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Electronic structure of CuO, planes: From insulator to superconductor
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Using angle-resolved photoemission and linearly polarized synchrotron radiation, we measured the elec-
tronic band structure of electronic states of Guane materials ranging from insulatoiSr,CuO,Cl,) to
overdoped superconductofBi,Sr,CaCyOg., ). We report three resultsi) The CuG, containing insulator
possesses a spin-density-wd@&OW) ground state(ii) there are precursors of the SDW state for underdoped
Bi,SrL,CaCy0Og, ; (iii) an extended saddle-point-type van Hove singularity is neither a necessary nor a
sufficient condition for a high superconducting transition temperafiye[S0163-18207)50226-9

How the electronic structure of cuprates changes with We also fabricated single crystals of,®u0,Cl,.° Trans-
doping is of intense current interest. In this paper, we conmission electron microscopy measurements indicated that
centrate on two of the several reasons for this interest. First i€ structure of oxychloride is tetragonal< b to better than
how the electronic band structure evolves in changing fronf-1%9 [Ref. 7a)] and resistivity measurements confirmed the
an antiferromagnetic insulator to an overdoped supercorinsulating character of the sampl€8. Clean surfaces of all

ductor. To address this issue, we performed angle-resolvetpMPIeS t;N(tetre Fhrepa%%l tby situdcltiaving itnl a .resJi[d?al
photoemission measurements on a prototypical antiferromag.ocUym DEUEr than orr, and the crystal orientation
as determined by low-energy electron diffraction. Photo-

ngtlc insulator  S§CUO,Cl W'th. Tn=256 K, and on emission measurements were performed using a 50 mm
Bi,SRpCaCy0g., samples ranging from underdoped {0 mean radius hemispherical electrostatic energy analyzer,
overdoped. The second issue on which we concentrated jgounted on a two-axis goniometeThe angular acceptance
the relation between the extended van Hove singularity obof the analyzer was 1.8°. Monochromatic radiation from the
served near optimal doping and a high valuelgf We find 4 m NIM beamline at the Aladdin storage ring of the Wis-
that underdoped cuprates with values as high as 60 K do consin Synchrotron Radiation Center was used. The light
not exhibit such a van Hove singularity. We argue below thatvas >95% linearly polarized. The combingghoton plus

by itself a van Hove singularity is neither a necessary nor &lectron energy resolution was 25 meV. . _
sufficient condition for a high value of, . We first report the photoemission results for the insulating

We have recently succeeded in fabricatingOXiChloride SpCuG,Cl,. Photoemission on this compound

. . : “measures a dispersion of a single hole in a square-lattice
5" Zszcactléfofﬁx S|hngle (cfrystals thactj sp?n tdh:? entltretﬁnder spin-1/2 quantum antiferromagrfePhotoemission measure-
oped part ot the phase diagram and extend far into the oVef o g o SyCuO,Cl, have recently been performed by

doped region as to reacf =52 K These samples \yelis et al® We found similarities, but also discrepancies,
were crucial to the complete photoemission study fromyith their results. Figure 1 illustrates our photoemission
insulator to overdoped superconductor. The overdopedpectra of the valence-band dispersion ip@rO,Cl, along

Bi ,Sr,CaCyOg.  exhibit a number of properties typical of the (0z) and (7, 7) high-symmetry directions. In both se-

a Fermi liquid: a large, Luttinger-type Fermi surfacéand ries of spectra a broad but still clearly visibtBspersing

a sizableT? term in the in-plane resistivityOn the contrary, quasiparticle peak is observed. Our data in ther) direc-

the underdoped and optimally doped samples exhibit pretion and also along the magnetic Brillouin zone boundary
dominantly linear in¥ resistivity. Susceptibility measure- from (0,7) to (7,0) are consistent with Ref. 9. Namely, we
ments indicated that underdoped samples exhibit broad sieund that the valence-band dispersion has a single maxi-
perconducting transition width€8—10 K), while optimally = mum located nears/2,7/2). The dispersion near the maxi-
doped and overdoped samples exhibit narrow widihs K). mum is quadratic, and the two effective masses, along and
X-ray diffraction indicates no second phase material for unperpendicular to thes, ) direction, are nearly equal. The
derdoped or overdoped samples, with an experimental lowexperimental bandwidth of 300 meV is considerably smaller
limit of 1%. As Ref. 5 recently noted, there is virtually no than that predicted by band-structure calculations. To within
indication of bilayer interaction affecting the band structure,the experimental error, the bandwidth (8.0-2.2J, where

so each Cu@ plane can be taken as approximately indepenJ~0.13 eV is the nearest-neighbor antiferromagnetic ex-
dent. change.
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order in the ground state splits the fermionic dispersion into

;;] ' ..,c;.' C)' RN two subbandgvalence and conduction fermignwith the
B % RECUINS PN dispersiorEC'”=A+.J(coskx+coﬂ<y)2ﬁ__u4t’cos.kxcosky, where
_‘ ) ) ’ J=4t?/U and A=U/2. For comparison with the data, we
p <l need to know the value df. It was estimated in Ref. 11 by
©.1) n comparing the low-energy levels of the underlying three-
PRE! ' & ' ' band model for Cu@ and of the effective one-band model.
2] N, a) ."-""\w b) This comparison yielded’ ~—0.07 eV, i.e.,t’ is negative
i=i N e AN ., and its absolute value is about half &f For thist’, the
= "“‘*"-"...~ N A e valence-band dispersion takes a particularly simple form
e N o~ " . 'fi-ny_qwﬁr..:
oy L o
= A '.'-." R\ Ed=A+J(cogky+cosk,). (1)
> k o - ] * '-- . . . . .
= " o . """-.m'-.-...—“"’:'-. Y Though appealing due to its simplicity, the mean-field
& N e K3 A - SDW dispersion is an approximate one and can only be rig-
f‘é L - . e T -."-h orously justified if one artificially extends the Hubbard
= e e Vg st 3 model to a large number of orbitals at a given site; 2S,
S :_"..,__ Y and considers a limis—.? This corresponds to a large
g '._.m-.-'.'-"" i Ty A "._.". o spin description of a Heisenberg antiferromagnet. For the
g 3_"-'.-....-‘»'-'-'-”"’"-._ *_'-._\_ _',::‘-'-----n-..u-.“,,g.-;z-.--‘h h physical case ofn=1, the fluctuation corrections to the
S | -«.‘-."" Ee 's._'-.:: mean-field quasiparticle dispersion are not small. However,
Q| wTr ;“"" S BT i both numericaf® and analytica® studies have demon-
2 B Nty strated that the dominant effect of fluctuations is to reduce
v: .-\N""‘ -
A | | Ny . I'“*u..____ nearly homogeneously the spectral weight of the coherent
1 ' 0 T ’ 0 ' part of the dispersion, which still holds up td 2and trans-
ndi ( V) form this spectral weight to the incoherent background
Binding energy (e which stretches up to a few In practice, this implies one

can still use Eq(1) for the dispersion, but the excitations
FIG. 1. Photoemission data for SuQ,Cl, along (a) (0,7) and (b) acquire a substantial width. Moreover, the calculations be-
(m,m) directions in the momentum space. The incident photon energy is 2§ ond mean-field have demonstratetf that the near-SDW

eV. The zero of energy corresponds to the top of the valence bandk The form of the electronic dispersion extends well abd'\f(ﬁ up
points for which the data have been collected are shown in the inset. Th{ao temperature3 ~ J

bottom curves are for thke values closest to (0,0)r) quasiparticle peak . .
along (07r) for two different polarizations of light. The peak is observed for We now “S_t the .SpeCIfIC features Of_ the Valence'band
the photon field nearly perpendicular to thesp direction. quasiparticle dispersion of El). They are(i) the maximum

of the valence band dispersion is at/R,#/2); (ii) the dis-

We next consider the (@) direction. Here our data differ Persion near the maximum is quadratic in momentum, and
from those of Ref. 9. Contrary to their findings, we observe dh€ two effective masses in the direction along and perpen-
strong quasiparticle dispersion in this directiffigs. 4a  dicularto (7, ) are equal to each othemn, =m,= 1/2J; (iii)
and 1c)]. The peak of Figs. (B and Xc) was reproducibly ~the quasiparticle energies at (0,0) and=®Dare both equal
observedfive time9 whenever states of even reflection sym- t0 E‘=A+2J; (iv) the width of the valence band isJ2All
metry were probed. We also found that the peak amplitude ifour of these results agree with our data and the data of Ref.
very sensitive to the direction of the photon electric field, and®- o ) .
the peak exists only for fields nearly perpendicular to the The apparent absence of the quasiparticle dispersion
(0,7) direction (¢=/2). The angular variation of the peak along the (Ox) direction, reported in Ref. 9, was the key
intensity is definitely much stronger that egsand, as Fig. difficulty in earlier attempts to apply an SDW formalism to
1(c) illustrates, forg)= /4, the peak intensity is already ex- Sr2CUQ,Cl,. Several groups suggested that in order to find
tremely small. This, we believe, may explain why the peakdgreement with the data of Ref. 9 along thex{Odirection,
has not been observed in Ref. 9 where measurements weg€ has to introduce a substantial third-neighbor hophing.
done with unpolarized light, i.e., one measured the intensityour €xperimental finding of the dispersion in thetp,di-
averaged ovetp. The reason for this strong angular depen-rection yields much better agreement with the simptest
dence is, however, presently not known to us. model[see Fig. 83)].

We now turn to the discussion of these results. At hali- We also find, consistent with Ref. 9, that the quasiparticle
filling, the system is a Heisenberg antiferromagnet, and if€sidue along the , ) direction is much stronger from
possesses a commensurate antiferromagnetic order in t48.0) to (w/2,7/2) than from (/2,w/2) to (m,m). This re-
ground state. In this situation, a quantitative description ofult is again consistent with the SDW calculation that relates
the electronic states is expected to be provided by a largéhe quasiparticle residu€ to the coherence factof§:

U spin-density-wave(SDW) theory which adequately de- 2Z=1- € /[[A%+ (e )%]Y%  where e = —2t(cok,

scribes a Heisenberg antiferromagteThe point of depar- +co%,). Between (0,0) and 1/2,7/2), €, is negative,
ture for the theoretical considerations is the one-band Hubwhile between {/2,7/2) and @r,w) it is positive, which
bard model with the hopping between neard¥tgnd next- obviously yields a difference i, consistent with our ex-
nearest{’) neighbors. The presence of an antiferromagnetigerimental results.
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The bandwidth of aroundRis also consistent with theo- be present due to antiferromagnetism. Similarity between the
retical predictions based on a model that exhibits spin-chargdata for the insulator and 30 K BSr,CaCyOg. , material
separatiort? In fact, the difference between the two sce-then suggests that the latter also possesses electronic states
narios is not that large: in both theories, the electron spectradetween ¢r/2,7/2) and (@r,7) (black triangles in Fig. B
function has a wide {6-8t) featureless incoherent part, This dispersion is in full agreement with the id&a® that
and some dispersion on a scaleJofThe only real difference  ynderdoped cuprates develop the precursors of the SDW
between the two theoretical predictions is for the momentuntate even before the system actually becomes magnetically
range near 4/2,7/2) where the SDW scenario predicts, at grdered.

T=0, a Fermi-liquid dispersion withG(k,w)=Z/[w We caution, however, that the peak betweer2(/2)
—J(k— 7/2)?+iyw?], where Z=J/t and y=1/J, while the
model with spin-charge separation yields a branch cut behav-
ior of G(k,w) with the maximum of the spectral function at (1,0) (0,0 (1,1)
wx|k—1/2|. Experimentally, it is difficult to make a precise '

conclusion about the shape and width of the dispersion right
near (r/2,7/2) in the zero-temperature limit because experi-
ments are done at only one temperature.

We now proceed to the results at finite doping. Figure 2
contains our experimental results for a heavily underdoped fo J =130 meV
cuprate withT, 30 K and a less underdoped cuprate with I t'=-73 meV
T. 60 K. The dispersion relation which emerges from these 04 |
data is shown in Fig. ®) (triangles for 30 K material and ’ ¥
black dots for 60 K materialtogether with the data for the e o
insulator Sp,CuO,Cl, (open circley and optimally doped I ol %
cuprates(dashed ling The zero of energies coincides with
the Fermi energy in the superconductors, and with the top of
the valence band in the oxychloride. Several noteworthy
points emerge directly from the data. First, the data taken I \
along the ¢r,7r) direction are very similar to the data ob-
tained in the insulating SCuG,Cl, [cf. Figs. Xb) and 2a)]. )
In both cases the photoemission intensity has a relatively
sharp maximum between (0,0) and/@,w/2) which ap- FIG. 3. (a) Valence-band quasiparticle energy forSuO,Cl, measured

proaches zero energy and eventually disappeark ap-  from the top of the valence band. Solid line: mean-field SDW result.
proaches /2,7/2). This maximum can naturally be identi- (b) Quasiparticle dispersion as a function of doping. Open circles: the data
fied as a quasiparticle peak. For larger however, the for S,CuO,Cl, triangles, closed circles, and dashed line: the data for
maximum in the intensity reappears and shifts towardgc 30 K. Tc 60 K, and optimally doped BEr,CaCyQg.«, respectively.

high ies as t d Inthe i lati The zero of energies coincides with the Fermi energy in the super-
Igher energies moves towar S#'ﬂ-)' n the insufating conductors, and with the top of the valence band in the oxychloride. The

Sr,CuG,Cl, this second maximum was interpreted by Wells error bars for the data can be extracted directly from the data sets in Figs.
et al. as a second quasiparticle peak which obviously should and 2.
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and (m,w) is rather broad so it is not completely clear Fermi-surface crossing but rather a broad maximum at about
whether it corresponds to a true quasiparticle state or just t@50 meV consistent with the existence of the precursors to
an enhancement of the intensity at the early stages of thghe SDW state. In addition, they also observed a shift of the
development of the SDW precursors. leading edge of the photoemission curve to some finite fre-
Further, we found that the overall width of the dispersionquency of~25 meV. Our 60 K material, as we said, shows
gradually increases with doping, and the electronic states olmo SDW features along either the ), or (7, ) direction.
served above 4/2,7/2) for 30 K superconductors are no Most likely, our 60 K material is actually more doped than
longer observed for less underdoped 60 K superconductotéie one studied by Stanford and Argonne groups.
and for optimally doped material. This is consistent with the  Another issue which we studied in detail is the quasipar-
model calculations of Ref. 15 which show that the electronicicle dispersion near (&;). It has been reported by a number
states between#/2,7/2) and (r,) lose their spectral of group$? that at optimal doping, the dispersion around
weight and eventually disappear with increased doping. Si¢0,7) is anomalously flat. Since the ¢8), point is close to
multaneously, the overall width of the electronic dispersionthe Fermi surface, this anomalous dispersion was identified
increases from 2~0.3 eV to roughly~4t=1 eV which is  as an extended van Hove singularity. It has been argued that
the half bandwidth for noninteracting quasiparticles. this flat dispersion is the necessary ingredient for supercon-
We also found that the Fermi surface at optimally dopedductivity in cuprates. However, our results for a 60 K super-
Bi,Sr,CaCyOg,  is located (for k,=k,) slightly further  conductor show no evidence for the flat dispersisee Fig.
away from (@r/2,7/2) than in underdoped samples. This is 3). We therefore believe that an extended van Hove singu-
consistent with the recent data by Marstetlial'® However, larity by itself is not a necessary ingredient for a high tran-
even at optimal doping, the Fermi surface is still located verysition temperature, though it may give rise to an extra in-
close to @r/2,7/2). Combining this result with our earlier crease inl,.
data which show that the Fermi surface crosses the Brillouin In summary, our results indicate that the electronic band
zone boundary near () and symmetry related points, we structure of a CuQ plane gradually changes upon doping
conclude that even at optimal doping, a substantial portion ofrom a semiconductorlike structure in a SDW insulator to a
the quasiparticle Fermi surface is located close to the magrormal, Fermi-liquid-like metallic structure at optimal dop-
netic Brillouin zone boundary. This proximity is essential for ing. We have presented extensive evidence for precursors of
theoretical considerations as, e.g., it is a key ingredient fothe SDW state persisting in the underdoped cuprates. This
the calculations which yield linear ifi in-plane resistivity in  evidence is particularly strong along ther,Gr) direction.
a nearly antiferromagnetic Fermi-liquid mod®l. We also found that an extended van Hove singularity, by
We now turn to dispersion along the ¢, direction. Here itself, is not a necessary condition for a high value.
the evidence in favor of precursors of the SDW state is less We thank C. Beeli and L. Forro for providing their TEM
clear: for a 30 K superconductor, we do not have conclusivend oxychloride resistivity data, respectively, prior to publi-
data at the moment. For a less underdoped 60 K supercogation. We gratefully acknowledge stimulating conversations
ductor we observed a broad quasiparticle peak which diswith E. Dagotto, F. Del Dongo, and D. Morr. Measurements
perses through the Fermi surface nearm)O(see Fig. 2  were performed at the SRC, University of Wisconsin, which
This behavior is similar to the one observed in optimallyis supported by the NSF under Grant No. DMR-95-31009.
doped superconductors, though the width of the peak iThe friendly support of the SRC staff was greatly appreci-
larger for 60 K material than for optimally doped material ated. This work was supported by the NSF through the Wis-
(230£20 meV compared to 172515 meV for 90 K mate- consin MRG in high-temperature superconductivity, by NSF
rial). The dispersion along the (®) direction has been re- Grant No. DMR-9629839, by NSF Grant No. DMR-
cently studied by Stanford and Argonne grodp&: For op- 9629839, and the A.P. Sloan Foundatioh.C.), by the
timally doped superconductors, our data and their data areonds National Suisse de la Recherche Scientifique, and by
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