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Dedicated to Professor Boran Leontić on the occasion of his 70th birthday

Received 9 November 1999; revised manuscript received 1 February 2000

Accepted 14 February 2000

Superconductivity in high-Tc cuprates is particularly sensitive to disorder due to
the unconventional d-wave pairing symmetry. We investigated effects of disorder
on the spectral properties of Bi2Sr2CaCu2O8+x high-Tc superconductor. We found
that already small defect densities suppress the characteristic spectral signature of
the superconducting state. The spectral line shape clearly reflects new excitations
within the gap, as expected for defect-induced pair breaking. At the lowest defect
concentrations the normal state remains unaffected, while increased disorder leads
to suppression of the normal quasiparticle peaks.
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The superconducting (SC) order parameter in high-Tc cuprates is highly
anisotropic. A number of experimental results indicate that the carriers in the
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SC state pair with the dx2−y2 symmetry. The unconventional pairing stimulates in-
terest in finding how disorder affects superconductivity in these materials. In low-Tc
superconductors, with isotropic pairing symmetry, magnetic defects lead to a rapid
suppression of Tc and ultimately destruction of superconductivity [1,2]. If the order
parameter is anisotropic, both magnetic and nonmagnetic defects are harmful for
superconductivity [3–7].

These theoretical predictions can be tested in experiments on samples with
controlled amounts of introduced disorder [8,9]. Chemical substitution in the CuO2
planes may perturb the local antiferromagnetic order, resulting in magnetic scatter-
ing centers [10–12]. Electron irradiation, on the contrary, introduces homogeneously
distributed Frenkel-type point defects [8,9], most likely of nonmagnetic character
[9].

We report here the results of a systematic angle-resolved photoemission
(ARPES) investigation of the effects of disorder on the spectral properties of
electron-irradiated Bi2Sr2CaCu2O8+x. In the SC state, a residual density of states
at the Fermi level, due to the defect-induced pair breaking, is clearly observed [13].
At the lowest defect concentrations, only the superconducting state is affected.
At increased concentrations, however, the observed changes in the normal state
quasiparticle features are similar to the ones found in highly underdoped regime
[14].

Our samples were grown by the flux method [15]. The electron irradiation was
performed on a van de Graaff accelerator with the irradiation flux fixed to 2× 1014
e/(cm2s) and the electron energy of 2.5 MeV. The electron irradiation in these
conditions displaces mainly Cu and O atoms, resulting in defect concentrations
confined to the low 10−3 dpa (displacements-per-atom) range at constant carrier
concentration [8,9,13]. Depending on the irradiation time, we obtained critical tem-
peratures of 82, 72 and 62 K, as opposed to 90 K before the irradiation.

ARPES experiments were performed with a Scienta 300 electrostatic hemispher-
ical analyzer whose energy resolution is better than 10 meV and the angular accep-
tance is ±1◦. Photons of 21.2 eV were used, which gives a total k-space window of
0.4 nm−1. The high symmetry directions were determined by the Laue X-ray diffrac-
tion. The samples were cleaved in-situ at the base pressure better than 2.7×10−8 Pa
(2× 10−10 torr). The SC-state measurements were performed at 25 K and normal
state data were taken at 95 K.

Figure 1 illustrates the SC-state spectra for the three irradiated samples and for
the pristine sample (each specimen is identified by its Tc). All data were taken close
to the (0,π) point in the Brillouin zone where a dx2−y2 gap exhibits a maximum.
The signature of the SC state in ARPES is a coherent peak at a binding energy
approximately corresponding to the half-magnitude of the SC gap, followed by a
dip and a hump features at larger binding energies [16–18]. The leading edge of the
spectra is limited only by the experimental resolution.

All spectra in Fig. 1a exhibit the superconductivity-related features. The coher-
ent peak is at the same binding energy for all samples, consistent with the constant
and optimal carrier concentration [13]. The peak intensity decreases as Tc decreases,
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i.e., as the amount of disorder increases. The leading edge is no longer resolution-
limited. It extends instead beyond the Fermi energy, suggesting new states within
the gap. This is emphasized in Fig. 1b, which illustrates the near-edge portion
of the spectra compared to a reference 90 K spectrum. The shaded area in Fig.
1(b) corresponds to the gap states and clearly increases with the induced disorder
beyond the experimental uncertainty.

Fig. 1. (a) Superconducting state
spectra for the pristine (Tc = 90
K) and irradiated (Tc = 82 K, 72
K and 62 K) samples, normalized
at the highest binding energy; (b)
Near-edge portion of the same spec-
tra normalized to the coherent peak
and compared to a reference pristine
Tc = 90 K) spectrum. The shaded
area corresponds to the new states
within the SC gap, created through
the defect-induced pair breaking.

The spectral feature near EF reflects normal quasiparticle (QP) states, which
obey the Fermi-Dirac distribution. They coexist with the SC condensate below Tc,
as expected for the defect-induced pair-breaking. A similar spectral feature was
recently reported in the scanning tunneling measurements of Bi2Sr2CaCu2O8+x,
where it was attributed to the quasiparticle scattering resonances [19]. There is
a good agreement between our results and the theoretical predictions of Ref. [7],
which analyzed the effects of nonmagnetic defects on the SC state spectral func-
tion. At our low defect concentrations (< 10−3 dpa), Ref. [7] argues that the ob-
served spectral changes are due to the resonant scattering, previously investigated
in heavy-fermion superconductors [20–23]. The concept of the resonant scattering
is important for the cuprates, since it rules out pairing without nodes in the gap
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[7,24].

Figures 2 and 3 illustrate the normal state dispersion along the Γ-M (0, π)
and Γ-X (π, −π) high-symmetry directions. The pristine 90 K sample exhibits all
features found in previous ARPES studies [16,18]. Along Γ-X, a fast dispersing
state crosses the Fermi surface. Along Γ-M-Z, no crossing occurs; the quasiparticle
states remain just below the chemical potential, forming a flat band or an extended
van Hove singularity.
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Fig. 2. Normal state spectra along the Γ-M (0, π) high-symmetry direction for the
pristine Tc = 90 K sample and the irradiated Tc = 82 K, 72 K, 62 K samples. The
insets indicate the locations in the Brillouin zone where the spectra were taken.

These normal-state characteristics remain unchanged for the 82 K sample - in
contrast to the significant difference in the SC state (Fig. 1). On going from the
82 K to the 72 K and to the 62 K samples, the normal-state properties change
dramatically. The most pronounced is the loss of coherent spectral intensity. The
spectral features become broader and their dispersion cannot be easily traced.

We found similar behaviour in the normal state of neutron-irradiated
Bi2Sr2CaCu2O8+x, where the quasiparticle features were completely suppressed
at the highest disorder levels [25]. The normal state behaviour [14] of underdoped
Bi2Sr2CaCu2O8+x also resembles that of the irradiated samples. The suppression of
the quasiparticle peaks in the underdoped regime was initially attributed uniquely
to reduced carrier concentration and increased electronic correlations. Our data
suggest instead that disorder introduced through doping could be, at least in part,
responsible for the peculiar spectral properties of underdoped cuprates. In fact,
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doping is usually achieved by chemical substitution or oxygen reduction, both af-
fecting the CuO2 planes and likely to increase disorder.
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Fig. 3. Same as Fig. 2, but for the Γ-X (π, −π) direction.
In summary, our ARPES data provide a first direct evidence for defect-induced

pair-breaking in a d-wave superconductor. The loss of the coherent-peak intensity in
the SC-state spectra is accompanied by an increase of the residual density of states
at the Fermi level, as expected for coexisting normal and superconducting carriers
due to the pair-breaking events. In the normal state, disorder causes a dramatic
suppression of the quasiparticles features, which qualitatively resembles the spectral
evolution in highly-underdoped cuprates. These findings call for a reconsideration
of the effects of disorder in the cuprates, in particular at low carrier concentrations.
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PROMJENE SPEKTRALNIH SVOJSTAVA KUPRATA VISOKOG Tc
IZAZVANE DEFEKTIMA

Zbog nekonvencionalne d-valne simetrije, supravodljivost u visokotemperaturnim
kupratima je posebno osjetljiva na neured–enost. Ispitivali smo utjecaj neured–enosti
na spektralna svojstva Bi2Sr2CaCu2O8+x supravodiča primjenom ARPES metode.
Već mala gustoća defekata smanjuje karakteristični spektralni odziv supravodljivog
stanja. Oblik spektralne linije očito reflektira nova pobud–enja unutar zabranjene
vrpce, kako se i očekuje u slučaju razbijanja Cooperovih parova izazvanog defek-
tima. Za male koncentracije defekata, normalno stanje ostaje nepromijenjeno, dok
viši stupanj neured–enosti smanjuje intenzitet spektralnih linija kvazičestica.
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