢fE7 —50 eV, we
ferent excitation energiegd) and (e) in the first BZ along can conclude that the dependence of matrix elements on ex-
the (0,0)-(7, ) (or I'Y) direction, (f) and(g) in the second citation energy for the nodal point in the first BZ exhibits a
BZ along the(2,0)-(7,—) (or ZX) direction. These are local maximum at about 17.5 eV for both the total intensity
the directions along which the>1 superstructure replicas from bilayer split band and the intensity from the bonding
for Pb-free Bi-2212 are well spactdnd, therefore, do not band compared to its antibonding counterpériChe ob-
effect the spectra in question. It is seen that for the first BZserved excitation energy dependence of the effect is in ac-
the photoemission from the bonding band is suppressed a&brd with recent calculations of ARPES matrix eleméhts
27 eV(d) but becomes visible at 17.5 g¥) (the data for the which show that in the low-energy range the emissions are
OP sample are similar and are not shown the second BZ dominated(peaked at about 18 g\by excitation from just
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the O sites. For the nodal point in the second BZ the depen- —— —a—
dence on matrix elements is different and the bonding band a u
is the most pronounced forw=20-21 eV excitation energy: 04— = — = ‘I:Ig - = _._._ -
the MDC'’s 2 in Fig. 2c) are derived from Figs.(1) and Xg) —L ——
and show how the bonding band peak appears when going O ]
from 18 eV (dotted curve to 20 eV (solid curve. < 0.01 0 u

In contrast to bilayer compounds, the single-layer sample L DD ..
shows no signature of the splitting. The no&alMDC's for s -0.02- —— —a—
Bi-2201 measured in the first BZ are presented in Fig) 2 ' ] [ |
(curve 4 for two excitation energies: 17.5 efgolid curve 0 o - u
and 27 eV(dotted curve While the width of given MDC’s -0.034g

is larger than that of each band for the bilayer samplies ) 0'01 " 0 :)o ) 0 '01
to worse surface flateness or larger scattering on impuyities e ' :

its line shape remains symmetric and excitation energy inde- (@) k-ke (A7)
pendent.
| Ogn
B. Value of the splitting 00154 ® .| a DEI% oo
In order to extract precise BS values we fit the integrated DD%H " | -
MDC'’s to a superposition of two independent Lorenzigens j;‘ 0 010_D k. u
example of a fitting curve is shown in Fig@]. For the = |m

Bi-2212 UD80 sampleAk=0.0121) A~! which corre- 2
spondsto 481) meV bare band splittingfor bare Fermi ve- z

locity ve=4.0 eV A'3) or 23 meV splitting of the renormal-

ized band(renormalized Fermi veIocityo,F_f:Z.O eV A). For

other bilayer samples the values dfk are similar: 0

0.0151) At (Pb-UD76, 0.0152) A~ (OP89, and T T T
0.0143) A1 (Pb-0OD73. ) 0.00 'O(f}ev)‘o-oz -0.03

C. Band structure calcuations FIG. 3. Parameters of antibondiigl) and bonding/®) quasi-

To compare the experimentally derived BS value to LDA particle bands, dispersiofa) and width [full width at half maxi-
predictions we use two different band structure calculationafjum (FWHM)] (b), obtained from fitting the MDC's of Fig. (®)
codes1iMTO (Ref. 20 andrpLo (Ref. 21). In particular, there by two Lorenzians.
is a perfect agreement wittMTO calculations, according to
which the BS in the nodal direction is 50 meV Bt. The
correspondenk-space splitting is 0.013 & TheFPLO pro-  of both antibonding and bonding bands up to 30 meV from
cedure gives smaller splitting values: 0.0047* & momen- Er [Fig. 3@)]. Figure 3b) shows the width of antibonding
tum or 20 meV in energy. Alternately switching off the hop- and bonding peaks as functions of binding energy, which can
ping between different orbitals we have found that it iShe associated with the scattering rate. Such a possibility to
vertical hopping between OpZ (i.e., the orbitals that forrr  extract the scattering rate separately for both antibonding and
bonds with Cuythat makes the main contribution to the nodal bonding bands could give a chance to resolve the present
splitting value. From a simple evaluation within a six-band dilemma—what is the main boson for electrons to couple:
model the bilayer splitting along the nodal directiék,  phonons or spin fluctuations? For it has been predi@tibat
=k,,0<k,<m) is As=8t,t5(1-cosk)/A% where A  the scattering by spin fluctuations should be gt anti-
=3.4 eV is the difference in energy between the middle ofbonding electrons scatter to bonding band and vice yersa
the CuO conducting band and the @,2orbital, ty, and should result in different widths of antibonding and
=1.5eV is an in-plane Cud-O 2p hopping integral, and bonding MDC's. Unfortunately, the differences between
t,p is an effective interplane O -0 2p,, hopping integral  bonding and antibonding MDC widths presented in Figp) 3
which we estimate as 0.048.02 eV within the LMTO  stay, strictly speaking, within the experimental error and can
(FPLO) scheme. This relatively large value and the orbitalbe considered as only a hint in favor of the spin-fluctuation
analysis imply that the hoppings mostly proceed via Ca atscenario. We also note that the nodal splitting can be a reason
oms. The differences betweemTOo and FPLO results are  for a peak-dip-hump-like structure occasionally observed in
related to different potential constructions. The larger experithe nodal direction of the cuprates which has been ascribed
mental values of the BS compared with kLo prediction  to strong electron-phonon interactiofisThe width ink, T,
might be attributed to the mentioned different shifts of thefor each band aEg is about 0.012 A! which is still 2.5
chemical potential? times larger than the estimated momentum resolutn

This difference can come from roughness of the sample sur-
IV. DISCUSSION AND CONCLUSIONS face and from a finite scattering on impurities.

Since the MDC width in the vicinity ofEg increases The significance of the O2.—0O 2p, hopping which we

slowly with binding energy, we have traced the dispersionsbserve should be taken into account also in the antinodal
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region in order to extract the Cuisadmixture and to com- ment to single planes within a bilayer in Bi-2212 due to
pare with theory* The experimental determination of the strong correlations. The LDA orbital analysis enables us to
precise amount of the admixture of such “nonstandard orbitassign the observed BS predominantly to vertical interplane
als,” being important for some aspects of the low-energyhopping between Qf, orbitals.
physics of various cupratég,s a challenging current prob-
lem for a futu_re fully microscopic _theory. _ ACKNOWLEDGMENTS

In conclusion, we have experimentally resolved the bi-
layer splitting in the nodal direction of Bi-2212. It is ob-  We acknowledge useful discussions with H. Eschrig, K.
served in a wide doping range, and its size, within the exKoepernik, and T. Mishonov. We are grateful to O. Rader for
perimental uncertainty, does not depend on dopinghe help with the experimental setup. The project is part of
concentration. The value of splitting derived from the experi-the Forschergruppe FOR538 and is supported by the DFG
ment is in agreement with LDA band structure calculations.under Grant Nos. KN393/4 and 436UKR17/10/04 and by the
This implies evidence for the lack of any electronic confine-Fonds National Suisse de la Recherche Scientifique.

1For a recent review see A. Damascelli, Z. Hussain, and Z.-X. due to a nonconstant electronic density of stgites, peaks near
Shen, Rev. Mod. Phys75, 473(2003. Er) has been recently discussed within the framework of
2D. L. Feng, N. P. Armitage, D. H. Lu, A. Damascelli, J. P. Hu, P.  Migdal-Eliashberg theoryRef. 26.
Bogdanov, A. Lanzara, F. Ronning, K. M. Shen, H. Eisaki, C.13A. A. Kordyuk, S. V. Borisenko, M. Knupfer, and J. Fink, Phys.
Kim, J.-i. Shimoyama, K. Kishio, and Z.-X. Shen, Phys. Rev. = Rev. B 67, 064504(2003.
Lett. 86, 5550(2001). 14y, Y. Wang and A. L. Ritter, Phys. Rev. B3, 1241(1991).
3Y.-D. Chuang, A. D. Gromko, A. Fedorov, Y. Aiura, K. Oka, Y. 15X. L. Wu, Y. L. Wang, Z. Zhang, and C. M. Lieber, Phys. Rev. B
Ando, H. Eisaki, S. I. Uchida, and D. S. Dessau, Phys. Rev. Lett. 43, 8729(1991).
87, 117002(200D. 16R. Follath, Nucl. Instrum. Methods Phys. Res.467-468 418
4Y.-D. Chuang, A. D. Gromko, A. V. Fedorov, Y. Aiura, K. Oka, (200YD.
Yoichi Ando, and D. S. Dessau, cond-mat/01070@@pub-  17S. V. Borisenko, A. A. Kordyuk, S. Legner, C. Diirr, M. Knupfer,
lished. M. S. Golden, J. Fink, K. Nenkov, D. Eckert, G. Yang, S. Abell,
SA. A. Kordyuk, S. V. Borisenko, M. S. Golden, S. Legner, K. A. H. Berger, L. Forré, B. Liang, A. Maljuk, C. T. Lin, and B.
Nenkov, M. Knupfer, J. Fink, H. Berger, L. Forrd, and R. Fol- Keimer, Phys. Rev. B64, 094513(2001).

lath, Phys. Rev. B66, 014502(2002. 18\We call “bonding” the lower split band & although, according
6S. V. Borisenko, A. A. Kordyuk, T. K. Kim, S. Legner, K. A. to the band structure calculatio(Refs. 20 and 2)] the two split
Nenkov, M. Knupfer, M. S. Golden, J. Fink, H. Berger, and R.  bands cross each other at about —0.5 eV in the nodal direction,
Follath, Phys. Rev. B66, 140509R) (2002. and it is not yet clear which one has an appropriate symmetry of
’S. V. Borisenko, A. A. Kordyuk, T. K. Kim, A. Koitzsch, M. the wave function.
Knupfer, M. S. Golden, J. Fink, M. Eschrig, H. Berger, and R. 1°S. Sahrakorpi, M. Lindroos, and A. Bansil, Phys. Rev.6B,
Follath, Phys. Rev. Lett90, 207001(2003. 054522(2003.
80. K. Andersen, A. |. Liechtenstein, O. Jepsen, and F. Paulsen, 3°A linear muffin tin orbital methodLMTO) (Ref. 27, with the
Phys. Chem. Solid$6, 1573(1995. spin-orbit coupling taken into account at the variational step has
A, A Kordyuk, S. V. Borisenko, T. K. Kim, K. A. Nenkov, M. been used to calculate the band structure of stoichiometric
Knupfer, J. Fink, M. S. Golden, H. Berger, and R. Follath, Phys.  Bi,SrL,CaCyOg in the orthorhombic phase.
Rev. Lett. 89, 077003(2002. 2LA full potential nonorthogonal local orbital schertfePLO) (Ref.
10T, K. Kim, A. A. Kordyuk, S. V. Borisenko, A. Koitzsch, M. 28) was used. The spatial extension of the basis orbitals, con-
Knupfer, H. Berger, and J. Fink, Phys. Rev. Le®tl, 167002 trolled by a confining potentidr /ro)* (Ref. 29, was optimized
(2003. to minimize the totalenergy.
1P, W. AndersonThe Theory of Superconductivity in the High-Tc ?2M. Eschrig and M. R. Norman, Phys. Rev. Le®9, 277005
Cuprates(Princeton University Press, Princeton, 1997 (2002.

2The self-energy includes beside the usual renormalization of thé®A. Lanzara, P. V. Bogdanov, X. J. Zhou, S. A. Kellar, D. L. Feng,
band dispersion and the damping of the quasiparticles, also a E. D. Lu, T. Yoshida, H. Eisaki, A. Fujimori, K. Kishio, J.-I.
shift of the chemical potential proportional to the electron-boson  Shimoyama, T. Noda, S. Uchida, Z. Hussain, and Z.-X. Shen,
coupling strength; see e.g., A. A. Abrikosov, L. P. Gor’kov, and  Nature(London 412 510(200D.
I. E. DzyaloshinskiMethods of Quantum Field Theory in Sta- 2*A. I. Liechtenstein, O. Gunnarsson, O. K. Andersen, and R. M.
tistical Physics(Prentice-Hall, Englewood Cliffs, NJ1963, Martin, Phys. Rev. B54, 12 505(1996).
Chap. IV. A possible difference in the corresponding shifts of the?>There are several strong hints from other experiments such as
bonding and antibonding bands due to different strengths of the electron energy loss spectroscoBELS) (Ref. 31, (Ref. 30,
electron-boson couplingRef. 22 and different vicinity of their and (Ref. 32, and other cuprates for the presence of such non-
Van Hove singularities t&r might result in a change of the BS standard orbitalgin addition to the standard Cuw2_,2 and the
value. The possibility of related shifts of the chemical potential ¢ bonded O P states involved in the low-energy physics

214525-5



KORDYUK et al. PHYSICAL REVIEW B 70, 214525(2004)

26]. K. Freericks, A. Y. Liu, A. Quandt, and J. Geerk, Phys. Rev. B Hayn, S.-L. Drechsler, N. Motoyama, H. Eisaki, and S. Uchida,

65, 224510(2002. Phys. Rev. Lett.91, 037001(2003.
270. K. Andersen, Phys. Rev. B2, 3060(1975. 31E. P. Stoll, P. F. Meier, and T. A. Claxton, Int. J. Mod. Phys. B
28K, Koepernik and H. Eschrig, Phys. Rev. B9, 1743(1999. 17, 3329(2003.
#H. Eschrig,Optimized LCAO Method and the Electronic Struc- s2j; £ simon. A. A. Aligia, C. D. Batista, E. R. Gagliano, and F.
ture of Extended Systen@pringer, Berlin, 198p Lema, Phys. Rev. B54, R3780(1996 and references therein.

30A. S. Moskvin, J. Malek, M. Knupfer, R. Neudert, J. Fink, R.

214525-6



