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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 dependep¢®€) turns from a simple linear dependence to one displaying a mini-
mum aroundT ,;;=190 K. This minimum is followed by an upturdo/dT<0) and by a transition to a
superconducting state at even lower temperaflige=66 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 persing band stateB(k). This combination gives new in-
sight into the influence of doping on the electronic structure.
High-temperature superconductorddTSC) are well  We show that the metal-insulator transition in HTSC is dif-

known to be close to a superconductor-insulator tranditon ferent from that observed previously in low-temperature su-
that can be achieved by cation doping. However, the naturperconductors and does not fit any standard model.
of this transition is not well understood. Particularly puzzling Superconductor-insulator transitions have long been studied
are the results of transition-metal doping. Doping with bothin low-temperature superconductdré! Here two cases can
magnetic(Fe, Co, and Ni and nonmagneti¢Zn) 3d ions  be distinguished: homogenous ultrathin filifizo) (Ref. 12
suppresses superconductivity and leads to a superconduct@nd granular cluster systertsl; _,Ge,).2® In both cases, one
insulator transitiorf.While magnetic impurities are known to starts from a superconducting ground state described by a
suppressed . due to Abrikosov-Gor'’kov pair breakimy,  macroscopic wave functio®(r)=¥uexp (i-¢). When ap-
Anderson’s theorefh states that nonmagnetic impurities proaching the superconductor-insulator transition by varying
should not affect ; at all. Furthermore, at the percent doping either the film thicknesshomogenous cag@r the metal to
level the scattering processes from impurities are expected twonmetal fraction(granular casg this macroscopic wave
be independent and thus cannot be expected to lead tofanction is destroyed. In homogenous systems, this happens
transition from metallic(de/dT>0) to insulating (do/dT  through scattering processes which reduce the amplifgde
<0) behavior. In this paper, we combine measurements ofnd thus the density of Cooper paits=|¥,°>. These scat-
the electrical resistivityo ,,(T) with angle-resolved photo- tering processes lead to a continuous decrease of the transi-
emission experimentSARUPS which investigate the dis- tion temperaturdl; and the superconducting gapwith in-
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creasing disorder, i.e., decreased film thickr8<s.In  crease of spectral weight for the dispersing states. We will
contrast, the granular systems are characterized by destrueempare our results to those on Y&8a,0, in the discussion
tion of the phase coherence between superconducting clusection.
ters leading to a spatial variation in the phage;¢(r). In HTSC'’s are well suited for this investigation because, due
these granular systems tfig is given by theT, of the me- 1O their layered structure, their electronic structure is quasi-
tallic clusters, which is independent of the metal to nonmetafWwo-dimensional. Experimentally, one observes a semicon-
fraction. Thus the onset of the superconducting transition i§lucting resistivityde ./dT<0) for the resistivity along the
independent of composition. The transition width, however@Xis, while the resistivity is metallic in theb plane
increases as the superconductor-insulator transition is a$d¢an/dT=0). The resistivity anisotropy ~is _about
proached due to the percolative nature of the system. 0o/ €a,=10" for the carrier concentration used hételec-

By combining angle-resolved photoemissiéARUPS tronic screening is known to be reduced in two-dimensional

with measurements of the electrical resistivity,(T) we are systems and thus effects of impurities are expected to be

able to relate changes in the transport properties to chang@?tlt_'ﬁuwly st_:ong In th'ts rpaterlal. din this stud bel
in the electronic structure. Our findings are threefold. First, € Impurity concentrations used in this study are below

we confirm that the doping affects not only the Supercon_about 3 at. %. Assuming that Co and Ni substitute randomly

ducting, but also the normal state and thus cannot be diJpr Cu, the separation bptvyeen |mput8|\t(e530 Aat3at %
cussed in a simple Abrikosov-Gor’kov scheme. These result much larger thar) their d'ameté.*l )- We are thus well
are confirmed by previously published wotiSecond, we elow the percolatlon threshold in two dimensions and can
show that the metal-insulator transition seen in the transpoﬁXpeCt to be in the hompgenqgs limit. IB_eqau_se of the large
measurements correlates with the suppression of dispersil‘f paration t:_)etvveen the Impurities t_hera IBriori no reason
bandlike states. Third, we show that some samples show Sgg%r not treating the scattering in a single impurity picture. In

perconductivity even though their normal state is insulatin e fO”O.W'.ng' we W'." however show that a single impurity
icture is inappropriate and that cooperative effects need to

(de/dT<0). We argue that this indicates that in HTSC - . . L
Cooper pairs can be formed out of carriers that are almo e considered. If the Impurities were not d|str|pqted ran-
g omly but were clustered, this would reduce their influence

localized in the normal state. We show that the assumption the t and th ¢ lain the ob d effect
spatial localization of the carriers through the disorder intro-ON I€ transport and thus cannot expiain the observed Etiects.
The structure of the paper is as follows. After explaining

duced by the transition-metal doping provides a consiste . . o ,
explanation of a variety of experimental facts. When usingr}%e experimental details we will first show the influence of

the termlocalization we do not imply localization through Co doping on the electrical resistivity and then on the dis-

quantum interference as seen in weak localizatfone use persing electronic states. After this, we will show results of
it in a more general sense, meaning that the spatial extent, I doping as a comparison. This section will be followed by

the mean free path of the electronic carrier states is com- e analysis of the data in terms of localization through dis-

parable or smaller than their separatity, . order and by the conclusions.

The idea that the superconductor-insulator transition in
HTSC is caused by disorder has previously been suggested
by different authors>1"'8and transport measurements like  The single crystals were grown by the conventional self-
those reported here have also been reported by several otifrx method. Their composition was determined with elec-
groups>*192Thjs is a report linking the changes observedtronprobe microanalysi¢(EPMA) (Cameca CAMEBAX SX-
in the resistivity to changes in the electronic dispersion, and0). Their size is typically X2x0.05 mnt. Using the self-
we establish the coexistence of localization and supercorflux method we observe a solubility limit for Co and Ni in
ductivity in a homogenous system such as the HTSC's. PreBi-2212 of around 2—3 at. %. Above this level the transition
viously, coexistence of localization and superconductivitymetals are no longer incorporated in the crystals. Thus we
has only been observed in granular systefisfor which  were unable to investigate samples with higher transition
there are also numerous theoretical stuéfe$ metal concentration.

This investigation was conducted on the HTSC We report on measurements of four samples, one undoped
Bi,Sr,CaCyOg,, (Bi-2212) doped with either Co or Ni. reference sample, two Co-doped samples and one Ni-doped
This system is known to exhibit a superconductor-insulatosample. The Co-doped samples have Co contents, as deter-
transition® and there is theoretical evidence that disorder efmined by EPMA, ofcc,=1.57 at. % andce,=1.60 at. %.
fects are much stronger in HTSC’s than in conventionalGiven the uncertainty of the EPMA measurement~ad.3
metals?®~2Both, Co and Ni act as impurities because theirat. % the samples have almost the same Co content. How-
electronic structure and size differs from that of the Cu ionsever, their resistivity and electronic structure are very differ-
they replace. This perturbs the periodic potential of the CuOent. In the following they will be called sample No. 1
plane. (Cco=1.57 at. % and sample No. Zc.,=1.60 at. %, re-

In a previous report Rong Liu and co-workers have invesspectively. The Ni-doped sample has a Ni content of about
tigated the band structure of YBau,0O, as a function of the c¢\;=3 at. %.
oxygen content with 6 8x=<6.92°3*’Here the change inthe  Angle-resolved photoemissiofARUPS experiments
oxygen content is expected to lead to a change in the carriavere performed at them normal incidence monochromator
density and thus to changes in the Fermi surface. The experi4m-NIM) of the Synchrotron Radiation Center in Stough-
ments however only show relatively small changes in theon, Wisconsin with a photon energy of 21 eV. After cleaving
Fermi surface for metallic sampl€s=6.9 andx=6.5. For  the samples in UH\(p<1X 10 1% torr) low-energy electron
an insulating sample the authors observed a significant deliffraction was performeth situto check the surface quality

EXPERIMENTAL
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- - J ity of oo(No. =43 pQ) cm. This large residual resistivity
0.8 Bi,Sr,Ca[Cu,Co],04,, | indicates a decreased mean free pattaused by scattering
from the Co impurities. AT=100 K the resistivity is a fac-
dp/dT <0 tor of 2 higher than_for the pure sample. _qu_sample No. 2 we
0.6 4 observe a qualitative change. The resistivity at room tem-
e min perature has increased by a factor of 6 compared to the pure
2 Sample 2 sample. Even more important, after decreasing sliglatly/
C 0.4- Te=66K : dT>0) on going to lower temperatures it shows a minimum
=S at T,in=2190 K and therincreasestowards lower tempera-
C;_% tures(de/dT<0). At still lower temperatures, we observe a
0.2 1 superconducting transition withi, ,4=66 K. The negative
Sample 1, T=76K temperature coefficieritlo/d T<0) of the electrical resistiv-
///,’@’T’T;;/f ity betweenT ;=190 K andT, is a clear indication of in-
0-00 00 " 00 sulating behavior caused by localization of the charge carri-

TIK] ers. The residual resistivity for this sample is abggtNo.
2)~600 wf) cm. While a positive temperature coefficient
FIG. 1. Electrical resistivity in the,b planeg,,(T) for a pure  (de/dT>0) indicates scattering of delocalized states by ther-
Bi-2212 sample and two samples with 1.57 at. % . 1) and ~ Mal excitations, a negative temperature coeffici@a/dT
1.60 at. % CaNo. 2), respectively. Note the suppressionTofand ~ <0) indicates either the presence of a gap in the electronic
the transition to insulating behavio/d T<0) with increasing Co  Structure, or spatial localization of the electronic states. In
doping. the latter case transport can occur by hopping between such
localized state2® As will be shown later the hopping process
and the orientation of the sample. The samples were orienteid the most likely case in these samples. The negative tem-
with the aaxis (I'-X) parallel to the photon electric field. For perature coefficient is thus the first indication of disorder-
the Bi-2212 system this is the direction of the Bi-O bondinduced spatial localization.
which does not show the superlattice modulattor®and it In the temperature range betwe€pand T, the charge
is at 45° to the Cu-O-Cu bond directi¢gh-M). Because of carriers are transported through thermally activated hopping
the symmetry of the normal state this geometry favors théetween localized single-particle sit®sSuch hopping pro-
observation of the dispersing band state alonglthedirec-  cess are frozen out as the temperature decreases because the
tion but reduces photoemission from the states alond.>*  thermal energy available to hop to an empty site becomes
The spectra for the pure reference material were taken amaller. AboveT ,,, the thermal energy is sufficient to excite
T=100 K with a combined resolution of 35 meV, as deter-the carriers across the mobility gap into delocalized states.
mined from the 10 to 90 % value of the Fermi edge of a AuTherefore the size of the mobility gap in this sample is
film situated next to the sample. The spectra of the dopedoughly AE,,o;~Kg* Trin=Kg*190 K or 16 meV.
samples were taken at room temperature with a combined |t is important to realize that the minimum in the resistiv-
energy resolution of 120 meV. The photon angle of incidencety cannot be explained by sample inhomogeneities. An in-
was 45°. All angles are measured with respect to the surfadgomogeneous sample results in a parallel resistor network of
normal. The binding energies of all spectra are referred to thihsulating and a metallicsuperconductingmaterial. In such
Fermi energy of a Au film located next to the sample anda parallel network, the resistivity is dominated by the com-
electrically connected to it. All spectra shown are normalizedponent with the lower resistivity. Thus a parallel network of
to the intensity at 0.85 eV binding energy. resistors cannot account for the observed minimum. Because
Resistivity measurements were performed on the samghe experiments were done on single crystals, grain bound-
samples after taking them out of the photoemission chambearies can also be excluded as a possible origin of the mini-
Current and voltage leads were attached by silver epoxy ontsmum in g,,,(T).
thea,b plane of the crystals to measure thg-plane resis- The Co doping affects not only the normal state but also
tivity, 0,5(T). Due to the irregular shape of the crystals afterthe transition temperaturg, . It decreases fror ;=91 K in
cleavage the absolute values of the resistivity are only apthe pure material td,=76 K in sample No. 1 an@,=66 K
proximate. in sample No. 2. This decrease Bf is a characteristic fea-
ture of homogenous systems&! If the system was inhomo-
RESULTS geneous one would expect the granular superconducting re-
gions to have the samg, as the pure material. Only their
coupling would be perturbed because of intermediate nonsu-
Figure 1 illustrates the electrical resistivipy,,(T) of a  perconducting regions. This would lead to a broadening of
pure Bi-2212 and the two doped samples Ndcd,=1.57 the transition but leave the onset virtually unchanged. The
at. %9 and No. 2(c,=1.60 at. %. The pure sample shows Co-doped Bi-2212 is therefore in the homogenous limit of a
the well known linear resistivityo,(T)=0,+a*T.>®> A superconductor-insulator transition.
simple linear extrapolation of the resistivity between 300 and It is informative to compare our results to photodoping
120 K yields a vanishing residual resistivity. The midpoint of experiment3®3"8|n our study we have changed the disor-
the superconducting transition 1§ niq=91 K. The sample der by doping without significantly affecting the carrier den-
with the lower Co contenfNo. 1) still shows a resistivity sity. Our results indicate a homogenous system with a de-
linear in temperature but with a rather high residual resistivcreasingT, . In the photodoping experiments the sample is

A. Electrical resistivity of Co-doped Bi-2212
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exposed to laser pulses which can create photoinduced car-
riers. Their number depends on the laser power and (a)
wavelength®3" Thus 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 transifiog), 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 L
indicate a granular system. These apparently contradicting B
results indicate that there is a real lack in the understanding
of localization in these systems. We return to this question
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Intensity
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The relative decrease @t between the pure Bi-2212 and | i B ]
sample No. 1 iAT/Ac~9 K/at. %. Between sample No. 1 | Bi-2212 o Bi-2212-pure N
and sample No. 2 the reduction is much stronger, at least: | Pure 5 | Pure 8]
AT /Ac>30 K/at. %. The initial suppression rate is compa- AARRAARARARA AAR PUMMBRURS

rable to the suppression observed in polycrystalline material
which is~6 K/at. % for Co and for Zri.The drastic decrease Binding energy [eV] Binding energy [eV]

of T, on going from the metallic sample No. 1 to the insu-

lating sample No. 2 is what one would expect when the g 2. ARUPS spectra for a pure Bi-2212 single crystal. The
Fermi energy crosses the mobility edge and reaches the rgomentum of the photoelectron is parallel to thexis (I-X) in (a)
gion where the single-particle excitations are localiZed. and parallel to the Cu-O-Cu bor{fi-M) in (b). The spectra clearly
This is therefore the second indication of localizationshow a peak which disperses with increasing angle. Alond te
through doping induced disorder. direction it cuts the Fermi surface aroufie14°.

The coexistence of superconductivity and localization has o ] ]
so far only been seen in granular IoW-systems such as Sity- Along thel-M direction we also observe a dispersing
Al,_,Ge, (Ref. 13 and In_,0,.2* Disordered HTSC State but its intensity is weaker. The band disperses towards

samples are the first to show such a coexistence in a homof+ and then remains close, but beloi#; for a significant
enous material. This is of particular interest for theoreticalPOrtion of the zong?“°This extended region with almost no
models because it shows that even in the situation where tHéiSPersion causes a near singularity in the density of states
single-particle excitations are almost localized, the attractivélong the r"\fl 4<zj|rect|on, similar to earlier reports on
interaction persists and is not completely overwhelmed by!B&CuO7_,.""“As a result, the density of states is very
the poorly screened Coulomb repulsion. Therefore, the adligh along this direction.

sumption of the existence of a pairing interaction even in the

insulating phase remains a reasonable starting point for theo- (a) TN X ;)_: o] .
retical models of the superconductor-insulator transition. \\\\""’\ -
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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 directions-M (Cu-O-Cu bond L

direction and I'-X (a axis, 45° toI'-M). The spectra are

comprised of three contributions: a decaying background !

(caused by the valence band located at about 3 eV binding B \

Intensity
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—
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energy; a relatively broad(full width at half maximum !
~200 meV dispersing state of Lorentzian shape, and elasti- R

cally scattered electrons forming a Fermi-Dirac distribution. [ 10° N2

A decomposition into these three contributions will be shown | | B |

later in Fig. 7. In the following, we will focus on the dispers-  Bi | Bi-2212+Co \\;(

. - . . . i-2212+Co 8°]

ing band because it provides information about the delocal- | il | Sample #1

. Sample #1

ized states. PRSI S LN N JL
In the undoped sampléFig. 2) the dispersing band is Lo 08 00 1o 05 00

strong along thd™-X direction. The band becomes visible Binding energy [eV] Binding energy [eV]

above the background #=8°, then disperses towards the

Fermi energyEg and crosses it aroun=14°. This crossing FIG. 3. ARUPS spectra for a Co-doped Bi-2212 single crystal
point of the band is important because it indicates the size ofsample No. 1 The orientation is identical to that in Fig. 2. Com-
the Fermi surface. In the absence of changes in the topologyared to the pure crystal in Fig. 1 the intensity of the dispersing
which are not expected to be caused by doping at this lovgtate along’-X is strongly reduced. However the crossing point is
level, the crossing point is directly related to the carrier denstill around 6=14°.
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| Sample #2 \Si | Sample #2 \L‘f single crystal. This sample shows a very high residual resistivity of
— T T ©00~680 ) cm andT, is reduced tor .=77 K.
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Binding energy [eV] Binding energy [eV] 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
(sample No. 2 The orientation is identical to that in Fig. 2. This !ocalization 'Fhrough disorder. It is Wor.th pointing out that
sample showed the insulating upturn in the resistivity in Fig. 1. Thel @ conventional metal such as Cu doping at the level of 1%

dispersing state has virtually disappeared along both directions. d0€s not have any influence on the strength of the dispersing
electronic states.

FIG. 4. ARUPS spectra for Co-doped Bi2212 single crystal

The data for the Co-doped sample No. 1 are illustrated in
Fig. 3. Along I'-X we also observe a dispersing bandlike
state, although its intensity is significantly reduced compared In the previous chapter we showed resistivity measure-
to the pure sample in Fig.(@. The dispersion is, within the ments and ARUPS data for pure and Co-doped Bi-2212. It
error bars, identical to that of the undoped sample. The bandas shown that the Co doping leads to a metal insulator and
crosses the Fermi surface é&t14°, the same location as for to the suppression of dispersing states. In this chapter we
the pure sample. This indicates an unchanged carrier concepresent similar data for Ni-doped samples and show that the
tration. In fact, because Co is a-Zon such a change would observed correlation between transport and spectroscopic
not be expected. Hall-effect data also indicate that there is ndata is quite general.
change in the carrier concentration. Figure 5 shows the resistivity data for a Ni-doped sample.

For thel’-M direction the spectra in Fig.(B) are similar  As in the case of Co doping the Ni doping causes a rise of
to those of the pure sample in Figlb2 The intensity of the the residual resistivityg,~680 () cm) and a suppression
dispersing state has decreased only slightly and the band stdf the superconducting transition temperat(irg=77 K). At
shows a dispersion towards the Fermi surface, without crossigh temperature we still observe a linear temperature depen-
ing it. There is less reduction in intensity of the bandlike dence of the resistivity. This behavior is very similar to that
state in thel’-M direction than in thel’-X direction. The found for the first Co-doped sample No. 1 in Fig. 1.
reason for this difference between thieM andI'-X direction For the Ni-doped samples we did not succeed in measur-
will be discussed later. ing photoemission spectra and resistivity on identical

The data for sample No. 2, which exhibited localizedsamples. Thus Fig. 6 shows data from a different crystal but
single-particle states in the electrical resistivity, are illus-from the same batch. The polarization and incidence angles
trated in Fig. 4. These spectra are qualitatively different fromare identical to those for the Co samples. While Fi¢n) 6
those of the pure material. Along both symmetry directionsshows the spectra taken with the photoelectron momentum
we only observe the decaying background of the valencelongI'-X, 6(b) shows spectra taken alodgM (Cu-O-Cu
band and a Fermi edge. At no angle is there a maximunbond direction.
indicating a dispersing bandlike state. Considering our We first compare the spectra for this Ni-doped sample to
signal-to-noise ratio, this implies a reduction of the bandlikethose of the pure material in Fig. 2. Again we find a decaying
states by more than 80%. However, we still observe a Fernmthackground coming from the valence band and a Fermi edge
edge with an intensity comparable to that in the pure samplen all spectra. Comparing the spectrafat8° andf=12° one
[Fig. 2(a) and 2b)]. finds a dispersing state of weak intensity. Its intensity is even

The observation of a reduction of the dispersing states isveaker até=14° and it is unobservable #=16°. This is
consistent with the concept of spectral weight shifting fromconsistent with a band crossing aroufie-14°, the value
the dispersing bandlike state into an incoherent backgroundihere the band was observed to crBgsin the pure sample.
of states elastically scattered by impurities. When the singleAlong the I'-M direction there is a weak dispersing state
particle states become localized in real space due to disordamoving toEr as the angle is increased frofs8° to 6=14°.
the wave vectoik is no longer a good quantum number. Along this direction the intensity of the band state is weak

C. Comparison to Ni doping
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The scattering can happen in channels which different angu-

(a)r r-X 0=+ (b)} ™M =1 lar momentum . These channels are associated with differ-
- ent phase shifts; . The phase shifts are related to the charge

of the impurity by the Friedel sum rule

2
Z=;2 (21+1)7. 2)
|

(=,

This can be used to calculate the maximum possible scatter-
ing of such an isolated impurity, the unitary limiip,, . It is
given by pures-wave scatteringl =0, 7,=7/2),

[y
(]
=7

Intensity
I N | (.;ol (Ei:
Intensity
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100—. o A Azh 3
=C .
\_ ] Qu=C ®
._Bi-2212+Ni 80__ | Bi-2212+Ni 0__ Because the scattering processes are assumed to be indepen-
| _306ni/Cu \_ | 3euNi/Cu 3| dent,A_Qu is linear in th_e impurity concentration To obtain _
—— T an estimate for the unitary limit in HTSC we use the Fermi
1.0 0.5 0.0 1.0 0.5 0.0

momentum given by the crossing of the band state along the
Binding energy [eV] Binding energy [eV] I'-X direction which was shown in Fig(&. Using this value
of ke=0.58 A"l we obtain Ag,~9x10 % Q cm¥c, or 9
FIG. 6. ARUPS spectra for a Ni-doped Bi-2212 sample. The/{2 Cm per percent impurity. This value is only slightly
orientation is identical to that in Fig. 2. This sample shows a reduchigher than the experimental value found for impurities in
tion of the dispersing state similar to that of the Co-dofeaimple ~ Cu metal’® For sample No. 1 with 1.57% Co this would
No. 1) in Fig. 3. predict a residual resistivity of 14 u£) cm. Even for sample
No. 1 this unitary limit is a factor of 3 smaller than the

already in the pure materidFig. 2b)]. In this Ni-doped €xPerimental value ofg(No. 1)=43 uf) cm. .
sample it is too weak to draw any quantitative conclusions. _Becau_se the Co concentrattl)on in sample .NO' 2 is only
These results are very similar to those observed for thé!'ghtly hlgher[ccO(No. 2):%'60 8, Eq. (3.) predicts a Very
Co-doped sample No. 1. Both show a significant reduction jrpimilar value in apparent d|screpancy \.N'th the experimental
the intensity of the dispersing state but no visible change iryalue of QO(NO' Z)NQOO p{) cm. This h|g'h value can thqs .
the crossing point or the dispersion. Similar results have als ot be explained by independent scattering events from indi-

been reported by Gat al. on Zn-doped YBgCu,0,_5*3 vidual C_o impurities_. Even if every _Co impL_Jrity would cause
the maximum possible scatterifignitary limit), as assumed

in EqQ. (3), this would not suffice to explain the value of the

DISCUSSION residual resistivity. The maximum possible value of the re-

sidual resistivity would be reached for 50% Co for Cu dop-

A. Doping-induced disorder as the cause ing (c=0.5 because here the disorder is at a maximum.
for spatial localization Even such a high Co concentration would only result in a

Any model attempting to explain the effects described inféSidual resistivity ofg, =450 u() cm. The same argument
the previous section will have to account for the following PPlies to the Ni-doped sample. Here too, the assumption of
facts: The large effects of transition-metal doping on both theScattering from independent impurities is insufficient to ex-
resistivity in the normal state and the superconducting tranpla'_n Fh_e observed residual resistivity. Thus thls high re5|dugl
sition temperature, the abrupt changes in ghgand T, for resistivity and the very Iqrge change fOIf a minute change in
small changes in the dopant level, and the disappearance the Co concentration indicate, that the increase of the resis-
the dispersing state in photoemission. It should also accoufvity is through a cooperative mechanism. .
for the fact that very similar effects have been reported for Next we consider the influence of scattering on the
doping with nonmagnetic ZfRef. 3 and for YBaCu0,_ s ARUES_ _speptra. The impurity scattering |_nduces transitions
disordered by ion irradiatio. We will show that spatial from initial eigenstates of the systei) to final stateg(yy
localization of the conduction electron states through disor] N transition probability is given by Fermi's golden rule,
der provides such an explanation. _ )

Isolated doped Co atoms locally perturb the electrostatic p_”/(Zﬁ)|<¢f|Vimp| )" () (4)

po;ential seen.b_y the conduction electrons. Thi; leads to SC"’WhereVimp is the impurity potential and(;) is the density
tering and a finite mean free path The scattering can be  fina) states. Because the scattering probabitg propor-
treated by the partial wave method. In this case the increasgyna| to the density of final states, transitions are more likely
of the residual reS'SE'V'MQO caused by an impurity concen- 4 gceur into regions where this density of states is hidfer.
trationc is given by For the Bi-2212 system this is the Cu-O-Cu bond direction,
where there is an extended singulafity’ which leads to a
At > high density of states. Thus the impurities should have only
. ; _ little influence in this direction, while they should have sig-
Ago=c e’ke 2’1 | S Cmna = m). @ nificant influence in other directions. This is in agreement
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cause it is not clear how to normalize the spectra. The reason
is that the band structure is strongly anisotrépf€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 santpéesl on ion
irradiated sample¥.

Alternative explanations include Abrikosov-Gor’kov pair
breaking/ a Kondo-type scattering efféét or a Mott
transition®® However none of these provides a consistent
explanation for all of the data. Abrikosov-Gor’kov pair
Lh& . breaking would affect the superconducting transition tem-
10 05 00 10 05 00 peratureT . but would neither affect the resistivity above

E nor the intensity of the dispersing band states. This is in clear
sleV] EgleV] - . .
contradiction to the experimental data presented here and in

FIG. 7. Decomposition of ARUPS spectra for a pure samplepre_vious Worl_(3f'48 In Ce_lse (_)f a }_<o_ndo effect neither nonmag-
[Fig. 2@] and the Co-doped sample No.[Big. 4@)]. The three  Netic Zn doping nor ion irradiation should have any effect
contributions are a dispersing state of Lorentzian shape, a backecause both produce nonmagnetic defects. Both Abrikosov-
ground coming from the valence bafidcated aroundEg=3 eV), Gor’kov scattering and a Kondo effect assume independent
and a constant term caused by elastic scattering. Full symbols aseattering events and are thus unable to explain the residual
data points, dashed lines are the fit and solid lines show the indiresistivity exceeding the unitary limit by as much as a factor
vidual contributions. In the Co-doped samigiéo. 2) the intensity  of 40. A Mott-type transition would imply that the carrier
of the dispersing state is reduced by at least a factor of 5. 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
with the observation that the reduction of the dispersing stat80 change in the Fermi surface crossirig)(and previous
is much stronger along thE-X direction. In the ARUPS Work also indicates little or no change in the Hall effétt.
spectra the scattered states will form a constant backgrouroth facts argue against a changing carrier concentration and
which is cut off atE; by the Fermi-Dirac distribution func- thus against a Mott transition. The standard weak localiza-
tion. Figure 7 shows how the spectra can be decomposed intmn process through quantum interferelicef elastically
a band state and a background. Shown are two spectra takeoattered waves can also be excluded because the magnetic
along thel-X direction at an angle ob=12° for the pure moment of the Co and Ni atoms breaks time-reversal sym-
sample and the Co-doped sample No. 2. The experimentahetry and destroys the quantum interference.
data are shown by full symbols. The dashed lines show a fit The effect of the metal-insulator transition on the band-
to the data. For this fit a dispersing state of Lorentzian shapstructure has previously been studied by Rong Liu and co-
and a backgroundig; consisting of a constant term plus a workers for YBaCu,0, with 6.3<x<6.92°*These authors
power law[l go(E) =a+b* E 3] was assumed. The spectrum did not consider the possibility of spatial localization. In
is cut off by a Fermi-Dirac distribution function. The solid their experiment the change in the oxygen content is ex-
lines show the dispersing state and the background contribypected to change the volume of the Fermi surface. In contrast
tion, respectively. The fit follows the experimental data quiteto this our experiment leaves the carrier density constant and
well. is thus not expected to affect the volume of the Fermi sur-

For the pure sample there is a well-defined dispersindace. The experimental findings are similar in both cases. For
band state of widthw=0.19 eV and binding energy metallic samples dispersing states are observed. Within the
Eg=0.09 eV. The dispersing state and the constant backexperimental error their band crossings are identical to those
ground term are of almost equal intensity at the Fermi levelof the pure material. For insulating samples one observes a
For the Co-doped sample No. 2, which exhibited the insulatvery significant reduction of the spectral weight for these
ing upturn in the resistivity, the dispersing state is virtually dispersing states. Apparently the main effect in both cases is
absent. A least-squares fit results in a dispersing state dfe destruction of the periodic potential leading to spatial
width W~0.2 eV and binding energiz~0.2 eV. Its inten- localization, an idea we have introduced in this paper. A
sity is less the 15% of the constant background. Because ahange of the volume of the Fermi surface is to small to be
its weak intensity the values for both the width and the bind-detected experimentally. For the Co- and Ni-doped Bi-2212
ing energy have large uncertainties in this sample. discussed here the disorder, caused by the substitution of Co

This analysis shows that spectral weight has been transnd Ni for Cu in the Cu@plane, is apparent. In the case of
ferred from the dispersing band state in the pure sample to the YBgCu,O, the disorder is probably caused by changes
constant background in the Co-doped sample. A quantitativan thea- andb-lattice constant which accompany the random
analysis of this shift of spectral weight is not possible be-oxygen vacancies in the Cu-O chains.

Bi-2212 pure Bi-2212 + Co
T=91K Sample #2, T, =66K

= Y
-‘._‘.._
P g

Intensity
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B. Coexistence of spatial localization and superconductivity superconductivity can work with such a small humber of

As shown in Figs. 1 and 4 sample No. 2 exhibits an in-carriers per coherence vol_ume is a puzzling feature of high-
crease in the electrical resistivity beldi,,=190 K, caused ~emperature superconductivity. This argument leads to an up-
by localization of the carriers, and a superconducting transiPer bound for the localization radiu, . According to Eq.
tion atT,=66 K. Consequently the Cooper pairs forming the (6), a4 has to be smaller than the carrier separation for the
superconducting state must be composed of spatially locaFoexistence of localization and superconductivity. Thus it has
ized single-particle states. Such a coexistence of localizatiotp be smaller than abowt,; <13 A. The carriers are thus
and superconductivity is very unusual. Experimentally, it hadocalized in an area corresponding rie< (ay/a)?~6 Cu at-
only been observed in granular systems such as AlR&$. oms. Such a value seems reasonable because it is intermedi-
13) and In:0% Theoretically, it has been studied by severalate between the completely delocalized Bloch state=)
author$”~?> who demonstrated that localization and super-and localization on a single atomic site. It means a carrier is
conductivity are not mutually exclusive. Anderson’s theoremonly shared between a Cu atom and its nearest neighbors.
is still valid in a narrow region on the insulating side of the  The work of Ma and Le® can now be used to estimate
superconductor-insulator transitiéh’ In the localized re-  the width of the region where localization and superconduc-
gion of the insulator-superconductor transition the density ofjyity coexist. Taking the localization length on the insulating
states can no longer be approximated by a spatial averaggge of the superconductor-insulator transition from scaling

but must be considered a local quanti(E.r). Ma and = heory they estimated the width of the coexistence region
Lee?® showed that a superconducting wave function can b n.—n)/n, as
C c

formed provided there are several localized states within a
energy range equal to the superconducting gapof the

material, (1_n/nc)V~(EF/A)1/d. (7)

d
ay Ao (N(Ee.1))>1. 5 Hered is the dimensionalityn, is the critical concentration

for the superconductor-insulator transition, anid the criti-

Hered is the dimensiony, is the superconducting gap, and cal exponent. Assumind=2 and takingy=—1 (Ref. 5 and
(N(Eg 1)) denotes the density of localized electronic statesyalues ofEg~400 meV andA~16 meV/® we obtain a co-
averaged over an energy region of the size We can use eXistence region of(1—n/n;)~20%. Using the value of
this to discuss the hierarchy of length scales involved in théc=1.6 at. % for the critical concentration in the case of Co
problem. For this we assume the extreme atomic limit wheréloping this yields a coexistence region of onh0.3 at. %

the carriers do not interact. This assumption ignores hybridCo- The relative width of1-n/n;)~20% is a factor of 2
ization between the carriers, which is certainly non-larger than that of classical low-temperature superconductors

negligible and which will lead to a larger value for the local- Where Ma and Lee estimated it to bel0%2? Although both

ization radius. Neglecting hybridization effects the normalthe larger gap\, and the lower Fermi energlr in HTSC
state is governed by the separation between two carrier staté&vor the coexistence of localization and superconductivity,
de and the localization radius. In the two-dimensionalthese effects are partially canceled by the lower dimension-

Cuo2 p|ane the carrier Separation is given dbé(e: a/(cllz) allty d=2 as Compared td=3 in the granular SyStemS. The
wherea=5 A is the lattice constant and the carrier con- harrow coexistence region is consistent with our observation
centration. In order for localization to occur the separationthat sample No. 1 and sample No. 2 have very similar Co
between two carriers, . has to be larger than their spatial contents(1.57 at. % and 1.60 at. %, respectivelut very
extenta,,, or de >ay . This argument is equivalent to the dissimilar properties.

Joffe-Regel(ke*A=1) criterion for localization in materials

with one carrier per atorif In this case the transport will

happen through thermally activated hopping between differ- CONCLUSIONS

ent carrier sites leading to a negative temperature coefficient
of the resistivity (do/dT<0). Superconductivity, on the
other hand, can only occur when there are at least two carr
ers per coherence volume @t,>d.. .. Thus in the absence
of hybridization coexistence of localization and supercon
ductivity requires

We have shown that in addition to causing a metal-
ipsulator 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.
Ep>deo>ay. (6) 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
In Bi-2212 the in-plane coherence length is estimated tdas to be a cooperative effect, which excludes both standard
be arounds,,~10-20 A. The carrier concentration is about Abrikosov-Gor’kov and Kondo scattering which are single-
¢=0.15 carriers Per Cu leading to a carrier separation ofon effects. On the other hand, quantum interference effects
de.e=5 A*(0.15 ?~13 A. In agreement with the argument as in weak localization theory can be excluded because of the
above the coherence length is thus larger than the carridocal magnetic moment of the Co and the Ni, which destroys
separation, but only by a surprisingly small amount. Howthe interference. While transport experiments on samples
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