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We have studied the influence of Co and Ni doping on the electronic band structure and the transport
properties of high-temperature superconductors. The doping has dramatic effects on both the normal and the
superconducting state. Upon doping the residual resistivity increases strongly. For sufficiently high Co con-
centration the temperature dependence%(T) turns from a simple linear dependence to one displaying a mini-
mum aroundTmin5190 K. This minimum is followed by an upturn~d%/dT,0! and by a transition to a
superconducting state at even lower temperature~Tc566 K!. These changes in the resistivity are accompanied
by an almost complete disappearance of the dispersing bandlike states in angle-resolved photoemission. We
show that spatial localization of the carrier states through the doping-induced disorder provides a consistent
explanation of the experimental results. However, none of the standard scattering mechanisms can explain the
observed localization. Because the increase in the residual resistivity is higher than the unitary limit, the
localization has to be through a cooperative effect. This rules out standard Abrikosov-Gor’kov or Kondo
effects. We discuss the observed coexistence of localization and superconductivity in terms of the relevant
length scales and compare it to theoretical predictions.

INTRODUCTION

High-temperature superconductors~HTSC! are well
known to be close to a superconductor-insulator transition1–5

that can be achieved by cation doping. However, the nature
of this transition is not well understood. Particularly puzzling
are the results of transition-metal doping. Doping with both
magnetic~Fe, Co, and Ni! and nonmagnetic~Zn! 3d ions
suppresses superconductivity and leads to a superconductor-
insulator transition.3 While magnetic impurities are known to
suppressesTc due to Abrikosov-Gor’kov pair breaking,6,7

Anderson’s theorem8 states that nonmagnetic impurities
should not affectTc at all. Furthermore, at the percent doping
level the scattering processes from impurities are expected to
be independent and thus cannot be expected to lead to a
transition from metallic~d%/dT.0! to insulating ~d%/dT
,0! behavior. In this paper, we combine measurements of
the electrical resistivity%ab(T) with angle-resolved photo-
emission experiments~ARUPS! which investigate the dis-

persing band statesE(k). This combination gives new in-
sight into the influence of doping on the electronic structure.
We show that the metal-insulator transition in HTSC is dif-
ferent from that observed previously in low-temperature su-
perconductors and does not fit any standard model.
Superconductor-insulator transitions have long been studied
in low-temperature superconductors.9–11 Here two cases can
be distinguished: homogenous ultrathin films~Pb! ~Ref. 12!
and granular cluster systems~Al12xGex!.

13 In both cases, one
starts from a superconducting ground state described by a
macroscopic wave functionC(r )5C0exp ~i •w!. When ap-
proaching the superconductor-insulator transition by varying
either the film thickness~homogenous case! or the metal to
nonmetal fraction~granular case!, this macroscopic wave
function is destroyed. In homogenous systems, this happens
through scattering processes which reduce the amplitudeC0
and thus the density of Cooper pairsnc5uC0u

2. These scat-
tering processes lead to a continuous decrease of the transi-
tion temperatureTc and the superconducting gapD with in-
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creasing disorder, i.e., decreased film thickness.14,15 In
contrast, the granular systems are characterized by destruc-
tion of the phase coherence between superconducting clus-
ters leading to a spatial variation in the phase,w5w(r ). In
these granular systems theTc is given by theTc of the me-
tallic clusters, which is independent of the metal to nonmetal
fraction. Thus the onset of the superconducting transition is
independent of composition. The transition width, however,
increases as the superconductor-insulator transition is ap-
proached due to the percolative nature of the system.

By combining angle-resolved photoemission~ARUPS!
with measurements of the electrical resistivity%ab(T) we are
able to relate changes in the transport properties to changes
in the electronic structure. Our findings are threefold. First,
we confirm that the doping affects not only the supercon-
ducting, but also the normal state and thus cannot be dis-
cussed in a simple Abrikosov-Gor’kov scheme. These results
are confirmed by previously published work.3 Second, we
show that the metal-insulator transition seen in the transport
measurements correlates with the suppression of dispersing
bandlike states. Third, we show that some samples show su-
perconductivity even though their normal state is insulating
~d%/dT,0!. We argue that this indicates that in HTSC
Cooper pairs can be formed out of carriers that are almost
localized in the normal state. We show that the assumption of
spatial localization of the carriers through the disorder intro-
duced by the transition-metal doping provides a consistent
explanation of a variety of experimental facts. When using
the term localizationwe do not imply localization through
quantum interference as seen in weak localization.16 We use
it in a more general sense, meaning that the spatial extent, or
the mean free pathl of the electronic carrier states is com-
parable or smaller than their separationde-e .

The idea that the superconductor-insulator transition in
HTSC is caused by disorder has previously been suggested
by different authors4,5,17,18and transport measurements like
those reported here have also been reported by several other
groups.3,4,19,20This is a report linking the changes observed
in the resistivity to changes in the electronic dispersion, and
we establish the coexistence of localization and supercon-
ductivity in a homogenous system such as the HTSC’s. Pre-
viously, coexistence of localization and superconductivity
has only been observed in granular systems13,21 for which
there are also numerous theoretical studies.22–25

This investigation was conducted on the HTSC
Bi2Sr2CaCu2O81y ~Bi-2212! doped with either Co or Ni.
This system is known to exhibit a superconductor-insulator
transition,3 and there is theoretical evidence that disorder ef-
fects are much stronger in HTSC’s than in conventional
metals.26–28Both, Co and Ni act as impurities because their
electronic structure and size differs from that of the Cu ions
they replace. This perturbs the periodic potential of the CuO2
plane.

In a previous report Rong Liu and co-workers have inves-
tigated the band structure of YBa2Cu3Ox as a function of the
oxygen content with 6.3<x<6.9.29,30Here the change in the
oxygen content is expected to lead to a change in the carrier
density and thus to changes in the Fermi surface. The experi-
ments however only show relatively small changes in the
Fermi surface for metallic samples~x56.9 andx56.5!. For
an insulating sample the authors observed a significant de-

crease of spectral weight for the dispersing states. We will
compare our results to those on YBa2Cu3Ox in the discussion
section.

HTSC’s are well suited for this investigation because, due
to their layered structure, their electronic structure is quasi-
two-dimensional. Experimentally, one observes a semicon-
ducting resistivity~d%c/dT,0! for the resistivity along thec
axis, while the resistivity is metallic in theab plane
~d%ab/dT.0!. The resistivity anisotropy is about
%c/%ab>104 for the carrier concentration used here.31 Elec-
tronic screening is known to be reduced in two-dimensional
systems and thus effects of impurities are expected to be
particularly strong in this material.

The impurity concentrations used in this study are below
about 3 at. %. Assuming that Co and Ni substitute randomly
for Cu, the separation between impurities~;30 Å at 3 at. %!
is much larger than their diameter~;1 Å!. We are thus well
below the percolation threshold in two dimensions and can
expect to be in the homogenous limit. Because of the large
separation between the impurities there isa priori no reason
for not treating the scattering in a single impurity picture. In
the following, we will however show that a single impurity
picture is inappropriate and that cooperative effects need to
be considered. If the impurities were not distributed ran-
domly but were clustered, this would reduce their influence
on the transport and thus cannot explain the observed effects.

The structure of the paper is as follows. After explaining
the experimental details we will first show the influence of
Co doping on the electrical resistivity and then on the dis-
persing electronic states. After this, we will show results of
Ni doping as a comparison. This section will be followed by
the analysis of the data in terms of localization through dis-
order and by the conclusions.

EXPERIMENTAL

The single crystals were grown by the conventional self-
flux method. Their composition was determined with elec-
tronprobe microanalysis~EPMA! ~Cameca CAMEBAX SX-
50!. Their size is typically 23230.05 mm3. Using the self-
flux method we observe a solubility limit for Co and Ni in
Bi-2212 of around 2–3 at. %. Above this level the transition
metals are no longer incorporated in the crystals. Thus we
were unable to investigate samples with higher transition
metal concentration.

We report on measurements of four samples, one undoped
reference sample, two Co-doped samples and one Ni-doped
sample. The Co-doped samples have Co contents, as deter-
mined by EPMA, ofcCo51.57 at. % andcCo51.60 at. %.
Given the uncertainty of the EPMA measurement of;0.3
at. % the samples have almost the same Co content. How-
ever, their resistivity and electronic structure are very differ-
ent. In the following they will be called sample No. 1
~cCo51.57 at. %! and sample No. 2~cCo51.60 at. %!, re-
spectively. The Ni-doped sample has a Ni content of about
cNi53 at. %.

Angle-resolved photoemission~ARUPS! experiments
were performed at the 4m normal incidence monochromator
~4m-NIM! of the Synchrotron Radiation Center in Stough-
ton, Wisconsin with a photon energy of 21 eV. After cleaving
the samples in UHV~p,1310210 torr! low-energy electron
diffraction was performedin situ to check the surface quality
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and the orientation of the sample. The samples were oriented
with theaaxis ~G-X! parallel to the photon electric field. For
the Bi-2212 system this is the direction of the Bi-O bond
which does not show the superlattice modulation31–33and it
is at 45° to the Cu-O-Cu bond direction~G-M !. Because of
the symmetry of the normal state this geometry favors the
observation of the dispersing band state along theG-X direc-
tion but reduces photoemission from the states alongG-M .34

The spectra for the pure reference material were taken at
T5100 K with a combined resolution of 35 meV, as deter-
mined from the 10 to 90 % value of the Fermi edge of a Au
film situated next to the sample. The spectra of the doped
samples were taken at room temperature with a combined
energy resolution of 120 meV. The photon angle of incidence
was 45°. All angles are measured with respect to the surface
normal. The binding energies of all spectra are referred to the
Fermi energy of a Au film located next to the sample and
electrically connected to it. All spectra shown are normalized
to the intensity at 0.85 eV binding energy.

Resistivity measurements were performed on the same
samples after taking them out of the photoemission chamber.
Current and voltage leads were attached by silver epoxy onto
thea,b plane of the crystals to measure thea,b-plane resis-
tivity, %ab(T). Due to the irregular shape of the crystals after
cleavage the absolute values of the resistivity are only ap-
proximate.

RESULTS

A. Electrical resistivity of Co-doped Bi-2212

Figure 1 illustrates the electrical resistivity%ab(T) of a
pure Bi-2212 and the two doped samples No. 1~cCo51.57
at. %! and No. 2~cCo51.60 at. %!. The pure sample shows
the well known linear resistivity%ab(T)5%01a*T.35 A
simple linear extrapolation of the resistivity between 300 and
120 K yields a vanishing residual resistivity. The midpoint of
the superconducting transition isTc,mid591 K. The sample
with the lower Co content~No. 1! still shows a resistivity
linear in temperature but with a rather high residual resistiv-

ity of %0~No. 1!543 mV cm. This large residual resistivity
indicates a decreased mean free pathl caused by scattering
from the Co impurities. AtT5100 K the resistivity is a fac-
tor of 2 higher than for the pure sample. For sample No. 2 we
observe a qualitative change. The resistivity at room tem-
perature has increased by a factor of 6 compared to the pure
sample. Even more important, after decreasing slightly~d%/
dT.0! on going to lower temperatures it shows a minimum
at Tmin5190 K and thenincreasestowards lower tempera-
tures~d%/dT,0!. At still lower temperatures, we observe a
superconducting transition withTc,mid566 K. The negative
temperature coefficient~d%/dT,0! of the electrical resistiv-
ity betweenTmin5190 K andTc is a clear indication of in-
sulating behavior caused by localization of the charge carri-
ers. The residual resistivity for this sample is about%0~No.
2!;600 mV cm. While a positive temperature coefficient
~d%/dT.0! indicates scattering of delocalized states by ther-
mal excitations, a negative temperature coefficient~d%/dT
,0! indicates either the presence of a gap in the electronic
structure, or spatial localization of the electronic states. In
the latter case transport can occur by hopping between such
localized states.36As will be shown later the hopping process
is the most likely case in these samples. The negative tem-
perature coefficient is thus the first indication of disorder-
induced spatial localization.

In the temperature range betweenTc andTmin the charge
carriers are transported through thermally activated hopping
between localized single-particle sites.36 Such hopping pro-
cess are frozen out as the temperature decreases because the
thermal energy available to hop to an empty site becomes
smaller. AboveTmin the thermal energy is sufficient to excite
the carriers across the mobility gap into delocalized states.5

Therefore the size of the mobility gap in this sample is
roughlyDEmob;kB*Tmin5kB*190 K or 16 meV.

It is important to realize that the minimum in the resistiv-
ity cannot be explained by sample inhomogeneities. An in-
homogeneous sample results in a parallel resistor network of
insulating and a metallic~superconducting! material. In such
a parallel network, the resistivity is dominated by the com-
ponent with the lower resistivity. Thus a parallel network of
resistors cannot account for the observed minimum. Because
the experiments were done on single crystals, grain bound-
aries can also be excluded as a possible origin of the mini-
mum in%ab(T).

The Co doping affects not only the normal state but also
the transition temperatureTc . It decreases fromTc591 K in
the pure material toTc576 K in sample No. 1 andTc566 K
in sample No. 2. This decrease ofTc is a characteristic fea-
ture of homogenous systems.9,11 If the system was inhomo-
geneous one would expect the granular superconducting re-
gions to have the sameTc as the pure material. Only their
coupling would be perturbed because of intermediate nonsu-
perconducting regions. This would lead to a broadening of
the transition but leave the onset virtually unchanged. The
Co-doped Bi-2212 is therefore in the homogenous limit of a
superconductor-insulator transition.

It is informative to compare our results to photodoping
experiments.18,37,38In our study we have changed the disor-
der by doping without significantly affecting the carrier den-
sity. Our results indicate a homogenous system with a de-
creasingTc . In the photodoping experiments the sample is

FIG. 1. Electrical resistivity in thea,b plane%ab(T) for a pure
Bi-2212 sample and two samples with 1.57 at. % Co~No. 1! and
1.60 at. % Co~No. 2!, respectively. Note the suppression ofTc and
the transition to insulating behavior~d%/dT,0! with increasing Co
doping.
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exposed to laser pulses which can create photoinduced car-
riers. Their number depends on the laser power and
wavelength.18,37Thus in photodoping experiments the carrier
density can be changed without significantly changing the
disorder. In these experiments one observes superconductiv-
ity which is induced by the illumination. But in contrast to
our results the onset of the superconducting transitionTc,on is
constant. It is not dependent on the illuminating power. The
width of the transition, on the other hand, decreases mono-
tonically with illuminating power. Thus these experiments
indicate a granular system. These apparently contradicting
results indicate that there is a real lack in the understanding
of localization in these systems. We return to this question
below.

The relative decrease ofTc between the pure Bi-2212 and
sample No. 1 isDTc/Dc;9 K/at. %. Between sample No. 1
and sample No. 2 the reduction is much stronger, at least:
DTc/Dc.30 K/at. %. The initial suppression rate is compa-
rable to the suppression observed in polycrystalline material
which is;6 K/at. % for Co and for Zn.3 The drastic decrease
of Tc on going from the metallic sample No. 1 to the insu-
lating sample No. 2 is what one would expect when the
Fermi energy crosses the mobility edge and reaches the re-
gion where the single-particle excitations are localized.22

This is therefore the second indication of localization
through doping induced disorder.

The coexistence of superconductivity and localization has
so far only been seen in granular low-Tc systems such as
Al12xGex ~Ref. 13! and In12xOx .

21 Disordered HTSC
samples are the first to show such a coexistence in a homog-
enous material. This is of particular interest for theoretical
models because it shows that even in the situation where the
single-particle excitations are almost localized, the attractive
interaction persists and is not completely overwhelmed by
the poorly screened Coulomb repulsion. Therefore, the as-
sumption of the existence of a pairing interaction even in the
insulating phase remains a reasonable starting point for theo-
retical models of the superconductor-insulator transition.

B. Angle-resolved photoemission

Figures 2, 3, and 4 illustrate ARUPS spectra for the iden-
tical three Co-doped samples as in Fig. 1. We show spectra
along two main symmetry directionsG-M ~Cu-O-Cu bond
direction! and G-X ~a axis, 45° toG-M !. The spectra are
comprised of three contributions: a decaying background
~caused by the valence band located at about 3 eV binding
energy!; a relatively broad~full width at half maximum
;200 meV! dispersing state of Lorentzian shape, and elasti-
cally scattered electrons forming a Fermi-Dirac distribution.
A decomposition into these three contributions will be shown
later in Fig. 7. In the following, we will focus on the dispers-
ing band because it provides information about the delocal-
ized states.

In the undoped sample~Fig. 2! the dispersing band is
strong along theG-X direction. The band becomes visible
above the background atu58°, then disperses towards the
Fermi energyEF and crosses it aroundu514°. This crossing
point of the band is important because it indicates the size of
the Fermi surface. In the absence of changes in the topology,
which are not expected to be caused by doping at this low
level, the crossing point is directly related to the carrier den-

sity. Along theG-M direction we also observe a dispersing
state but its intensity is weaker. The band disperses towards
EF and then remains close, but below,EF for a significant
portion of the zone.39,40This extended region with almost no
dispersion causes a near singularity in the density of states
along the G-M direction, similar to earlier reports on
YBa2Cu3O72x.

41,42As a result, the density of states is very
high along this direction.

FIG. 2. ARUPS spectra for a pure Bi-2212 single crystal. The
momentum of the photoelectron is parallel to thea axis~G-X! in ~a!
and parallel to the Cu-O-Cu bond~G-M ! in ~b!. The spectra clearly
show a peak which disperses with increasing angle. Along theG-X
direction it cuts the Fermi surface aroundu514°.

FIG. 3. ARUPS spectra for a Co-doped Bi-2212 single crystal
~sample No. 1!. The orientation is identical to that in Fig. 2. Com-
pared to the pure crystal in Fig. 1 the intensity of the dispersing
state alongG-X is strongly reduced. However the crossing point is
still aroundu514°.
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The data for the Co-doped sample No. 1 are illustrated in
Fig. 3. Along G-X we also observe a dispersing bandlike
state, although its intensity is significantly reduced compared
to the pure sample in Fig. 2~a!. The dispersion is, within the
error bars, identical to that of the undoped sample. The band
crosses the Fermi surface atu514°, the same location as for
the pure sample. This indicates an unchanged carrier concen-
tration. In fact, because Co is a 21 ion such a change would
not be expected. Hall-effect data also indicate that there is no
change in the carrier concentration.3

For theG-M direction the spectra in Fig. 3~b! are similar
to those of the pure sample in Fig. 2~b!. The intensity of the
dispersing state has decreased only slightly and the band still
shows a dispersion towards the Fermi surface, without cross-
ing it. There is less reduction in intensity of the bandlike
state in theG-M direction than in theG-X direction. The
reason for this difference between theG-M andG-X direction
will be discussed later.

The data for sample No. 2, which exhibited localized
single-particle states in the electrical resistivity, are illus-
trated in Fig. 4. These spectra are qualitatively different from
those of the pure material. Along both symmetry directions
we only observe the decaying background of the valence
band and a Fermi edge. At no angle is there a maximum
indicating a dispersing bandlike state. Considering our
signal-to-noise ratio, this implies a reduction of the bandlike
states by more than 80%. However, we still observe a Fermi
edge with an intensity comparable to that in the pure sample
@Fig. 2~a! and 2~b!#.

The observation of a reduction of the dispersing states is
consistent with the concept of spectral weight shifting from
the dispersing bandlike state into an incoherent background
of states elastically scattered by impurities. When the single-
particle states become localized in real space due to disorder,
the wave vectork is no longer a good quantum number.

Therefore, one can no longer observe a dispersing bandlike
state in the sample where the single-particle excitations are
localized. This is the third characteristic feature of spatial
localization through disorder. It is worth pointing out that
in a conventional metal such as Cu doping at the level of 1%
does not have any influence on the strength of the dispersing
electronic states.

C. Comparison to Ni doping

In the previous chapter we showed resistivity measure-
ments and ARUPS data for pure and Co-doped Bi-2212. It
was shown that the Co doping leads to a metal insulator and
to the suppression of dispersing states. In this chapter we
present similar data for Ni-doped samples and show that the
observed correlation between transport and spectroscopic
data is quite general.

Figure 5 shows the resistivity data for a Ni-doped sample.
As in the case of Co doping the Ni doping causes a rise of
the residual resistivity~%0;680 mV cm! and a suppression
of the superconducting transition temperature~Tc577 K!. At
high temperature we still observe a linear temperature depen-
dence of the resistivity. This behavior is very similar to that
found for the first Co-doped sample No. 1 in Fig. 1.

For the Ni-doped samples we did not succeed in measur-
ing photoemission spectra and resistivity on identical
samples. Thus Fig. 6 shows data from a different crystal but
from the same batch. The polarization and incidence angles
are identical to those for the Co samples. While Fig. 6~a!
shows the spectra taken with the photoelectron momentum
alongG-X, 6~b! shows spectra taken alongG-M ~Cu-O-Cu
bond direction!.

We first compare the spectra for this Ni-doped sample to
those of the pure material in Fig. 2. Again we find a decaying
background coming from the valence band and a Fermi edge
in all spectra. Comparing the spectra atu58° andu512° one
finds a dispersing state of weak intensity. Its intensity is even
weaker atu514° and it is unobservable atu516°. This is
consistent with a band crossing aroundu514°, the value
where the band was observed to crossEF in the pure sample.
Along the G-M direction there is a weak dispersing state
moving toEF as the angle is increased fromu58° to u514°.
Along this direction the intensity of the band state is weak

FIG. 4. ARUPS spectra for Co-doped Bi2212 single crystal
~sample No. 2!. The orientation is identical to that in Fig. 2. This
sample showed the insulating upturn in the resistivity in Fig. 1. The
dispersing state has virtually disappeared along both directions.

FIG. 5. Electricala,b-plane resistivity of a Ni-doped Bi-2212
single crystal. This sample shows a very high residual resistivity of
%0;680mV cm andTc is reduced toTc577 K.
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already in the pure material@Fig. 2~b!#. In this Ni-doped
sample it is too weak to draw any quantitative conclusions.

These results are very similar to those observed for the
Co-doped sample No. 1. Both show a significant reduction in
the intensity of the dispersing state but no visible change in
the crossing point or the dispersion. Similar results have also
been reported by Guet al. on Zn-doped YBa2Cu3O72d.

43

DISCUSSION

A. Doping-induced disorder as the cause
for spatial localization

Any model attempting to explain the effects described in
the previous section will have to account for the following
facts: The large effects of transition-metal doping on both the
resistivity in the normal state and the superconducting tran-
sition temperature, the abrupt changes in the%0 andTc for
small changes in the dopant level, and the disappearance of
the dispersing state in photoemission. It should also account
for the fact that very similar effects have been reported for
doping with nonmagnetic Zn~Ref. 3! and for YBa2Cu3O72d
disordered by ion irradiation.17 We will show that spatial
localization of the conduction electron states through disor-
der provides such an explanation.

Isolated doped Co atoms locally perturb the electrostatic
potential seen by the conduction electrons. This leads to scat-
tering and a finite mean free pathl. The scattering can be
treated by the partial wave method. In this case the increase
of the residual resistivityD%0 caused by an impurity concen-
tration c is given by44

D%05c
4p\

e2kF
(
l51

`

l sin2~h l212h l !. ~1!

The scattering can happen in channels which different angu-
lar momentuml . These channels are associated with differ-
ent phase shiftshl . The phase shifts are related to the charge
of the impurity by the Friedel sum rule

Z5
2

p (
l

~2l11!h l . ~2!

This can be used to calculate the maximum possible scatter-
ing of such an isolated impurity, the unitary limitD%u . It is
given by pures-wave scattering~l50, h05p/2!,

D%u5c
4p\

e2kF
. ~3!

Because the scattering processes are assumed to be indepen-
dent,D%u is linear in the impurity concentrationc. To obtain
an estimate for the unitary limit in HTSC we use the Fermi
momentum given by the crossing of the band state along the
G-X direction which was shown in Fig. 2~a!. Using this value
of kF50.58 Å21 we obtainD%u;931024 V cm*c, or 9
mV cm per percent impurity. This value is only slightly
higher than the experimental value found for impurities in
Cu metal.45 For sample No. 1 with 1.57% Co this would
predict a residual resistivity of;14mV cm. Even for sample
No. 1 this unitary limit is a factor of 3 smaller than the
experimental value of%0~No. 1!543 mV cm.

Because the Co concentration in sample No. 2 is only
slightly higher@cCo~No. 2!51.60%#, Eq. ~3! predicts a very
similar value in apparent discrepancy with the experimental
value of %0~No. 2!;600 mV cm. This high value can thus
not be explained by independent scattering events from indi-
vidual Co impurities. Even if every Co impurity would cause
the maximum possible scattering~unitary limit!, as assumed
in Eq. ~3!, this would not suffice to explain the value of the
residual resistivity. The maximum possible value of the re-
sidual resistivity would be reached for 50% Co for Cu dop-
ing ~c50.5! because here the disorder is at a maximum.
Even such a high Co concentration would only result in a
residual resistivity of%u5450 mV cm. The same argument
applies to the Ni-doped sample. Here too, the assumption of
scattering from independent impurities is insufficient to ex-
plain the observed residual resistivity. Thus this high residual
resistivity and the very large change for a minute change in
the Co concentration indicate, that the increase of the resis-
tivity is through a cooperative mechanism.

Next we consider the influence of scattering on the
ARUPS spectra. The impurity scattering induces transitions
from initial eigenstates of the systemuci& to final stateŝcf u.
The transition probabilityp is given by Fermi’s golden rule,

p5p/~2\!u^c f uVimpuc i&u2n~c f ! ~4!

whereVimp is the impurity potential andn(c f) is the density
of final states. Because the scattering probabilityp is propor-
tional to the density of final states, transitions are more likely
to occur into regions where this density of states is higher.46

For the Bi-2212 system this is the Cu-O-Cu bond direction,
where there is an extended singularity,39,40 which leads to a
high density of states. Thus the impurities should have only
little influence in this direction, while they should have sig-
nificant influence in other directions. This is in agreement

FIG. 6. ARUPS spectra for a Ni-doped Bi-2212 sample. The
orientation is identical to that in Fig. 2. This sample shows a reduc-
tion of the dispersing state similar to that of the Co-doped~sample
No. 1! in Fig. 3.
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with the observation that the reduction of the dispersing state
is much stronger along theG-X direction. In the ARUPS
spectra the scattered states will form a constant background
which is cut off atEF by the Fermi-Dirac distribution func-
tion. Figure 7 shows how the spectra can be decomposed into
a band state and a background. Shown are two spectra taken
along theG-X direction at an angle ofu512° for the pure
sample and the Co-doped sample No. 2. The experimental
data are shown by full symbols. The dashed lines show a fit
to the data. For this fit a dispersing state of Lorentzian shape
and a backgroundIBG consisting of a constant term plus a
power law@IBG(E)5a1b*Eb

3# was assumed. The spectrum
is cut off by a Fermi-Dirac distribution function. The solid
lines show the dispersing state and the background contribu-
tion, respectively. The fit follows the experimental data quite
well.

For the pure sample there is a well-defined dispersing
band state of widthW50.19 eV and binding energy
EB50.09 eV. The dispersing state and the constant back-
ground term are of almost equal intensity at the Fermi level.
For the Co-doped sample No. 2, which exhibited the insulat-
ing upturn in the resistivity, the dispersing state is virtually
absent. A least-squares fit results in a dispersing state of
width W;0.2 eV and binding energyEB;0.2 eV. Its inten-
sity is less the 15% of the constant background. Because of
its weak intensity the values for both the width and the bind-
ing energy have large uncertainties in this sample.

This analysis shows that spectral weight has been trans-
ferred from the dispersing band state in the pure sample to a
constant background in the Co-doped sample. A quantitative
analysis of this shift of spectral weight is not possible be-

cause it is not clear how to normalize the spectra. The reason
is that the band structure is strongly anisotropic39,40 and the
scattering is proportional to the final density of states. Thus a
conservation of spectral area for a given direction in the Bril-
louin zone cannot be expected.

As outlined above spatial localization through strong dis-
order scattering can explain the data on the electrical resis-
tivity and the angle-resolved photoemission presented in this
paper. It also provides an explanation for the similarity of the
data shown here with data on Zn-doped samples3 and on ion
irradiated samples.17

Alternative explanations include Abrikosov-Gor’kov pair
breaking,7 a Kondo-type scattering effect47 or a Mott
transition.36 However none of these provides a consistent
explanation for all of the data. Abrikosov-Gor’kov pair
breaking would affect the superconducting transition tem-
peratureTc but would neither affect the resistivity aboveTc
nor the intensity of the dispersing band states. This is in clear
contradiction to the experimental data presented here and in
previous work.3,48 In case of a Kondo effect neither nonmag-
netic Zn doping nor ion irradiation should have any effect
because both produce nonmagnetic defects. Both Abrikosov-
Gor’kov scattering and a Kondo effect assume independent
scattering events and are thus unable to explain the residual
resistivity exceeding the unitary limit by as much as a factor
of 40. A Mott-type transition would imply that the carrier
density changes and that below a certain carrier density the
hybridization between carriers becomes so small that they
are localized on a single atom. Experimentally, we observe
no change in the Fermi surface crossing (kF) and previous
work also indicates little or no change in the Hall effect.3,17

Both facts argue against a changing carrier concentration and
thus against a Mott transition. The standard weak localiza-
tion process through quantum interference16 of elastically
scattered waves can also be excluded because the magnetic
moment of the Co and Ni atoms breaks time-reversal sym-
metry and destroys the quantum interference.

The effect of the metal-insulator transition on the band-
structure has previously been studied by Rong Liu and co-
workers for YBa2Cu3Ox with 6.3<x<6.9.29,30These authors
did not consider the possibility of spatial localization. In
their experiment the change in the oxygen content is ex-
pected to change the volume of the Fermi surface. In contrast
to this our experiment leaves the carrier density constant and
is thus not expected to affect the volume of the Fermi sur-
face. The experimental findings are similar in both cases. For
metallic samples dispersing states are observed. Within the
experimental error their band crossings are identical to those
of the pure material. For insulating samples one observes a
very significant reduction of the spectral weight for these
dispersing states. Apparently the main effect in both cases is
the destruction of the periodic potential leading to spatial
localization, an idea we have introduced in this paper. A
change of the volume of the Fermi surface is to small to be
detected experimentally. For the Co- and Ni-doped Bi-2212
discussed here the disorder, caused by the substitution of Co
and Ni for Cu in the CuO2 plane, is apparent. In the case of
the YBa2Cu3Ox the disorder is probably caused by changes
in thea- andb-lattice constant which accompany the random
oxygen vacancies in the Cu-O chains.

FIG. 7. Decomposition of ARUPS spectra for a pure sample
@Fig. 2~a!# and the Co-doped sample No. 2@Fig. 4~a!#. The three
contributions are a dispersing state of Lorentzian shape, a back-
ground coming from the valence band~located aroundEB53 eV!,
and a constant term caused by elastic scattering. Full symbols are
data points, dashed lines are the fit and solid lines show the indi-
vidual contributions. In the Co-doped sample~No. 2! the intensity
of the dispersing state is reduced by at least a factor of 5.
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B. Coexistence of spatial localization and superconductivity

As shown in Figs. 1 and 4 sample No. 2 exhibits an in-
crease in the electrical resistivity belowTmin5190 K, caused
by localization of the carriers, and a superconducting transi-
tion atTc566 K. Consequently the Cooper pairs forming the
superconducting state must be composed of spatially local-
ized single-particle states. Such a coexistence of localization
and superconductivity is very unusual. Experimentally, it has
only been observed in granular systems such as Al:Ge~Ref.
13! and In:O.21 Theoretically, it has been studied by several
authors22–25 who demonstrated that localization and super-
conductivity are not mutually exclusive. Anderson’s theorem
is still valid in a narrow region on the insulating side of the
superconductor-insulator transition.22,23 In the localized re-
gion of the insulator-superconductor transition the density of
states can no longer be approximated by a spatial average,
but must be considered a local quantityN(E,r ). Ma and
Lee22 showed that a superconducting wave function can be
formed provided there are several localized states within an
energy range equal to the superconducting gapD0 of the
material,

aH
d D0 ^N~EF ,rI !&@1. ~5!

Hered is the dimension,D0 is the superconducting gap, and
^N(EF ,rI )& denotes the density of localized electronic states
averaged over an energy region of the sizeD0. We can use
this to discuss the hierarchy of length scales involved in the
problem. For this we assume the extreme atomic limit where
the carriers do not interact. This assumption ignores hybrid-
ization between the carriers, which is certainly non-
negligible and which will lead to a larger value for the local-
ization radius. Neglecting hybridization effects the normal
state is governed by the separation between two carrier states
de-e and the localization radius. In the two-dimensional
CuO2 plane the carrier separation is given byde-e5a/(c1/2)
wherea55 Å is the lattice constant andc the carrier con-
centration. In order for localization to occur the separation
between two carriersde-e has to be larger than their spatial
extentaH , or de-e.aH . This argument is equivalent to the
Joffe-Regel~kF*l51! criterion for localization in materials
with one carrier per atom.36 In this case the transport will
happen through thermally activated hopping between differ-
ent carrier sites leading to a negative temperature coefficient
of the resistivity ~d%/dT,0!. Superconductivity, on the
other hand, can only occur when there are at least two carri-
ers per coherence volume or,jab.de-e . Thus in the absence
of hybridization coexistence of localization and supercon-
ductivity requires

jab.de-e.aH . ~6!

In Bi-2212 the in-plane coherence length is estimated to
be aroundjab;10–20 Å. The carrier concentration is about
c50.15 carriers per Cu leading to a carrier separation of
de-e55 Å* ~0.1521/2!;13 Å. In agreement with the argument
above the coherence length is thus larger than the carrier
separation, but only by a surprisingly small amount. How

superconductivity can work with such a small number of
carriers per coherence volume is a puzzling feature of high-
temperature superconductivity. This argument leads to an up-
per bound for the localization radiusaH . According to Eq.
~6!, aH has to be smaller than the carrier separation for the
coexistence of localization and superconductivity. Thus it has
to be smaller than aboutaH,13 Å. The carriers are thus
localized in an area corresponding ton,(aH/a)

2;6 Cu at-
oms. Such a value seems reasonable because it is intermedi-
ate between the completely delocalized Bloch state~aH5`!
and localization on a single atomic site. It means a carrier is
only shared between a Cu atom and its nearest neighbors.

The work of Ma and Lee22 can now be used to estimate
the width of the region where localization and superconduc-
tivity coexist. Taking the localization length on the insulating
side of the superconductor-insulator transition from scaling
theory they estimated the width of the coexistence region
(nc2n)/nc as

~12n/nc!
n;~EF /D!1/d. ~7!

Hered is the dimensionality,nc is the critical concentration
for the superconductor-insulator transition, andn is the criti-
cal exponent. Assumingd52 and takingn521 ~Ref. 5! and
values ofEF;400 meV andD;16 meV,49 we obtain a co-
existence region of~12n/nc!;20%. Using the value of
nc51.6 at. % for the critical concentration in the case of Co
doping this yields a coexistence region of only;0.3 at. %
Co. The relative width of~12n/nc!;20% is a factor of 2
larger than that of classical low-temperature superconductors
where Ma and Lee estimated it to be;10%.22Although both
the larger gapD0 and the lower Fermi energyEF in HTSC
favor the coexistence of localization and superconductivity,
these effects are partially canceled by the lower dimension-
ality d52 as compared tod53 in the granular systems. The
narrow coexistence region is consistent with our observation
that sample No. 1 and sample No. 2 have very similar Co
contents~1.57 at. % and 1.60 at. %, respectively! but very
dissimilar properties.

CONCLUSIONS

We have shown that in addition to causing a metal-
insulator transition in the resistivity, transition-metal doping
causes a suppression of the dispersing electronic states as
observed by angle-resolved photoemission. We have shown
that many experimental facts can be understood by assuming
spatial localization of the conduction electrons by scattering
from disorder caused by the doped impurities.

However the origin of such localization remains unclear.
Our data indicate scattering from Co impurities as high as a
factor of 40 higher than the unitary limit. Thus the scattering
has to be a cooperative effect, which excludes both standard
Abrikosov-Gor’kov and Kondo scattering which are single-
ion effects. On the other hand, quantum interference effects
as in weak localization theory can be excluded because of the
local magnetic moment of the Co and the Ni, which destroys
the interference. While transport experiments on samples
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with intentionally increased disorder show all characteristics
of a homogenous system,17,3 photodoping experiments show
the characteristics of a granular system.18,37 This disagree-
ment underlines the fundamental lack of understanding
for the localization mechanism taking place in the cuprates.

Lastly, it is unclear why we observe superconductivity
with a transition temperature ofTc;66 K ~about two thirds
of the pureTc! for a sample where the resistivity and the
ARUPS data indicate that the conduction electrons are spa-
tially almost localized. It shows that the superconducting
pairing attraction is nearly equally effective for spatially lo-
calized as for delocalized carriers. This fact must be ad-
dressed by theories attempting to explain the microscopic
mechanism in the cuprates.
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