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Alternative pseudogap scenario: Spectroscopic analogies between underdoped
and disordered BiLSr,CaCu,Og..
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Disorder has a strong influence on the spectral properties of §8,BiaCyOg, , high-T, superconductor,

both in the normal and in the superconducting state. High-resolution photoemission reveals a progressive
quasiparticle suppression with increasing disorder in electron-irradiated optimally doped single crystals. The
spectral line shapes of the disordered samples show striking analogies with those of underdoped samples
specifically the widely discussed pseudogap at the chemical potential. Disorder provides therefore an alterna-
tive mechanism for spectral weight suppression near the Fermi surface, possibly coexisting and competing with
other mechanisms. Since doping unavoidably introduces disorder, these results require a reconsideration of the
relative importance of intrinsic effects vs disorder in high temperature superconductivity.

Superconductivity in the cuprates is remarkably sensitivéransition at low doping®~?Zn substitution in underdoped
to stoichiometry and the density of carriers,The highest YBa,Cu;0;_, and Lg_,Sr,CuQ,, as well as electron irra-
transition temperatur€, identifies an optimum doping level, diation in YBgCu;0O;_, and ThBa,CuG; ., ,, reduceT and
Nopt, Which separates overdoped (@D3n,,) and under- eventually force a transition to an insulating stet!
doped (UDnp<n,y,) regions of the phase diagram. For OD Magnetotransport  in  insulating and  underdoped
samples, botf. and the superconductin®C) gapAgcde-  Bi,SrCa _,Pr,Cu,0g. , indicate the localization of carriers
crease ad increases; for UD samples, lowers give a  nearE.'° These findings are quite relevant because doping
smaller T, but a largerAgc, reflecting a stronger pairing. in high-T; cuprates is obtained either by cation substitution
UD and OD samples are also different in the normal stateor by varying the oxygen concentration—and both proce-
OD cuprates exhibit a metallike Fermi surface in angle-dures introduce disorder. We identified the characteristic
resolved photoemissiofARPES, and well-defined quasi- ARPES spectral signatures of disorder by investigating irra-
particle peaks. For UD samples the quasiparticle features adiated optimally doped Bi-2212.
strongly suppressed indicating strong correlations, and there The Bi-2212 single crystals were heat-treated in gn O
is evidencé for a normal-state pseudogapp*, for T.<T  atmosphere, to obtain an identical oxygen stoichiometry and
<T*. Various experiments and theoretical models suggest &, of 90 K. Overdoped samples went through an additional
relation between pseudogap and superconductiviyWe  annealing at 4 kbar Opressure, resulting i, values be-
show, however, that the peculiar UD spectral signatures areveen 57 and 62 K. Underdoping was performed by substi-
also present in optimally doped samples, for whithis  tuting divalent Ca by trivalent Pr. The details of the electron
reduced by controlled disorder. This surprising result redrradiation of optimally-doped Bi-2212 were described
quires a careful reassessment of the role of disorder in thelsewheré. The resulting defect concentrations in the GuO
cuprates. planes were in the ICG dpa (displacements per atom

Superconductors with anisotropic pairing symmetry likerange. By varying the irradiation fluences we obtaiffets
the highT. cuprates are particularly sensitive to disorder.of 82, 72, and 62 K. ARPES experiments were performed by
Even non-magnetic impurities, which have negligible effectsa Scienta electrostatic hemispherical analyzer with an energy
in conventional superconductors, act as strong pair breakeeid momentum  resolution AE=10 meV and Ak
and rapidly suppress superconductivity if the order parameter0.04 A1, The samples were oriented by Laue x-ray dif-
has nodes. This was confirmed by recent results on disofraction, then transferred into the UHV system and cleaved
dered BiSLCaCuyOg., (Bi-2212.5 High-resolution in situ at a base pressure better thax 10 1° torr. The SC
ARPES spectra reveal a residual density of states in the S&tate measurements were performed at 25 K and the normal
gap, induced by the pair-breaking evefits. state data were taken at=1.1-1.4T .

Disorder can also affect the normal state. In UD cuprates, Figure 1 shows the resistivity curves for different doping
due to the reduced carrier concentration and strong twolevels from highly OD T.=62 K) to nearly optimally
dimensional character, defects may even lead to localizatiomloped [.=90 K) and to UD [.=84, 75, and 56 K The
Various experiments suggest a superconductor-insulataesistivity increases with decreasing carrier concentration.
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FIG. 1. Resistivity vs temperature; left: for different carrier con- T _56K ~ To62K v
centration§ T.=62 K (OD), 90 K (optimal doping, and 84, 75, 56 e o |
K (UD)]; right: for the pristine T.,=90 K) and irradiated T, L pr -—
=82, 72, and 62 Koptimally doped samples. UD samples were 25 meV \ \‘
obtained by substituting divalent Ca with trivalent Pr, and OD ‘\“3‘.,. \“‘
samples by annealing in a 4 kbar oxygen atmosphere. The disorder- 0l2 5 0|2 5
inducing electron irradiation of optimally-doped Bi-2212 was de- Biling eneray (V)

scribed in Ref. 6, and produced defect concentrations in the,CuO

. 3 .
planes in the 10" dpa (displacements per atgmange. FIG. 2. Doping (left) and disorder(right) dependence of the

ARPES spectra for samples of Fig. 1. The spectra were taken at the
The temperature dependence is approximately linear at optRermi surface crossing along thé-Y direction, where thel-wave
mum doping, and exhibits the usukhape anomalies in the gap is maximum, in the normal state, &77 K (T.=56, 75 K
UD regime. The extrapolation of the highresistivity toT ~ o T=94 K (T;=62, 72, 82, 90 K Dashed line: spectrum of op-
=0 K yields residual resistivity values which grow with timally doped T.=90 K), pristine Bi-2212.
underdoping. Figure 1 also illustrates the data for the
electron-irradiated sampl&sAll curves exhibit a linear de- tral onset neaEg. This reflects normal carriers induced by
pendence with similar slope, indicating that irradiation didPairbreaking scattering on defects, in agreement with theo-
not modify the carrier concentration, as required to distinetical models of resonant scattering in disordered
guish the effects of disorder from those of doping. superconductorSA similar spectral feature was recently re-

The ARPES spectra of Fig. 2 illustrate the effects of dopPorted  for ~ scanning  tunneling ~measurements  of
ing and disorder in the normal state. As decreases, one Bi-221211%% _ _ _
sees a progressive reduction of the coherent spectral weight The data reveal strong analogies between doping and dis-
nearE indicating a pseudogay’® This is true for both UD order:(i) the appearance of a pseudogép;the suppression
and irradiated samples. The suppression of the quasiparticRf quasiparticles in the normal statéi) the reduction of the
peaks does not eliminate the Fermi surface crossing alongPndensate peak in the SC state. The main difference is the
I'Y (not shown. Following the standard practiewe de-  invariance of the SC pee}k energy in the irradiated crystals,
rived the pseudogap magnitude from the midpoint of the'eflecting a constgnt carrier concentranon._The experimental
spectral leading edge. There is a striking similarity betweerfacts are summarized in Fig. 4. For both disordered and un-
the two sets of data, with the pseudogap size tracking théerdoped samples, the pseudogap Aiz¢Fig. 4a)] exhibits
decrease oT,. a similar monotonic increase as decreases. Thg; depen-

The SC-phase ARPES line shape also strongly varies witdence of the SC gapscis illustrated in Fig. 4b). The gap
T.. Figure 3 shows the dependence on doping, from strongl§ize was estimated from the binding energy of the conden-
OD (T.=57 K), to strongly UD T.=56 K) Bi-2212. All sate peak, the procedure which yields the best agreement
spectra were measured near tflepoint where the SC gap
size is maximum. The SC condensate peak, which tracks thi
low-energy scaleAgq, is largest for the most overdoped
sample and it decreases with decreasing doping. It also pra;
gressively moves away frorkg, reflecting an increasing
pairing strength.

The two extreme spectra of Fig(a3 are compared in Fig.
3(b) with a silver reference measured at the same temper
ture. The leading edge of the 57 (OD) spectrum is resolu-
tion limited. By contrast, in the UD sample it is much
broader, and extends into the gap all the wa¥fa Figure
3(c) shows that the SC condensate peak is also progressively F|G. 3. Evolution of the superconducting state spectra with dop-
reduced by disordét.Nevertheless, the peak position re- ing (a) and disorderc); (b) the OD(57 K) and UD(56 K) spectra,
mains constant indicating a constant pairing strength. At th@ormalized to the peak intensity to enhance line shape differences,
higher irradiation doses, a weak feature appears at the spesare compared to an Ag metal reference.
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FIG. 4. Pseudogafa) and superconducting gdp) values vsT
for underdoped and disordered samples.

with tunneling measurements. In the irradiated samplgs
is nearly constant, as suggested by the raw spectra of Fi

The crucial question is: do the spectral features of UD antg
disordered samples have the same origin? Impurities act 3

resonant scatterers in the cupraté%*®and it is known that
resonant scattering can induce a pseudogag at° By con-
trast, in complementary experiments we found that electro

irradiation of a normal metal reduces the quasiparticle peak[s
but does not open a pseudogap. As to the SC state, the m

mentum dependence dAfsc in strongly UD samples deviates
from pure d-wave behavior near the nodés as predicted
for disordered sampldslirty d-wave scenarip® Also consis-
tent with the dirtyd-wave scenario is the fact that the leading
edge of the UD samples extends uBp reflecting states in
the gap as in disordered samples.
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All this does suggest that disorder contributes to the re-
duction of the critical temperature frofit* to T, in the UD
cuprates. The effects of disorder become stronger away from
optimal doping. An irradiation defect density10 2 dpa in
the CuQ planes reduced, by 30% for optimal doping,
whereas underdoping at the levels considered here involves a
density of substitutional impurities at least 10 times larger.
These impurities are probably not as effective as the in-plane
defects produced by irradiation, but they do yield a higher
residual resistivityFig. 1). Moreover, the low carrier density
and the two-dimensional character reduce the screening of
the impurity potential, thus making strongly UD materials
more sensitive to defecfs.

In summary, the spectral properties of optimally doped
irradiated Bi-2212 are markedly similar to those of under-
%‘oped samples. Our results show that disorder can signifi-
cantly contribute to the spectral properties in the UD regime
nd this cannot be ignored when analyzing the pseudogap
nd its role in highf. superconductivity. More generally,
jur data show that defect-induced pair breaking could play a
significant but so far neglected role in the reduction of the
critical temperature froniT* to T. in the UD regime. It
Would be extremely interesting to perform a further quanti-
ative evaluation of this effect in epitaxial thin films, where
fhe carrier density can be tuned electrically, without intro-
ducing structural defects.
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