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Effect of nonmagnetic impurities on the gap of ad,2_,2 superconductor
as seen by angle-resolved photoemission

R. Fehrenbacher
Max-Planck-Institut fu Festkaperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany
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An analysis of angle-resolved photoemissi?kRPES experiments in the superconducting state of the
high-T, copper oxides is presented. It is based on a phenomenological weak-coupling BCS model which
incorporates the experimental normal-state dispersion extracted from ARPES, and nonmagnetic impurity scat-
tering in the presence of d,2_,> order parametefOP). It is shown that already in the pure case, the
broadening by finite momentum resolution of the analyzer leads to a finite region of apparent “gaplessness”
around the true node of the OP. Nonmagnetic impurities further amplify this effect by introducing additional
spectral weight around zero frequency. At sufficiently large impurity concentratie¥3.02—0.05, this results
in an extended region of gaplessness updge- =7 (¢ the angle on the Fermi surfgcaround the true node for
a large range of moderate to strong impurity potential strengths. Different ways to identify the presence of
impurity scattering in the ARPES spectra are propo§80163-182@06)09533-1]

[. INTRODUCTION ertheless, at sufficiently large concentrations of a few per-
cent, one expects to see an effectAqR,w) in this limit also.
Major experimental progress has recently been made il earlier work® we already studied the influence of impurity
identifying the order parametefOP) symmetry of the scattering on ARPES spectra from a slightly different per-
high-T, cuprates. A large number of results strongly suggesspective, but the model used there did not incorporate a re-
that the carriers pair with a nontrivial, spatially anisotropicalistic normal-state quasiparticle dispersion. When compar-
dy2_,2 symmetry* Among these probes, angle-resolved pho-n9 to experimental spectra, however, a realistic model for
toemissioN ARPES has the unique potential of determining the d|sper5|o.n is crucial, since it dramatically affects resolu-
the superconducting gap as a function of momentum, anfon Proadening, as we shall discuss below.

indeed, strong support for ttebwave scenario has recently By a?alt(_)gy with th_e rrlltse ONfei ?hs ?tfr:maf']? n tOf |rr:tp]ur|ty
been reported using this technicire. concentration, one might expect that the effect on the gap as

Since the cuprates are the first materials in which ARPESEXtraCted by ARPES is also to progressively wipe it out as

. . impurities are added. Indeed, we shall show that, depending
experiments were able to detect a superconducting gap, the{)% how the gap is extracted from the ARPES spectra, there
is not much theoretical work experimentalists can compar '

hei dh ) h . ¢ %an be a finite region on the Fermi surface around the
t elr_spectra to, and hence ln_mo_st casest gextractlono_ t 2_,» node, where the measured gap appears to vanish,
gap is done on a rather qualitative level. It is therefore im-

_ a ) ' even though the order parameter is finite. However, to a large
portant to provide some minimal theoretical guidance, anGytent, this effect is caused by the finite momentum resolu-
put the data analysis on firmer grounds. To this end we cakjon of the analyzer. It occurs even for the case of a pure
culate so-called energy distribution curvéSDC) using a  BCS spectral function, although the “gapless” region is then
rather simple phenomenological BCS model which consistgnuch smaller.
of the ARPES normal-state quasiparticle dispersion supple- The plan of this article is as follows: In Sec. Il, we shall
mented by ad,2_,2 pair interaction and nonmagnetic impu- start with a brief discussion of the photoemission process,
rity scattering’ The effects of impurity scattering are of par- and discuss the influence of finite experimental resolution in
ticular importance, since the reduced symmetry of the ORoth energy and momentum on the spectral line shape. Based
allows for severe pair-breaking even in the nonmagnetion this, in Sec. Ill, we shall discuss different methods to
case> extract the superconducting gap from the ARPES spectra,
One rather selective signature of tidewave state, as and show how well its resultinkf dependence compares with
compared to a strongly anisotrogavave state for instance, the true OP. In Sec. IV, the influence of nonmagnetic impu-
is the possibility of so-called resonant scattering by nonmagrity scattering on the line shape, as well as on the extracted
netic impurities>” If the impurity potential is such that the gap will be elucidated. Finally, a comparison with experi-
resonant condition is satisfied, a very small impurity concenments, and a critical discussion will be presented in Sec. V.
tration n; is sufficient to create a large residual density of
single-particle state$DOS) N at the Fermi level. Natu- |, specTRAL EUNCTION INTERPRETATION OF ARPES
rally, this effect also has to manifest itself in the spectral
function A(k,w), and hence it is of interest to study whether In the analysis of ARPES spectral line shapes, we assume
it could be observed in an ARPES experiment. Even awayhe validity of the spectral function interpretation. In other
from resonance, the impurities induce a firltg, albeit the  words, we assume that the ARPES intengitgglecting ef-
growth with the number of impurities is much smaller. Nev- fects of finite experimental resolutipnis given by

0163-1829/96/5)/66328)/$10.00 54 6632 © 1996 The American Physical Society



54 EFFECT OF NONMAGNETIC IMPURITIES ON THE GR.. ..

I (k,w)=1y(k)f(w)A(K,w). The prefactot 4(k) depends on in-
cident photon energy, polarization, and on the final state
through the electron-photon matrix element, however, it is
only weakly dependent oa or temperature. Hence, the line
shape is entirely determined by the Fermi functfdm), and
A(k,w). We shall later comment on this simplifying assump-
tion, and show that it leads to a self-consistent interpretation
of the ARPES experiments on Sir,CaCyOg (Bi2212),
which is the best studied cuprate. Recently, it has been dem-
onstrated that this approach works also well in the analysis
of other quantities.

A slight complication regarding the interpretation of ex-
perimental spectra results from the finite resolution of the
detector in both frequency and momentum. Usually, the de-
tector probes a finite momentum windafk with constant
probability distribution due to its finite extent. Apart from
the physical dimension of the detector, the size of this win-
dow depends also on the incident photon energy. A circular
window of radius 0.0367/a, a the planar lattice constant, is a
typical dimension, realistic for the measurements from Ref. 3
performed at incident photon energy 22 eV. All calculations
in this paper were done using thisresolution, and the tem-
perature entering the Fermi function was fixed'at10 K, a
typical value for actual measurements in the superconducting
state. The frequency resolution of the detector is a Gaussian,

<Alke.9)>, Alle.¢)

<A(Ke9)>,

Q
[m]
w

and current state-of-the-art devices can reach a standard de-

viation o, as low as 7 meV. Taking both resolution effects
into account, the ARPES intensity or EDC’s should be given

by®

|(k,w)=|0f6kdk’f do'R(w— o' )f(o")Ak",0"),
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FIG. 1. The effect of the finite experimental resolution on the
EDC'’s as calculated from the pure BQR._,» spectral function.

The three columns are calculations for different angles on the Fermi
surface,p=45,35,0 from left to right. Top row: the pure spectral

1 function. Second row: spectral function after frequency broadening.
() : ) : . )
Third row: spectral function after momentum broadening. Last row:

where R(w—w')~exf —(w—w')%202). Here we neglected
the k dependence dfy.
It is very instructive to calculate EDC's according to this

EDC calculated from Eq.1), and normalized to the spectrum of a
resolution broadened Fermi functigdotted curvée

formula within simple BCS theory. Then the spectral func-Férmi surface.¢ is measured relative to ther,) point,

tion takes the familiar form

around which the Fermi surface is closed. The top row dis-

plays the pure BCS spectral function, i.e., tddunctions

A(k,w)=UZ8(w—Ey) + vEd(w+Ey), 2)

provided the OP is finitéthe node in thed,> 2 gap is at

#»=45). In the second row, the effect of the frequency reso-
with E,= \/§2k+A2k the quasiparticle energy, andiZ |ution is shown, which simply leads to a Gaussian broaden-
=(1+&/E\)/2, vE=(1—§k/Ek)/2 the coherence factors. ing of the peaks. Of course this broadening does not depend
To be as realistic as possible, for the quasiparticle dispersioon the Fermi-surface angle. This is very different though for
&, we use a tight-binding fit to normal-state ARPES data orthe broadening caused by the finkeesolution, as shown in
Bi2212 (Refs. 3 and 1Pwith real-space hopping matrix el- row three. The shape of the spectra is similar to a BCS DOS
ements {g,...,ts] =[0.879,—1, 0.28,—0.087, 0.094, 0.087  for an isotropic gap, which is not surprising, since the order
(to on-site, t; nearest-neighborf, next-nearest neighbor parameter does not vary too much within the resolukon
hopping,.).1*? All energies are measured in units of window over which one integrates. The broadening is clearly
[t;/=0.149 eV. The value of, corresponds to a hole doping strongly dependent ok. It is largest at¢p=45 (the region
of =0.17. As suggested by the ARPES data, the fitted quawhere thed,. > gap has a nodeand hardly noticeable at
siparticle band-structure exhibits a saddle poink&t(,0) ¢=0 where thed,2_,2 gap is maximal. This effect is a
with the resulting van Hove singularityvHs) located at ap- simple consequence of the nontrivial dispersion: Around
proximately 30 meV belowe, in Bi2212. Normal-state data ¢=45, the quasiparticle band is very dispersive, hence the
on other hole-doped cuprates show a similar disperSion. finite momentum window of the analyzer samplepoints

The OP is chosen as =A(cosk,—cosk,)/2, and the size  with a wide spread in energy. This results in a large broad-
of the maximum gap is fixed ak=0.2 (for T=0), which  ening. The situation is reversed aroue-0 ([,0]), where
corresponds to approximately 30 meV, consistent withdue the saddle point, the band is only weakly dispersive, and
ARPES results on Bi22123 Figure 1 demonstrates the ef- hence thek points in the resolution window all have similar
fect of the experimental resolution on the ARPES line shapeenergies leading to extremely small broadening. Note, that
We show spectra at three different ang#es0,35,45 on the the k dependence of the OP itself further amplifies this dif-
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ference in momentum broadening, since it has a linear de-

pendence ork around $=45 (large variation ofA, within 0204 — 4,
k), and a quadratic one neg=0 (small variation ofA, 0.15 1 R i(scale ol
within §k). = ]

Looking at the EDC's calculated according to Et), and & 0.101 i
displayed in the bottom row of Fig. 1, one clearly observes < 0.05 - L
that the width of the peaks is about twice as larggat5 as 0.00
compared top=0 due to the momentum resolution effect. ’ —

From this, it is also evident that the widths dreesolution 0 5, % 45
limited around¢$=45, whereas at)=0 they are frequency

resolution limited. The absolute values of the peak width are 5 5 1he superconducting gap on the Fermi surface as a

in good agreement with the experimental spectra of Ref. 3q,ction of the anglep for the clean case. The true QPis com-

This justifiesa posteriorithe assumption of interpreting the pareq withA,,, which is the shift of the leading edge of the EDC
ARPES data using a simple spectral function approach, anghmpared to the reference spectrii(w, T).

also shows that the values claimed by the experimentalists

about their resolution are self-consistent. half the peak value after normalizing the EDC a¥g w,T)

such that the maximum of the EDC coincides with the con-
stant value oNg(w,T) at large negativen. This defines the
meaning of a normalized spectrum for this article. In the

Next, we are interested in the values of the superconductottom panel of Fig. 1, we have illustrated this procedure.
ing gap which is obtained by extraction from the calculatedNote, that due to the finite momentum resolution it is actu-
EDC's. In the experimental literature three different methodsally possible to obtain negative shifts by this procedure, es-
have been employedi) Measuring the shift of the leading pecially if the resolutiork window is rather small. This is a
edge of the EDC in the superconducting state as compared twnsequence of the nontrivial dependence resulting from
the normal state EDC at the sam@oint. This method is not the k averaging as shown in row three of Fig. 1.
really suitable to obtain a quantitative measure of the gap In Fig. 2, we compare the extracted shift with the true OP
since the two compared spectra are neither taken at the sarae a function of angle) on the Fermi surface. In the large
temperature, nor time. Furthermore, the normal-state EDC’gap region, thep dependence ak, pretty much follows that
are substantially broader than the superconducting ones leadf the true OP, however, around the node, there is a big
ing to an additional uncertainty. Therefore, this method cardiscrepancy coming from the finiteresolution: Whereas the
only give an indication that a superconducting gap hasl. 2 OP goes to zero linearliy, takes a superlinear de-
opened up, but is not trustable for an estimate of its size. pendence, and becomes zero already at an angle~af2,

(ii) Measuring the shift of the leading edge of the EDC inproducing an apparent extended region of nodes around
the superconducting state as compared to an angle-averagee-45. Also, the gap is underestimated by a factor of at least
spectrum from a nonsuperconducting reference sample sudh4 even in the large gap region which is of course obvious,
as Ag or Pt which is in electrical contact with the supercon-since the true gap is given not by the shift but by the position
ductor. The spectra of the reference sample essentially repf the peak in the EDC. This example illustrates that the
resent the occupied density of single-particle states, andependence of the gap around the node region is very diffi-
should therefore be well represented by a resolution broadzult to quantify using the shift method already in a simple
ened Fermi function at the temperature of the experimenBCS model. In the following section, we shall show that
This method allows for a quantitative estimate of the gapjmpurity effects can even further blur the true value of the
and according to our calculations should always give a lowegap through lifetime effects.
bound of its true value. It is not biased, i.e., no assumption
about the form of the spectral function is necessary. How-
ever, we shall show that the error as compared to the true OP

can depend quite strongly on the shapeAdk,w). As mentioned in the Introduction, nonmagnetic impurities
(ii) Finally, one can try a fit of the experimental EDC to have a severe pair-breaking effect i-avave superconduc-
a theoretical curve based on H@d). However, this requires tor. In this section, we shall investigate their effect on the
the knowledge oA(k,w), which is usually assumed to be of spectral function, the EDC, and the valugs,. We use a
the simple BCS form. Hence it can only be reliable if life- short-range potentiaV;(r)=ud(r—r;), and apply the self-
time effects which could alter the BOSK, ) are negligible.  consistentt-matrix approximatioff:” This approach has re-
Furthermore, one has to make an assumption about the frgently been shown to yield accurate results in the dilute im-
quency dependence of the background in the spectra whigurity limit.2* Working in particle-hole space, thematrix T
leads to additional uncertainty, even though one can checkatisfies the following Lippmann-Schwinger equatignan-
the consistency of the assumptions. Nevertheless, this is bities with a hat represent matriges
far the most accurate way to determine the gap.
In this article, we shall use methad) and extract the 1
shift A, of our calculated EDC'’s compared to a resolution T(w)=u| o3+ 53T(0) — 2 G(K,w)|. 3
broadened Fermi function given by Ng(w,T) A%
=[dw'R(w—w')f(w’,T) which is representative for the
spectrum of the reference sample. The shift is evaluated adere we introduced the propagator

IIl. SUPERCONDUCTING GAP

IV. IMPURITY EFFECTS
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9(k,w)= , (4)

wherew=w—23g, A=A +34, =123, & is the quasi-
particle energy. The self-enerdiike all other matricepis
expanded in terms of the identity and Pauli matriags - o5
asX=3,0;, and is given byX=n;T, n; is the impurity
concentration, and is the volume. For thel,>_,> OP, the
off-diagonal self-energy vanishes by symmetry, and from
(3), the nonzero components are

_ niGO ) _ ni(llu_ G3)
(Iu—G3)?-G3' TP (1u—Gy)%-G3’

20 5

where G;(w)=A"13,0;(k,0). As outlined previously, we
take into account the full structure of thenatrix, i.e., we do
not assume particle-hole symmetry. The self-consistency

equationg5) are solved numerically on é@x d k-space grid
with d=<4000. The spectral function is then evaluated from

sghw .
A(k,w)=—T Im{g11(k, @)}, (6)

and the EDC is obtained using EQ).

As shown earlief, the effect of the nontrivial DOS is
rather dramatic, in particular if a vHs is closedg, as in the
present casefi) The s-wave scattering phase shi&, ac-

- ~ PA

quires a strong frequency dependence already imthmal 0 i
state, which also reflects itself in the scattering rate, hence -04 -02 00 02 04
resistivity. Furthermore, the dependencewis highly non- w

trivial. (i) In the self-energy Eqg5), the cotangent =cotd,

(being frequency independer case of a constant normal  FIG. 3. Dependence & (kg ,¢) on the strength of the impurity

DOY that is usually used to parametrize the scatteringootentialu for n;=0.05. Spectra are shown in the normal as well as

strength, is replaced by thfaow frequency dependerguan- " the superconducting statat the nodep=45, and the maximum

tity T(w)=— 1/u+ G4(w). This leads to a strong sensitivity 92P #=0)

of the superconducting DOS anf, on bothu and the

chemical potential. Resonant scattering is usually observednly small, of the order of,/50 for n;=0.05, and dependent

for |c| <1 (corresponding tdu| ~ for constant DO% Inthe  on the magnitudend sign ofu). This criterion ensures that

present case, this translates to the condiitm=0)<1, al-  the peak of the normal-state spectral function iswat0.

lowing for resonant scattering even|if| <. Concentrating first on the spectra fgr=45 (at the nodg
While the case of resonant scattering is of particular im-one notes that there is a strong dependenc&(kfw) on u.

portance for quantities which are very sensitivé\tg,, such  For most values there is a clear double-peak structure, one

as the temperature dependence of the NMR relaxation ratpeak above, one peak belay . The relative strength of the

or the London penetration depth, for ARPES experiments ipeaks varies wittu. As 14 is decreased from positive to

is not so crucial. The difference between resonant and norregative values, the peak aboyeloses, and the one below

resonant scattering is most dramatic at small impurity coneg gains spectral weight. At ~0.0 the two peaks have

centrations. However, then the self-energy is also not sequal strength, and the spectra looks like a single very broad

large, and the finite resolution in the ARPES experimentgpeak.

smears out the sharp feature at resonance which exists in the This behavior can be readily understood by examining

unaveraged spectral function. In order to see a clear effect iRig. 4 where we plot I ,(w)}, which is responsible for

the EDC, it is necessary to go to rather large impurity conthe quasiparticle damping. We observe a single-peak struc-

centrationy;=0.02. Hence, in this article, we shall concen-ture on a slowly varying background, which moves from

trate on this case, and consider moderate to strong impuritgegative to positive frequencies asi 1$ varied from 0.4 to

potential strengths. —0.4. This structure leads to the small peakAfkg ,w)
Figure 3 shows a comparison of the unaveraged spectragrovided it is away fronzg . When it is ater, the case which

function on the Fermi surface far;=0.05 between the nor- corresponds to resonant scattering, the self-energy peak co-

mal state and the superconducting stateba,45 for vari-  incides with the quasiparticle peak positionedaleading to
ous potential strengths. The normal-state Fermi surface was single structure iA(Kg , ).
determined by the criterion thai(kg)=[°.doA(kg,w) At ¢=0 (the large gap regiorthe spectra consists of the

=1/2, i.e., we took the shift of the chemical potential causedwo peaks positioned at A, as expected from the BCS form
by the impurity scattering into accouf course this shiftis of A(k,w). The impurity scattering substantially broadens the
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FIG. 4. Dependence of the imaginary part of the self-energy j

peaks, and it also leads to spectral weight at zero frequency,

which is responsible for the finitsl .. The weight around FIG. 5. Spectral function, and the corresponding EDC calcu-
»=0 depends again on the value ofilfor positive(nega-  |ated using Eq(1) for 1/u=—0.4 andn; =0.02,0.05 at four different
tive) 1/u it is concentrated at positivegative w. angles on the Fermi surface=0,35,40,45(from top to botton.

One further point worth mentioning is the fact that the First column: the unaveraged spectral functions. Second column:
impurity scattering violates the approximate sum rule statingeDC'’s for n;=0.02. Third column: EDC’s fon;=0.02. The dotted
thatn(kg) should be independent of temperature above andine in columns two and three represents the resolution broadened
below T, 2 It is evident from Fig. 3 that compared to its Fermi functionNg(w,T).
value in the normal state=0.5 by definition, n(kg) in the
superconducting state can grow or decrease depending on tliea consequence of the enhanced spectral weight around
value of 10. The effect is particularly severe ét=45. Here, zero frequency which also induces the layg;. The slope
of course this is due to the strong particle-hole asymmetrproblem is most critical for scattering strengths around the
introduced by the impurity scattering and the normal stateesonance limit.
dispersion, under which condition the sum rule is not Figure 6 addresses this issue in more detail. Here, we plot
applicablée’ It might be that this effect could shed some light the EDC’s at¢=0, n;=0.0,0.05 for various values of i/
on the puzzling results from Ref. 15, where a large change ifror rather weak scattering/u=1.0,—1.0), the slopes of the
the ARPES spectral weight was observed upon coolingeDC’s and the resolution function are pretty much parallel.
throughT,. However, in the strong scattering limit, mostly pronounced

Next, we look at the effect of the impurity scattering on at 1u=0.0, a low-frequency tail in the EDC makes the peak
the EDC's as calculated using Ed). Figure 5 illustrates the substantially asymmetric, and results in the above-mentioned
influence of the scattering on the shift;, at 1u=—-0.4 for  slope problem. This effect could be a way to identify strong
four angles$=0,35,40,45 on the Fermi surface, and at twoimpurity scattering in ARPES experiments. We emphasize
values ofn;=0.02,0.05. For comparison, the raw spectralhowever, that it would be seen most easily in regions where
functions are also shown in column one. At the nogle45  the OP is large, i.e., arour(dr,0).
the impurities have virtually no influence on the EDC as In fact, a similar behavior has recently been reported from
evident by comparing with the spectrum in Fig. 1. However, ARPES measurements on electron irradiated samples of
at $=40, increasing the impurity concentration leads to aBi2212° The electron irradiation is believed to create
progressive closening of the gap measured in terms of thErenkel-type point defects by displacing oxygen atoms in the
shift: at n;=0.05, Ay,=0. The same effect is seen further CuG, plane. This type of defect apparently does not lead to a
away from the node atp=35. Here, Ay, is still finite at  Curie tail in the magnetic susceptibility, hence it seems to
n;=0.05, but is substantially reduced from its value atrepresent a nonmagnetic potential scattering center. The
n;=0.02. spectrum shown in Ref. 1@neasured in the large gap re-

At $=0, where the OP reaches its maximum, the shift isgion) indeed seems to have acquired a low-frequency tail as
also strongly reduced due the progressive broadening of thexpected from the theory. A more detailed study would be
EDC by the impurity scattering, but at=0.05, a new effect desirable to unambiguously identify the slope problem.
appears: the leading edge slope of the EDC does not match Figure 6 also clearly illustrates the problems one encoun-
the slope of the resolution functiddz(w,T). This behavior ters when trying to extract the OP from the leading edge shift
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gion aroundgp=45 of size up todp==7, where the shif\g,

=== Ny(o)

0.8 e n=0.00 is essentially zero. Such behavior has been reported earlier

n=0.05 for some samples measured by ARPES, while it is not seen

e | in others*® Our results strongly suggest that it is the sample
\qo | purity which is responsible for these differences. A nonlinear
N dependence o of the OP itself is not necessary to explain

- the flatness aroung=45.

The thin line in Fig. 7, was obtained for u#0.4,

n;=0.05, and showsin comparison to the curve for d#
—0.4 that the shiftAy, in the large gap region can be

g strongly dependent on the size and sign ai, Mhile the

§ curves essentially overlap in the small gap region around
5 $»=45. This effect is related to the severity of the slope prob-
= lem shown in Fig. 6, and can be traced back to the variation
j. of the peak position in the self-energies displayed in Fig. 4 as
L a function of 14.

g Finally, we would like to illustrate another possible way

to identify strong impurity scattering in ARPES experiments.
Due to particle-hole mixing, the BCS spectral function Eg.
(2) predicts that the ARPES intensity should not vanish
abruptly when the normal-state Fermi surface is crossed, but
rather, a gradual decrease should occur, according to the de-
pendencevﬁz(l—gk/Ek)/Z of the weight in the electron
part of A(k,w). At the same time, the peak in the spectral
function approaches the Fermi energy only up to the mini-
mum distance aEkF=—AkF, and then disperses back to

o ' larger binding energy ak crosses the Fermi surface. Pre-
cisely this feature of BCS theory has recently been observed
FIG. 6. EDC's for various values of d/andn;=0.05 at the gap in Bi2.212’19 making the case fpr the spectr'al function inter-
maximum ¢=0, compared to the pure spectra, and the resolutiorPretation of the ARPES experiments on Bi2212 even stron-
broadened Fermi functioNg(w,T). The slope problem is obvious 9€! _ _ _
close to resonancd/u=0.0—0.4). Here, we demonstrate that impurity scattering may leave
another unique fingerprint in the ARPES spectra when inves-
tigating the effect of the particle-hole mixing. The point is
that as the Fermi surface is crossed, and the strength of the

Agn. Even though the OP is precisely the same for all spectr

in Fig. 6, the values one extracts frakg, have a large varia- “quasiparticle intensity,” roughly given by »=

tion. Such a slope problem will always occur if the underly-(l_gk/Ek)/2 weakens rapidly, the spectral weight intro-

ing spectral function deviates substantially from a single- . . . I -
peak structure. duced by the impurity self-energy in the vicinity @f=0

In Fig. 7, we show the angle dependenceAgf on the decreases much slower. Hence, the incoherent part can show
Fermi su'rfa’ce for Y=-0.4. As compared to the true OP Up as a second peak as soon as the coherent intéqiy

the shiftAg, extracted from the EDC clearly underestimatess’ipartiCIe p_ea}<i_s sufficiently small_. This phenomena is dem-
the value SofA already in the pure case, an effect which iSonstrated in Fig. 8 for a scattering strengtlu=0.1 (near

strongly enhanced by the broadening caused by impurit)réeeic:rn;i%cnilvg%g tgi:fg?ecéris ggggae;nﬂclvmvptﬁgty ljigsr:- "
scattering. Furthermore, the impurities lead to a gapless r iU y q p

Sicle peak disperses away from as the Fermi surface is
crossed, while the low-frequency tail present =0 pro-
gressively turns into a separate pealéamcreases. We have
0.20 s - isn<ni=0> plotted the EDC’s without a normalization to show the drop
e R 4,(n=0.02) in signal strength. Nevertheless, the intensity might still be
0151 N enough to be observed.

N V. CONCLUSION

: : We have presented an analysis of ARPES data in the su-
0 B, % perconducting state of the high- cuprates based on a
simple phenomenological weak-coupling BCS model, which
FIG. 7. The superconducting gap on the Fermi surface as #icorporates the normal-state ARPES dispersion, and non-
function of the angles. The true OPA is compared withAy, ~ Magnetic impurity scattering in the presence af,a 2 or-
calculated for =-0.4 and different impurity concentrations der parameter. We have shown, that it is extremely important
n;=0.0,0.02,0.05. The thin solid line shows,, evaluated for to take into account the finite resolution of the analyzer in

1/u=0.4n;=0.05. both momentum and frequency to obtain realistic results. In
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normalized. There is a low-frequency tail in the spectra re-
flecting the spectral weight from the impurity scattering near
the resonance limit. We also demonstrated that this spectral
005 | weight could be identified by looking at the effect of
particle-hole mixing fork values which are outside the
normal-state Fermi surface. In this case, the incoherent spec-
tral weight aroundw=0 leads to a second peak in the
ARPES spectra with a weight comparable to that of the qua-
siparticle part.
N One point about the impurity related parameters used in
our calculations has to be borne in mind: for=0.02,

- |1/u|<0.8, our model also leads to a significant reduction in
1 T. (see Ref. #up to 50% at;=0.05. Hence, if an extended
region of nodes is observed in an ARPES experiment, this
should be accompanied by a substanfiglreduction com-
pared to a pure sample where such a nodeless region is ab-

200 —t

= 0.1

150 -

100

0, ®) [arb. units]

Ik, &
3
\
e
A
N o

\L sent. If this is not the case, it might well be that the sample
LT T ~—"4_ 03 . : : i
0 . : surfaces have a higher impurity concentration than the bulk,
-04 02 0.0 0.2 so that theT. suppression is determined by a differemt
® than the one that affects the ARPES spectra. Note also, that

NMR experiments on Bi2212 crystals grown by the same
FIG. 8. Particle-hole mixing: Evolution of the EDC evaluated atgroup as the ones used in the ARPES experiments Ref. 3,

1/u=0.1,n;=0.05 (close tp resonangas the quasiparticle. energy have indicated the presence of a laNyg, without explicitly
moves through the Fermi energ§=0.0,0.1,0.2,0.3. The lines in- - goped impuritie€ This result is somewhat puzzling, since
dicate the_ dlsper5|9n of the electronic quasiparticle away kpas __the reported value dil,. (24% of the normal DOBwould
the_Fe_rml energy is crossed. The arrows mark the |r_1c:(_)herent, "Th’nply aT, reduction of at least 20%according to our model
pruc:lt\/;;mduced peak nean=0 which becomes more distinct & calculations, but theT of the sample was still 86 K, which
9 ' is within 10% of the best Bi2212 values in the literature.

particular, the broadening by finite momentum resolution!\'evertheless' if this residual DOS is due to nonmagnetic

leads to a finite region of gaplessness around the true node gppurlty scattering, one W.OUId expect the presence of an
the d,2_,2 OP if the shift of the leading edge of the spec- extended nodeless region in ARPES measurements on those

; ; amples.
trum, Ay, with respect to a nonsuperconducting reference . . .
sample (in electrical contact with the supercondugtas A final word about resolution effects: Improved frequency

: : - lution would be beneficial for the understanding of the
taken as the measure of the gap. This shift vanishes fast SO . ; -
than linear in the Fermi-surface angfearound thed,2 2 RPES line shape aroun(er,0), since due 1o the proximity

node region, even though the true OP itself goes to zerﬁf.the s'addle point, mqmentum broadening is very weak in
linearly. is region, and one might be able to observe more features

Nonmagnetic impurities amplify the effect of the finite of the true spec_tral function. on the other hand, better mo-
resolution. Additional spectral weight arourg=0 is intro- mentum resoluuo_n_would dgflmtely help to improve the ac-
duced, leading to a further reduction of the shiff.. At curacy in determining the size of the gap since in the most

sufficiently largen;~0.02—-0.05, this results in an extended Interesting region _around tm&zﬂ{z f_‘?de’ momentum reso-
region of apparent gaplessness af=+7 around the true lution broadening is clearly the limiting factor due the rapid

node for a large range of moderate to strong impurity potenguasmartlcle dispersion.
tial strengths. The zero-frequency resonance responsible for
a large residual DOSI,;at e manifests itself in the ARPES
spectra in terms of a slope problgparticularly prominent The author would like to thank M. R. Norman for many

in the large gap region arourdr,0]), i.e., the slope of the useful comments and discussions, and acknowledges finan-
ARPES spectra and that of the nonsuperconducting referena@tal support by the NSFDMR-91-20000 through the Sci-
sample are far from parallel when the intensities are suitablgnce and Technology Center for Superconductivity.
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