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Effects of next-nearest-neighbor hopping’ on the electronic structure of cuprate superconductors
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Photoemission spectra of underdoped and lightly-doped,B,Sr,Ca ,R,Cl,0s.y (R=Pr, Ep (BSCCO
have been measured and compared with those ¢f,$§8CuQ, (LSCO). The lower-Hubbard band of the
insulating BSCCO, like G&ZLuO,Cl,, shows a stronger dispersion than,CaO, from k~ (7/2,7/2) to
~(r,0). The flat band ak ~ (7,0) is found generally deeper in BSCCO. These observations together with the
Fermi-surface shapes and the chemical potential shifts indicate that the next-nearest-neighbor|tibpping
the single-band model is larger in BSCCO than in LSCO and [atrather than the super-exchange
influences the pseudogap energy scale.
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Since the discovery of the high-temperature supercondudand dispersion of the parent insulator and the doped com-
tivity in La,_,BaCuQ,, many families of highf, cuprates pounds as well as the Fermi surface shape between
have been synthesized. Common features are that they hake,_,Sr,CuQ, (LSCO) and BLSrLCaCuy0Og. s (BSCCO. We
two-dimensional Cu@planes and a similar phase diagram ashave found that lightly-doped and underdoped BSCCO show
a function of hole doping. This has naturally lead most ofa stronger band dispersion along the “underlying Fermi sur-
studies to emphasize the common features of the cupraface” than its counter part in LSCO. Given thhtdoes not
electronic structures rather than emphasizing differenceshange much between the two familie} sco~ 139 meV
among them. On the other hand, there are differences amoragid Jggcco~127 meV  from  two-magnon  Raman
the different families of cuprates such as the significaniscatterin§=° and magnetic neutron scatterity we at-
variation in the magnitude of the superconducting gap andribute the observed differences to the variationt’ina find-
the critical temperaturéT,) at optimal doping[T; max ASys-  ing consistent with the band structure estimates®%énd the
tematic investigation of the differences between the different-J model calculation on the impact of on the electronic
families of cuprates may enable us to understand the origistructure aroundk ~ (7, 0).12
of the differentT; s and eventually the mechanism of  So far, photoemission studies of LSCO have covered a
superconductivity. So far, some studies have focused on theide composition range from the lightly-doped to overdoped
material dependence from empirical points of view. In anregions and systematic data are available for the evolution of
early work, Ohtaet al! proposed the differences in the po- the pseudogap’ Fermi surfacé?-®band dispersiof31’and
sition of the apical oxygen and the resulting differences inchemical potential shift® Although BSCCO has been exten-
the Madelung potentials as the origin of the differgg,ays. sively studied by angle-resolved photoemission spectroscopy
Feineret al? proposed that the, orbital of the apical oxy- (ARPES owing to its stable cleavage surfaces in an ultra
gen hybridizing with theds,2_2 orbital of Cu and thep,,  high vacuum, the available range of hole concentration has
orbitals of the in-plane oxygen affects the next-nearestbeen largely limited ta5=0.10—0.17. Recently, high quality
neighbor hopping parametérin the single-band model de- single crystals of heavily underdoped BSCCO were synthe-
scription of the Cu@plane, and thereby, m.xin the context ~ sized by rare-eartliR) substitution for Ca and the doping
of the van Hove singularity scenafddalhose differences be- dependence of thermodynamic and transport properties have
tween the cuprate families may affect the stability of thebeen systematically studié®:?' The present study was made
Zhang-Rice singlet,instability toward charge stripésthne  possible by the availability of such deeply underdoped
shape of the Fermi surfat@nd so on, and henc&; max BSCCO samples.

Recently, Pavarinet al® have demonstrated the correlation ~ Single  crystals  of  Bi,PhygSKLECu,0O5  and
betweent’ (of the bonding band for multilayer cuprajesnd  Bi,Sr,Ca_,R,C,0g., (R=Pr, Ep were grown by the self-
Temax from their tight-binding model analysis of the first- flux method. X-ray diffraction showed no trace of impurity
principles band structures of numerous higheuprates. For phases. Details of the sample preparation are given
the differences i, ma, the various degrees of disorder has elsewheré%?! The hole concentratiod per Cu atom was
also been considered importdnt. determined using the empirical relationship betweeand

In the present work, we will show the first experimental the room-temperature thermopowérThe & and T, of the
evidence for the difference iti between the Bi and La cu- measured samples are listed in Table I. Xk®.5 and 1.0 Er
prates on the basis of photoemission data. We focus on disamples are antiferromagnetisF) insulators. The Laue pat-
ferences in the electronic structure of the cuprates such as therns of the Pb doped samples showed no superlattice modu-
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TABLE I. Chemical compositions, hole concentratiérand T, ~(m/2,7/2). There is no sharp peak crossifg. This is
of BSCCO samples studied in the present work. contrasted with LSCO of similar doping level where a tiny
but sharp peak cross&,” and is consistent with the insu-
Bi,Sr,Ca _R.CW,0q 8 T(K) lating behavior of the present compoutidNote that LSCO

with x~0.03 shows metallic behavior @t> 100 K.

RfEr'Xfl 0.025 Figure 2 shows ARPES spectra along the “underlying
R: Er'X:0'5 0.05 Fermi surface,” which is the trace of the minimum gap in the
E: Er'ng'i:g 061i5 2; momentum space from(a/2,7/2) to ~(,0).22 One can

B r’X: ' ’ again see a single dispersive feature between -0.6 and
R=Pr x=0.25 0.135 88 .

o -0.2 eV, as in the case of gauO,Cl, (CCOQ and
R=Prx=0.1 0.17 86 Sr,CuO,Cl,.122324 |n Fig. 2c), we have plotted the peak
Billzptb_gsrzErCUzOS 0.04 2 2 ) !

position of the spectra marked in Figa® referenced to the
binding energy of the peak dtr/2,7/2) against|cosk,a
lation of the Bi-O layers, which eliminated superstructure=C0sk,al/2. The nearly straight line shows approximately
signals in ARPES spectra. Single crystals of LSCO werehe-y2-like gap anisotropy on the underlying Fermi surféee.
grown by the traveling-solvent floating-zone method. The Combining Figs. {b) and 2b), one can conclude that the
of x=0.07, 0.10, 0.15, and 0.22 samples were 14, 29, 41, angand dispersion in the insulating BSCCO is nearly isotropic
20 K, respectively, anck=0.00, 0.03 samples were non around(m/2,m/2). Figure 2c) shows that the total disper-
superconducting’ sional width in the insulating BSCCO is comparable to that
ARPES measurements of BSCCO were carried out ain CCOC but is larger than that in undoped LSCO
beamline 5-4 of Stanford Synchrotron Radiation Laboratory(La;CuQy) by a factor of~1.7. Here, it should be cautioned
(SSRU). Incident photons had an energy bf=19 eV. A  that spectra neafw,0) of BSCCO may be influenced by
SCIENTA SES-200 analyzer was used in the angle modg@ossible bilayer splitting and that the intensity of the bonding
with the total energy and momentum resolutions ofband (BB) and antibonding bandAB) show different
~14 meV and~0.25°, respectively. Samples were cleavedhr-dependencé In order to check this possibility, we mea-
in situ under an ultrahigh vacuum of 18 Torr, and were sured the photon energy dependence of the spectra of heavily
cooled down to~10 K. The position of the Fermi levéEr) underdoped samplg$~ 0.025 and 0.0pat (7,0) from hv
was calibrated with gold spectra. ARPES measurements with30 eV to 60 eV with 5 eV photon energy interval, where
hvy=30-60 eV at 85 K were performed at beamline BL-1Cthe relative intensities of the BB and AB are expected vary.
of Photon Factory PP using an ARUPS-10 analyzer. The We did not find appreciable photon-energy dependence in the
overall energy resolution varied from 130 to 150 meV.line shape and the peak position fram=19 eV. It seems
ARPES measurements of LSCO were carried out athat the energy splitting between the bonding and antibond-
BL10.0.1.1 of Advanced Light Sour@@LS), using incident ing bands at(w,0) decreases with decreasing doping. We
photons of 55.5 eV at 20 K as described elsewhérngle-  therefore consider the impact of bilayer splitting on the
integrated photoemission spectrosco@yIPES) measure- (m,0) electronic structure in the lightly-doped sample is
ments of BSCCO samples were carried out using the He small, partly because ther,0) state is already pushed con-
resonance linghry=21.2 e\ with an OMICRON 125EA  siderably below the Fermi level.
analyzer. The samples were cleaveditu and measured at In order to interpret the band dispersion in the parent in-
~7 K with the energy resolution of-25 meV. sulator within the single-band description, we first consider
Figure 1 shows the ARPES spectra of insulatingthe Hubbard (U-t) model or thet-J model, whereJ
Biy Py gSKHErCwOg (6~0.04 along the diagonal0,0)  =4t?/U, andt, J, andU are the nearest neighbor hopping
-(7r, ) direction in the second Brillouin zon@®Z). The fig-  matrix element, the AF superexchange coupling constant,
ure shows a single dispersive feature corresponding to thand the on-site Coulomb energy, respectively. These models
lower Hubbard band, which moves closest & at can explain the experimental band dispersion from

(@) oo ') ——— ]  high
6. Bi; sPby gST,ErCU 04
0.0
o) T o FIG. 1. ARPES spectra of in-
5 E.o‘z sulating Bi, ,Phy §SKHErCu,0g
£ P along the (0,0)-(7, ) direction.
& B 5 low (a) EDC's, (b) intensity plot in the
E] s~ E-k plane. The white circles indi-
g > _J ‘ k_J cate the energy of the maximum
- 206 —T curvature in the EDC’s.
ﬁ aVar
G2 o8 o4 o 00 085 '
Energy relative to Ex (eV) W—————@8)

092503-2



BRIEF REPORTS PHYSICAL REVIEW B0, 092503(2004)

7 T T 1 0.2 T T T T J ‘ g—J
— (a) |Bi1.2Pb0,ssr2El'CU203|%: a5 (b) hv=19eV
7 L 0.
g -
o L-02 =
8 2 3
= L hm2,m2) T -04 5
z — e | :
o) -
E \“\W l § 06 L;

- e £
I 1 1 ~(m0) W 08 E) §

-1.2 -0.8 —9.4 0 0 10 20 30 40 0 0204060810

Energy relative to £ (eV) moy—2NTe L oy foos(ha)-cos(k a2

FIG. 2. ARPES spectra of BpPh, SLErCwu,Og along the “underlying Fermi surface” in the second B&).EDC's. (b) Intensity plot in
the E-k plane. Vertical bars ifa) and the white circles irib) indicate the points of maximum curvature in the EDQ®. Peak positions
referenced to the binding energy of the peakmt2, 7/ 2) plotted againsfcos kxa—coskya|/2. Also plotted are data for L&uO, (LCO) and
CaCuO,Cl, (CCOQ (Ref. 23.

(0,0) to (7, w) because its width is predicted to be2.2]  with increasing temperatuf@ot shown. The dashed vertical
(~0.28 eV},%* however, they predict nearly the same peakbars in Fig. 3 mark the position of the flat ba&¢r,0) (for
energies for(w/2,7/2) and (w,0), disagreeing with the BSCCO, BB and AB at higher and lower binding energies,
strong dispersion along the underlying Fermi surface in théespectively in the ARPES spectra dtr,0). (ARPES data
insulating BSCCO. According to an extended version of thefor BSCCO with6=0.1 was taken froniRefs. 27-29 The
Hubbard model or thé-J model, i.e., the-t’-t"-U model or  solid vertical bars mark the point of the maximum curvature
the t-t’-t"-J model, which takes into account the hopping toin the second derivatives of the AIPES spectra, which indi-
the second and third nearest neighbors thratigindt”, the  cates the position of the peak in the DOS and has been called
strong dispersion frontw/2,7/2) to (7,0) can be realized “large pseudogap'® also representing(s,0) in LSCO and
by a sizeabld’.1? This implies a significantly larger value of the energy position of BB in BSCCO. In Fig. 4, those
[t’| in BSCCO than in LSCO. |E(r,0)| values for LSCO and BSCCO and the average en-
In order to see further differences between BSCCO anergy positions of BB and AB for BSCCQE(7r, 0)|, are plot-
LSCO, we show in Fig. 3 the ARPES spectra (at,0) ted. One can see thi@(,0)| in BSCCO is larger by a factor
(dashed curvesand AIPES spectrésolid curvey of BSCCO  of ~2 than|E(w,0)| in LSCO. Note that the magnitude of
and LSCO. The AIPES spectra of LSCO have been obtainethe small pseudogap, i.e., the binding energy of the leading
by integrating ARPES data within the second BZ. In theedge position is also larger in BSCCO than in LSCO by a
overdoped(6=0.17 BSCCO sample, one can see a well-factor of ~2.1°> On the other hand, thé values are almost
known peak-dip-hump structure as observed in the ARPESommon between different families of cuprafe¥. The
spectra near thér,0) point2/28The intensity of the peak at present observation therefore suggests that the “band-
~-=40 meV decreases with decreasing hole concentration @tructure” effect represented byhas important effect on the
magnitude of the large pseudogap. It should be noted that the

(@) Bi,Sr,Ca,, A0u0, | |(B) Lay,SrCuo, ‘ ' energy position of the flat band was shown to become deeper
X -x2x . Y . .
220V T-7K hv=5556eV T=20K with increasing |t’| according to thet-t’-t"-J model
E \/" calculationst23°As for the shape of the Fermi surface, since
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FIG. 3. AIPES spectrgsolid curvg and ARPES spectra at 0.0 0.1 02 0.3
(7,0) (dashed curvefor various doping levels in BSCC@) and Hole concentration

LSCO (b). Solid vertical bars indicate the point of maximum cur- FIG. 4. Doping dependence of the flat band posifidtr, 0) in
vature and the dashed vertical bars mark the position of the flaBSCCO and LSCO determined by the second derivatives of AIPES
band E(7,0) (BB and AB at higher and lower binding energies, spectra(squares and ARPES spectrédriangleg. The average en-
respectively, for BSCCD ARPES data for BSCCO witl#=0.1 ergy position of BB and AB|E(r,0)|, for BSCCO(diamond and

was taken from Refs. 27-29. T, (circle) are also shown.
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the flat band at, 0) especially of BB is deeper in BSCCO, vation that LSCO is closer to the instability toward stripe-
the crossing point along th@, 0)-(7r, 7r) line becomes closer type spin-charge ordering.It has also been proposed that
to (0,0) and that along thém,0)-(7, 7) line becomes closer the Fermi surface shape itself, which is influenced’bgnd

to (), leading to the more “square like” hole Fermi sur- t’, is important to increas& n..® More recently, the varia-
face centered dtr, ) compared to the “diamond like” hole tional Monte Carlo calculation showed the enhancement of
Fermi surface in optimally-doped LSC®3! Recently, the Tc by sizablet’.*® More theoretical studies are needed to
chemical potential shift as a function of doping was found toidentify a microscopic mechanism in which largéf leads

be faster in BSCCO than in LSC®,which can also be O higher T. nax In conclusion, we have identified several
explained by a larger value if| in BSCCO based on exact differences between the electronic structures of BSCCO and

diagonalization studies of thet’-J model33 LSCO, all of which can be explained by the larger value of

Figure 4 suggests thiE(,0)| of LSCO and[E(wr,0)] of  |t'[in BSCCO than in LSCO. In order to see whether there is
BSCCO are scaled by, ., This implies possible relation- mdegd correlation betv_veeThmaX and|t’|, further systematic
ship betweerT, . andt’, as has been suggested in severafstudies on other ma_tterladsuch as YBCO, Tl-bases cuprates,
different contextg: T, .. in the highT, superconductors is ©tc) are highly desirable.
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