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Angle-resolved photoemission studies onGIO,Cl, at a temperature below its Néel temperature
reveal detailed momentum dependent line shape changes as a function of wave vector. While a sharp
quasiparticlelike peak is observed neai/2, 7w /2), broad peaks are observed neat,§). Additional
second and third neighbor hopping terms must be added to-fhdamiltonian to account for both the
dispersion and the line shape. It is found that this Hamiltonian can be used to explain the measured
momentum dependent spectral function for hole-doped materials, both underdoped and overdoped, as
well as electron-doped materials. [S0031-9007(98)06100-6]

PACS numbers: 71.27.+a, 78.20.Bh, 79.60.Bm, 79.60.—i

The copper oxides are unusual in that the undoped madoping may provide clues about the pairing mechanism as
terials are antiferromagnetic insulators, but doping conwell as the dependence of the electronic structure on hole
verts them into high¥. superconductors. Knowledge of concentration.
the electronic structure is a critical first step toward a mi- Before addressing the superconductor, one must first
croscopic understanding of this fascinating behavior, andlarify how the line shape evolves within the undoped
angle-resolved photoemission spectroscopy (ARPES) exnaterial. To do this, one needs measurements of the pro-
periments [1], together with band structure calculationgotype material SICuG,Cl, at low enough temperature
[2] and numerical simulations based on many-body modthat detailed line shape information can be obtained. Pre-
els [3], have been one of the primary sources of thissious measurements have been limited'to> 300 K be-
knowledge. cause of electrostatic charge accumulation on the sample.

Recent ARPES experiments on insulating@ro,Cl,  We have overcome this problem [15], allowing measure-
[4,5] have stimulated a number of theoretical studies ofments at 150 K that reveal better resolved line shapes.
a single hole in an antiferromagnetic background [6—12]We find that the spectrum nea#r (2, 7 /2) consists of
These show that theJ model ¢ andJ are the nearest- a single relatively sharp peak, while the spectra along
neighbor hopping matrix element and antiferromagnetid’-(7r,0) are very broad and consist of at least two peaks
exchange, respectively) can quantitatively explain the obseparated by about 0.4 eV.
served dispersion of the energykEfrom k = (0,0) to In order to interpret these new results we have per-
(7, 7) with a total bandwidth of abou2.2J. However, formed exact diagonalization studies using both the
the model does not explain the data nka#= (7,0); the  and thez-t’-t’-J models. The latter gives a much bet-
nearest-neighbor-J model predicts that the energies atter account of the data than the former, yielding a sharp
(7,0) and @r/2,7/2) are very similar, but the experi- peak at ¢/2, w/2) and a very broad structure neat, ().
mental energy at#, 0) is higher than that at#/2,7/2)  Encouraged by this, we have performed further numerical
by about2/. This discrepancy has led to intense theoretistudies to determine the doping dependence predicted by
cal activity [6—13], and recent work shows that it may bethe ¢-t’-t”-J model. The model satisfactorily describes
resolved by introducing hopping to second and third nearthe observed sharpening of the peak &t ) with in-
est neighbors, that is, by using-a’-t""-J model [7-12]. creased doping, and can also explain the difference in the

While the dispersion of the lowest energy ARPESspectra nears,0) of the hole- and electron-doped super-
peak helps to characterize the holes, the doping andonductors. These new findings show tiiaand ” are
momentum dependences of the ARPES line shape alsssential not only for the doping dependent dispersion of
contain important information. For example, the spectrathe lowest energy peak [11], but also for the systematic
shape at £,0) rapidly changes from a broad edgelike evolution of the spectral line shape.
feature for underdoped samples to a sharp peak for Experiments were performed at beam line V of the
overdoped samples, even though thg difference is Stanford Synchrotron Radiation Laboratory.,GuG,Cl,
not very large [14]; this rapid change of the line shapesingle crystals [16], which were oriented prior to the
is correlated with the size of the superconducting gapexperiments were cleaved situ. The base pressure was
Hence, an understanding of the line shape evolution wittetter than5 X 10~!! torr. With 22.4 eV photons, the
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total energy resolution was typically 70 meV, and thepredicted at this energy [3]. The tick marks in Fig. 1
angular resolution was=*1°. The spectra from indicate the centroids of the two features, determined by
SrnLCuG,Cl, reported here were all taken at 150 K fitting the spectra with a function that accounts for the
and within 6 hours after the initial cleave. instrumental resolution and lifetime broadening.
Figure 1 shows ARPES data taken at 150 K, well The spectral weight has its maximum on an arc con-
below the Néel temperature of 256 K [4]. The numbernecting the(w /2, w/2) and (277 /3,0) points. Panel (c)
on each spectrum shows tlkeposition in units ofw/a  shows the spectra taken along this “maximum” cut. The
wherea = 3.967 A at 300 K is the Cu-O-Cu bond length. 0.4 eV feature is suppressediais varied from 2 /3, 0)
Panel (a) shows a cut along the(7, 77) direction. Along to (77/2, 7 /2), eventually leaving only the flat background
this direction the low energy peak, which we refer to asmentioned above. The total dispersion along the maximum
the quasiparticle peak, moves by about 0.3 eV towardut is about 0.3 eV, while that along the(#, 0) cut is less
the low excitation energy side, reaches its minimum athan 0.1 eV. The separation between the primary peak and
(/2,7 /2), and then folds back with a rapid reduction the shoulder remains approximately constant.
of the intensity. This behavior is the same as that Figure 2 compares the spectra for,GuG;Cl, with
reported earlier [4]. However, compared to the earliethose of BiS»,CaCuyOg+s and Nd gsCe15CuQ, (from
measurements the peaks near/Z, 7w /2) are relatively King et al.[17]). We show the SICuG,Cl, spectra
sharp, reminiscent of those resulting from quasiparticlesat (7 /2, 7/2), (7/2,0), and 6r,0) in Fig. 2(a). Ask
on top of a flat “background” on the higher energy side. changes from(w /2, w/2) to (7/2,0), the spectra show
The spectra along thE-(7,0) cut at 150 K, in panel not only that the quasiparticle peak moves toward higher
(b), show strong peaklike features, whereas the spectexcitation energy as reported earlier [4], but also that the
at 350 K are much broader. However, the dispersionelative intensity of the shoulder grows. At ther,0)
is similar to that reported earlier. The spectral weightpoint the quasiparticle peak is strongly suppressed. This
has its maximum at around2w/3,0), and ask is evolution of the line shape is similar to that of underdoped
increased further towardn(, 0), the low energy features Bi,S,CaCuyOg.s as shown in Fig. 2(b). The peak at
are suppressed. Notice that the peaks along this cthe I'-(7, 7) Fermi crossing is sharp while the peak at
show a shoulder at about 0.4 eV below the primary peak(s,0) is broad and suppressed. In the overdoped sample
This is most obvious in the spectrum at(2,0). Itis [Fig. 2(c)], the peak at#,0) moves closer to the Fermi
interesting to note that string resonance states have beenergy and becomes sharp with increased intensity while
the line shape on th&-(7, 7r) cut remains more or less
the same as in the underdoped sample.
L@ mmot (0) mo)out __(c) Maximum cut Summarizing the results, upon hole doping from the in-
v =224V ol v =224ev =224y A sulator to the overdoped superconductor, the quasiparticle
peak at ¢, 0) (i) moves toward the Fermi energy, (ii) be-
comes sharper, and (iii) increases in intensity. In con-
trast, doping has relatively little effect on the peak near
(7/2,7/2). The data for NggsCe15CuQ, in Fig. 2(d)
show that the electron-doped material is different. The
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FIG. 1. ARPES data for $€uO,Cl, at 150 K. Spectral | |
intensities within a panel are correct relative to one another, b f ™ % | b VT
not between panels. (a) The spectra taken alond e, 7) 1.0 0.0 0.4 02 00 04 0.2 000.8 04 0.0
direction (see inset). The number on each spectrum represer Binding Energy (eV)

the momentum in units ofr/a wherea is the Cu-O-Cu bond

length. (b) Spectra taken along th&(7,0) direction. The FIG. 2. Comparison of spectra of (a),8u0,Cl, at (7,0),
spectral intensity is highest on an arc connecting'2, 7/2) (7/2,0), and ¢r/2,7/2) with those at 4,0) and at the
and (277/3,0). (c) Spectra taken on this maximum cut. The I'-(7, 7) Fermi crossing (see inset) for (b) underdoped and (c)
tick marks in panels (b) and (c) are guides to the eye for theoverdoped BiSrL,CaCu,Og. 5, and (d) Nd gsCe) ;sCuQ, (from
centroids of the features. The positions are determined by curviRef. [17]). The data acquisition temperatures are shown in the
fitting. figure.
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peak at {r, 0) is at a considerably higher excitation energyresponsible for the suppression of the quasiparticle weight
than that for the hole-doped materials. The experimentabbserved experimentally.
resolution is not high enough to reveal details of the line One can understand this as follows: For the cho-
shape. sen values oft’ and " the energy of the Néel state
We next present an interpretation of these resultsvith a hole, | W) is relatively large fork = (,0),
based on exact diagonalization studies. We focus on theeducing the one-hole-Néel-state character of the final
evolution of the global features which are not affected bystate associated with the quasiparticle peak. Since the
the finite cluster size used in these studies. In Fig. 3, wénitial state is antiferromagnetically ordered, the photoe-
compare the results using the/ and r-¢/-t”-J models mission spectral weight is expected to be proportional
for various levels of hole doping. Parameter values aréo the one-hole-Néel-state character of the final state,
settobe = 035 eV, = —0.12 eV, " = 008 eV,and  (|(flcks|i)? = [{flcke|AF)? ~ [(FIPREY?). The ver-
J =0.14 eV. These parameters describe the measureiical bars in Fig. 3(b) denote the calculated weight of
dispersion relation in 3€uG,Cl, adequately and are |wRe!y in the eigenstate corresponding to the quasipar-
consistent with other calculations and measurementsicle. Note that the bar heights are roughly proportional
In particular, the ratior’/t is consistent with recent to the weight of the quasiparticle peak resulting from the
measurements that give the ratio of second to firstull ¢-¢’-¢"-J model calculation. The fact that the feature
neighbor exchangd’/J ~ (¢'/t)> ~ 0.1 [18]. On the at (7,0) in the ¢-+/-t"-J calculation is weaker than the
one hand, comparing the results from the calculation focorresponding one in theJ calculation means that for
the insulator in Fig. 3(a) with the experimental data ina hole withk = (7r,0) the interplay of:’ and " with ¢
Fig. 2(a), one sees that the/ model can explain neither andJ causes a further weakening of the antiferromagnetic
the line shape nor the dispersion of the experimentaspin correlations.
data neaf7,0). On the other hand, thet'-¢"-J model Figures 3(c) and 3(d) show thet'-t""-J results on
reproduces the experimental evolution of the quasiparticlthe doping dependence of the spectral function for a
peak. In particular, one sees from Fig. 3(b) thakais /20 X +/20-site cluster, using the samé and ¢ val-
varied from (s /2, w/2) to (#,0), the quasiparticle peak ues as for SICuO,Cl,. This is justified since band
moves toward higher excitation energy and is stronglycalculations show similar Fermi surface topologies for
suppressed. Also note that the relative intensity of thé&srn,CuO,Cl, [19] and B Sr,CaCuyOg [20]. Here we fo-
second (higher energy) feature increases. Since-the cus on the global evolution of the spectral function, which
model gives a larger quasiparticle weight at, Q) than is possible even with the limited momenta available in the
the t-t'-t""-J model, it appears that thé and:” terms are  small cluster. The spectrum at (5,37 /5) can be com-
pared [11,21] with the experimental data at the paint
for the underdoped case in Fig. 2(b). We see that the the-

(.)a.o(f".’l,t o2 P .'[‘t't.)" (‘.: ;.‘:.1“."',6 doping __ .Efit?;.'z‘.’o.p".'g oretical peak at#/5,3/5) is sharp while the spectrum
a) o=0(Insulator, =0(insulator] c) o=0. e) 0=0. .
woss oy |t-038 (underdoped] t=-0.35 | at (7,0) is broad. Até = 0.3, the peak at£/5,37/5)
=U. e _ N\ = . .
s0idev Vo003 t=-0.08 | moves above the Fermi energy. Fdbr= 0.3 the peak at
J=10.14
J=0.14 =0.14 |
|

(27r/5,7/5) is again sharp as in th& = 0.1 case. On
the other hand, the spectrum(at, 0) shows a significant
doping dependence, with a sharp feature at the lowest ex-
(1,0) %nm | ' citation energy with increased spectral weight compared
T m L ; RS to 6 = 0.1. This behavior is consistent with the experi-
0.8 0.4 0.0 080400 080400 080400 080400 mental data in Fig. 2. We note that the intensity near the
Binding Energy (eV) Fermi level increases with because the spectral weight,
FIG. 3. Single particle spectral functions off and¢-¢'-1"-J. which was concentrated at a_high energy for the undoped
Calculations are performed on the 16- and 20-site clusters fof@S€, moves to lower energies @sncreases. We also
the insulating and dopes cases, respectively. FHanctions note that the position of the suppressed quasiparticle peak
are convolved with a Lorentzian broadening of 0.10 eV. Theat (7, 0) shifts to near the Fermi level with doping, as pre-
parameters used in the calculation are shown in the ﬁgureviously shown by Edeet al. [11].

The binding energy is measured from the energy of the first : :

ionization gtate igythe photoemission process.gy(a?) and The gr_eat breadth of the quaS|part|C|e peak7at0) for .
(b) t-1'-t"-J results on half filing. The vertical bars in (b) & = 0.11s _Caused by the reduction of th? quasiparticle
denote the calculated weight 0Ly, ARPES data aw  Weight, which may come from two alternative but related
and (7,0) from under- and overdoped B8,CaCu,0s+5 can  sources: there could be larger phase space for decay of
be compared with the single particle spectral functions (c) aguasiparticles because of strong coupling of the photo hole
(m/5,3m/5) and (,0) for 6 = 0.1, and (d) at@@/5,7/5) 15 collective magnetic excitations neqr= (, 7) [22].

and(w,0) for § = 0.3. The quasiparticle peak &t /5,37 /5) . : . :
for 6 = 0.3 appears above the Fermi level, i.e., in the inverseThe Fermi surface topology is changed by the inclusion of

photoemission process. (e) Numerical resulis= 0.2) on ¢ and:” [23] in a way that enhances this coupling. Al-
electron doping. ternatively, the same mechanism of the coupling between
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