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Alternative pseudogap scenario: Spectroscopic analogies between underdoped
and disordered Bi2Sr2CaCu2O8¿x
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Disorder has a strong influence on the spectral properties of the Bi2Sr2CaCu2O81x high-Tc 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.
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Superconductivity in the cuprates is remarkably sensi
to stoichiometry and the density of carriers,n. The highest
transition temperatureTc identifies an optimum doping leve
nopt, which separates overdoped (OD,n.nopt) and under-
doped (UD,n,nopt) regions of the phase diagram. For O
samples, bothTc and the superconducting~SC! gapDSC de-
crease asn increases; for UD samples, lowern’s give a
smaller Tc but a largerDSC, reflecting a stronger pairing
UD and OD samples are also different in the normal sta
OD cuprates exhibit a metallike Fermi surface in ang
resolved photoemission~ARPES!, and well-defined quasi
particle peaks. For UD samples the quasiparticle features
strongly suppressed indicating strong correlations, and th
is evidence1 for a normal-state pseudogap,D* , for Tc,T
,T* . Various experiments and theoretical models sugge
relation between pseudogap and superconductivity.2–5 We
show, however, that the peculiar UD spectral signatures
also present in optimally doped samples, for whichTc is
reduced by controlled disorder. This surprising result
quires a careful reassessment of the role of disorder in
cuprates.

Superconductors with anisotropic pairing symmetry li
the high-Tc cuprates are particularly sensitive to disord
Even non-magnetic impurities, which have negligible effe
in conventional superconductors, act as strong pair brea
and rapidly suppress superconductivity if the order param
has nodes. This was confirmed by recent results on di
dered Bi2Sr2CaCu2O81x ~Bi-2212!.6 High-resolution
ARPES spectra reveal a residual density of states in the
gap, induced by the pair-breaking events.7–9

Disorder can also affect the normal state. In UD cupra
due to the reduced carrier concentration and strong t
dimensional character, defects may even lead to localiza
Various experiments suggest a superconductor-insul
PRB 610163-1829/2000/61~17!/11248~3!/$15.00
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transition at low doping.10–12 Zn substitution in underdoped
YBa2Cu3O72y and La22xSrxCuO4, as well as electron irra-
diation in YBa2Cu3O72y and Tl2Ba2CuO61x , reduceTc and
eventually force a transition to an insulating state.13,14

Magnetotransport in insulating and underdop
Bi2Sr2Ca12zPrzCu2O81x indicate the localization of carrier
nearEF .15 These findings are quite relevant because dop
in high-Tc cuprates is obtained either by cation substituti
or by varying the oxygen concentration—and both pro
dures introduce disorder. We identified the characteri
ARPES spectral signatures of disorder by investigating ir
diated optimally doped Bi-2212.

The Bi-2212 single crystals were heat-treated in an2
atmosphere, to obtain an identical oxygen stoichiometry
Tc of 90 K. Overdoped samples went through an additio
annealing at 4 kbar O2 pressure, resulting inTc values be-
tween 57 and 62 K. Underdoping was performed by sub
tuting divalent Ca by trivalent Pr. The details of the electr
irradiation of optimally-doped Bi-2212 were describe
elsewhere.6 The resulting defect concentrations in the CuO2
planes were in the 1023 dpa ~displacements per atom!
range. By varying the irradiation fluences we obtainedTc’s
of 82, 72, and 62 K. ARPES experiments were performed
a Scienta electrostatic hemispherical analyzer with an ene
and momentum resolution DE510 meV and Dk
50.04 Å21. The samples were oriented by Laue x-ray d
fraction, then transferred into the UHV system and cleav
in situ at a base pressure better than 1310210 torr. The SC
state measurements were performed at 25 K and the no
state data were taken atT51.1-1.4Tc .

Figure 1 shows the resistivity curves for different dopi
levels from highly OD (Tc562 K) to nearly optimally
doped (Tc590 K) and to UD (Tc584, 75, and 56 K!. The
resistivity increases with decreasing carrier concentrat
11 248 ©2000 The American Physical Society
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The temperature dependence is approximately linear at o
mum doping, and exhibits the usualS-shape anomalies in th
UD regime. The extrapolation of the high-T resistivity toT
50 K yields residual resistivity values which grow wit
underdoping. Figure 1 also illustrates the data for
electron-irradiated samples.6 All curves exhibit a linear de-
pendence with similar slope, indicating that irradiation d
not modify the carrier concentration, as required to dist
guish the effects of disorder from those of doping.

The ARPES spectra of Fig. 2 illustrate the effects of do
ing and disorder in the normal state. AsTc decreases, one
sees a progressive reduction of the coherent spectral we
nearEF indicating a pseudogap.1,3 This is true for both UD
and irradiated samples. The suppression of the quasipar
peaks does not eliminate the Fermi surface crossing a
GY ~not shown!. Following the standard practice,1 we de-
rived the pseudogap magnitude from the midpoint of
spectral leading edge. There is a striking similarity betwe
the two sets of data, with the pseudogap size tracking
decrease ofTc .

The SC-phase ARPES line shape also strongly varies
Tc . Figure 3 shows the dependence on doping, from stron
OD (Tc557 K), to strongly UD (Tc556 K) Bi-2212. All
spectra were measured near theM point where the SC gap
size is maximum. The SC condensate peak, which tracks
low-energy scaleDSC, is largest for the most overdope
sample and it decreases with decreasing doping. It also
gressively moves away fromEF , reflecting an increasing
pairing strength.

The two extreme spectra of Fig. 3~a! are compared in Fig
3~b! with a silver reference measured at the same temp
ture. The leading edge of the 57 K~OD! spectrum is resolu-
tion limited. By contrast, in the UD sample it is muc
broader, and extends into the gap all the way toEF . Figure
3~c! shows that the SC condensate peak is also progress
reduced by disorder.6 Nevertheless, the peak position r
mains constant indicating a constant pairing strength. At
higher irradiation doses, a weak feature appears at the s

FIG. 1. Resistivity vs temperature; left: for different carrier co
centrations@Tc562 K ~OD!, 90 K ~optimal doping!, and 84, 75, 56
K ~UD!#; right: for the pristine (Tc590 K) and irradiated (Tc

582, 72, and 62 K! optimally doped samples. UD samples we
obtained by substituting divalent Ca with trivalent Pr, and O
samples by annealing in a 4 kbar oxygen atmosphere. The diso
inducing electron irradiation of optimally-doped Bi-2212 was d
scribed in Ref. 6, and produced defect concentrations in the C2

planes in the 1023 dpa ~displacements per atom! range.
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tral onset nearEF . This reflects normal carriers induced b
pairbreaking scattering on defects, in agreement with th
retical models of resonant scattering in disorder
superconductors.9 A similar spectral feature was recently re
ported for scanning tunneling measurements
Bi-22121.16,17

The data reveal strong analogies between doping and
order:~i! the appearance of a pseudogap;~ii ! the suppression
of quasiparticles in the normal state;~iii ! the reduction of the
condensate peak in the SC state. The main difference is
invariance of the SC peak energy in the irradiated cryst
reflecting a constant carrier concentration. The experime
facts are summarized in Fig. 4. For both disordered and
derdoped samples, the pseudogap sizeD* @Fig. 4~a!# exhibits
a similar monotonic increase asTc decreases. TheTc depen-
dence of the SC gapDSC is illustrated in Fig. 4~b!. The gap
size was estimated from the binding energy of the cond
sate peak, the procedure which yields the best agreem

er-
-

FIG. 2. Doping ~left! and disorder~right! dependence of the
ARPES spectra for samples of Fig. 1. The spectra were taken a
Fermi surface crossing along theM -Y direction, where thed-wave
gap is maximum, in the normal state, atT577 K (Tc556, 75 K!
or T594 K (Tc562, 72, 82, 90 K!. Dashed line: spectrum of op
timally doped (Tc590 K), pristine Bi-2212.

FIG. 3. Evolution of the superconducting state spectra with d
ing ~a! and disorder~c!; ~b! the OD~57 K! and UD~56 K! spectra,
normalized to the peak intensity to enhance line shape differen
are compared to an Ag metal reference.
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with tunneling measurements. In the irradiated samplesDSC
is nearly constant, as suggested by the raw spectra of
3~c!. For nonirradiated samples,DSC increases with under
doping.

The crucial question is: do the spectral features of UD a
disordered samples have the same origin? Impurities ac
resonant scatterers in the cuprates,9,18,19and it is known that
resonant scattering can induce a pseudogap atEF .20 By con-
trast, in complementary experiments we found that elect
irradiation of a normal metal reduces the quasiparticle pe
but does not open a pseudogap. As to the SC state, the
mentum dependence ofDSC in strongly UD samples deviate
from pure d-wave behavior near the nodes1,21 as predicted
for disordered samples~dirty d-wave scenario!.9 Also consis-
tent with the dirtyd-wave scenario is the fact that the leadi
edge of the UD samples extends up toEF reflecting states in
the gap as in disordered samples.

FIG. 4. Pseudogap~a! and superconducting gap~b! values vsTc

for underdoped and disordered samples.
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All this does suggest that disorder contributes to the
duction of the critical temperature fromT* to Tc in the UD
cuprates. The effects of disorder become stronger away f
optimal doping. An irradiation defect density;1023 dpa in
the CuO2 planes reducesTc by 30% for optimal doping,
whereas underdoping at the levels considered here involv
density of substitutional impurities at least 10 times larg
These impurities are probably not as effective as the in-pl
defects produced by irradiation, but they do yield a high
residual resistivity~Fig. 1!. Moreover, the low carrier density
and the two-dimensional character reduce the screenin
the impurity potential, thus making strongly UD materia
more sensitive to defects.22

In summary, the spectral properties of optimally dop
irradiated Bi-2212 are markedly similar to those of und
doped samples. Our results show that disorder can sig
cantly contribute to the spectral properties in the UD regi
and this cannot be ignored when analyzing the pseudo
and its role in high-Tc superconductivity. More generally
our data show that defect-induced pair breaking could pla
significant but so far neglected role in the reduction of t
critical temperature fromT* to Tc in the UD regime. It
would be extremely interesting to perform a further quan
tative evaluation of this effect in epitaxial thin films, whe
the carrier density can be tuned electrically, without intr
ducing structural defects.23
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