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The influence of in-plane oxygen defects on the critical temperature, resistivity, and Hall coefficient was
studied in YBaCuzOg,  (YBCO) films with different oxygen content€l ., ranging from 30 to 93 Kwith
emphasis on the underdoped “spin-gap phase.” A strbpguppression was observed, but no influence of the
defects on “spin-gap” features in the transport properties was found. A comparison is made, sitppres-
sion by other in-plane defects such as Zn substitutions for Cu, Pr substitutions for Y in YBCO, and radiation
defects in Bi-2201 and Bi-2212 high: superconductorsT suppression by defects is shown to occur in a
universal way which is independent of tfig,, carrier concentration, and number of Gu@lanes per unit cell.

It is shown that, independent of whether the in-plane defects induce localized magnetic momentd gisnot,

a universal function of the impurity scattering rate, which can be described by the pair-breaking theory for
potential scatterers id-wave superconductors, but requires that the pair-breaking rate be a factor of 3 smaller
than that suggested by the transport data. An alternative description Bf tuppression in terms of the phase
fluctuation theory proposed recently by Emery and Kivelson is also discys@t63-182806)02618-3

[. INTRODUCTION observed defect-induced resistivity.
In this work we present the data on the effect of in-plane

The symmetry of the order parameter in high-temperatur@xygen defects on resistivity, Hall coefficient, and critical
superconductor§HTS’s) is being actively studied and de- temperature in underdoped YEau,Og., (YBCO) thin
bated. While there have been a number of experiments sud#ms with x in the range from 0.5 to 0.7 corresponding to the
gesting an anisotropic pairing in HTS's, the issue of whetheinitial critical temperature3 ., from ~30 to~60 K. At these
it is d-wave (DW) or anisotropics-wave (ASW) has not yet  dopings, the development of a pseudogap and/or spin gap is
been settled.T, suppression by defects provides one venueclearly observed in optical, NMR, and neutron scattering ex-
of study: Nonmagnetic defects act as pair breakers in anisgeriments, and the transport properties are believed to be
tropic pairing superconductdis (APS'’s), while they have governed by this gap openirtd So the influence of in-plane
little effect on T, in isotropic s-wave (ISW) oxygen defects on botfi, and spin-gap phenomena can be
superconductordprovided that disorder does not change thestudied. Analyzing a set of transport data on HTS’s Wit}
density of statesN(0). DW’s can be further distinguished ranging from 93 to 10 K, we have found thBt suppression
from ASW's due to a qualitatively different dependence ofby in-plane defects induced by irradiation is a universal func-
T, on the impurity scattering rafl> Since the carrier trans- tion of the impurity scattering rate, independentTef, car-
port and superconducting pairing are believed to be confineder concentration, and the number of Cu@yers in the unit
to two-dimensional2D) CuQ, planes, of main interest are cell. We present an analysis of the results in terms of pair-
in-plane defects on both Cu and O sublattices such as sulbreaking theory fod-wave superconductors, assuming non-
stitutions for Cu, Cu vacancies and interstitials, and in-planenagnetic character of in-plane defects, andsfevave super-
oxygen vacancies and interstitials. The drawback of defecteonductors, assuming the existence of localized magnetic
inducedT suppression as a test for pairing symmetry is themoment associated with defects. We show that the data favor
unfortunate fact that the magnetic state of in-plane defects igd-wave pairing symmetry and discuss how the pair-breaking
not precisely known—magnetic defects suppréssat any  parameters in either case are constrained by the transport
symmetry of singlet pairing. data. As an alternative explanation, we consitlesuppres-

The only practical way to produce in-plane oxygen de-sion by phase fluctuations as proposed recently by Emery
fects in a controllable manner is to use electronand Kivelson.
irradiation®~12 By studying in a wide range the changes in

T, and resistivity induced by in-plane O defects in optimally Il. EXPERIMENT
doped YBaCu;Oq4 4, We have shown thaf. suppression is ] ] ] o
qualitatively consistent witd-wave pairing symmetry* We The films used in this study were epitaxially grown on

have found, however, that quantitative agreement with pairk@AlO; substrates by the Bafnethod using post-annealing
breaking theory ford-wave superconductors can only be (780 °C in wet Q+N, mixture atpo, =300 mtory with sub-
achieved if the pair-breaking scattering rate is a factor of 3equent oxidatiof30 min at 500 °C in 1 atm of £ followed
smaller than the impurity scattering rate deduced from théy slow cooling. The fabrication details, microstructure, and
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FIG. 1. Temperature dependences of the in-plane resistivity of G- 2. Temperature dependences of in-plane resistivity of
YBa,CusO ;. thin film with x~0.7 (sample No. TY-4L Curve  YB&CUsOg.y thin film with x~0.6 (sample No. TY-38 Curve
(1), nonirradiated;To=57.4 K; curve(2), after 80-keV electron (1_), nonirradiatedT .o=51.4 K;_cur_ve(2), after electron irradiation
irradiation with the dose 2.3610P%/cr? inducing ~0.12 in-plane ~ With the energye =40 keV, Wh'Chl'S below the threshold for plane
O vacancies per unit cell,,= 15.3 K; curves(3)—(7) correspond to  0xygen displacement =1.8x 10° g/cnﬁ Tc=47K; cu[ve(3), af-
anneals at 330 K in He for 0.5, 1, 1.5, 2.5, and 5 h, respectivelyl€’ 80-keV electron irradiation with the dose 2480?%/cn? in-

The dashed curve shows tfié fit and suggested residual resistivity ducing~0.12 in-plane O vacancies per unit cdl,<3 K if it even
po; dash-dotted curves show thelinear fit, slopea, to the high- exists; curve$4)—(6) correspond to anneals at 330 K in He for 0.5,

temperature region. The dotted curve is the fit by a exi(T) 1, and 2 h, respectively; curvés) and(8) correspond to additional
dependence: see text. anneals for 60 h and 8 months at room temperature, respectively.

properties of the films are given elsewhétélhe samples chemical substitution. It is seen that the critical temperature,
presented lithographically defined six probe patterns with aesistivity, and Hall coefficient recover at annealing, asymp-
10-um-wide and 4Qum-long current channel. The film totically approaching their values in the nonirradiated
thickness was 50 nm. The samples were annealed at 200 ¥ample; complete recovery, strictly speaking, requires an in-
in He flow to reduce the oxygen content, which was estiinitely long annealing time because of a stretched exponen-
mated by comparing th&,, resistivity, and Hall coefficient tial annealing kinetics.
with literature data on deoxygenated films grown by the Two important features of thg-vs-T dependences have
BaF, method, by laser ablation, and with the data on bulkto be mentioned. First, the(T) curves have a pronounced
samples. The data on five samples have been collected adgwnturn(S shapgbelow the temperaturé* above which
found to be reproducible. The typical results are given bethe p(T) curves are nearly linear. This downturn is believed
low. In-plane oxygen defectésacancies were induced by to arise due to the opening of the spin gap beBtvwhich
80-keV electron irradiation at room temperature. Details ofleads to the freezing off of spin fluctuation scattertA@p-
the irradiation procedure, the evaluation of oxygen displacetical and resistivity data indicate the development of a
ment energy, and a discussion of the defect formatiopseudogap beloW* for the transport in the direction>*3
mechanism and kinetics, as well as some of the defect chaecond, the(T) curves after anneals are perfectly parallel
acteristics can be found in Ref. 11. and can be obtained from each other by a shift alongpthe
Figures 1 and 2 show the typical resistivity data for twoaxis, corresponding to the change in defect-induced residual
samplesgNos. TY-41 and TY-38, respectivelyAfter initial resistivity, i.e., p=py+p1(T), which indicates that the
characterization both samples were irradiated to induce inT-dependentinelastio scattering and impurity scattering are
plane O vacancies, characterized again, and then annealedaaiditive. The degree to which thE-dependent parp,(T)
330 K in the He atmosphere of the cryostat. Annealing wasemains unchanged is much higher than that observed in Zn-
interrupted by the transport measurements. The concentrdoped YBCO single crystal$:'’ If we accept that the
tions of induced in-plane vacancids, , were estimated, re- T-dependent part is due to spin fluctuation scattering, the
spectively, as 0.122 and 0.118 célifor TY-41 and TY-38, data presented indicate thiatplane oxygen defects do not
using the oxygen displacement energy 8.4 eV, displacememhange the spectrum of spin fluctuation and have no influ-
cross sectiomry=6.09x 10~ 23 cn?, and spontaneous recom- ence on the spin (pseudo) gapdirectly, this also suggests
bination volume of 21 unit cells, evaluated in Refs. 10 andthat in-plane oxygen defects are nonmagnetic.
11. Induced Frenkel pairfgn-plane O vacancy- an intersti- In the temperature range from, up to some 150 Kp(T)
tial which is thought to be far from the planegcombine at can be described gg+aT" with n in the range from 1.9 to
annealing. So the concentration of in-plane vacancies can k&1, as shown in Fig. 1. This is in agreement with previous
reduced virtually to zero in such a way that neither the oxy-observations? Note, however, that in a much wider tem-
gen content nor the microstructure of the samples caiperature range from slightly aboWie up toT*, thep(T) can
change. This is a unique possibility which is extremely dif-be described bypg+b exp(~A/T) with a temperature-
ficult to realize when in-plane defects are produced byindependentparameterA. As an example, one such fit is
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2] — T which occurs simultaneously with the production of in-plane
] e o nonirradiated ] O defects, but is characterized by a different displacement
u  after 40 keV 1 . y . p
20 o ® after 80 keV 8 energy'! However, the change i, due to a chain disorder
18] & engey A annealfor05h 1 effect onp is much smaller than the change due to in-plane
AADA 200400 & anneal for2.0 h . 9 . P
A%4 & ATR e o anneal for 8 months ] defects, as follows from the comparison of shiftsTipand
~~ 16 4 XXX A7 Re - . P . o 3 .
S * w00 "”’0.’3‘3. ] Ry induced by equal amounts of electron irradiation with the
§ 1 "““gﬁnggg'0o.3‘8. ] energy below and above the threshold. Also, the changes in
% 12 99923‘.,30. ] Ry induced by in-plane O defects are reversible; the Hall
= 0] DDE’DDDDD 'ano’ﬁ°: ] coefficient decreases at annealing and asymptotically ap-
& ] mo "EECY ee ] proaches th&®,, before irradiation, while its temperature de-
= Qo H : p
84 “o " 1 pendence remains unchanged as well as the slopes of the
] oo P
6 Bog i resistivity curves. The changes induced by the 40-keV irra-
Op .. .
4] oo, ] diation do not appear to be possible to anneal at the anneal-
0 50 100 150 200 250 300 350 ing temperatures used.
T (K) The changes irR,, induced by in-plane O defects are

equivalent to those observed at Zn substitution for*€4.
FIG. 3. Hall coefficient for the sample No. TY-38. Curle),  So it appears thaR, always increases with increasing in-
nonirradiated; curvedl), (@), after 40-keV and then 80-keV elec- plane scattering. It was argued that there is no simple and
tron irradiations, same doses as in Fig. 2; curi/es (#), annealed  djrect relation between thBy, and carrier concentration in
in He at 330 K for 0.5 and 2 h, respectively; cur®), after an  HTS's and, therefore, the increaseRp induced by in-plane
additional anneal for 8 months at room temperature. defects is a result of an interplay between different scattering
processes rather than a decrease in carrier concenttation.

shown in Fig. 1 for the nonirradiated sample; it give$
=0.124 n() cm, b=2.45 m() cm, andA=298 K. We have
checked that this dependence also fits the published resistiv- 1. DISCUSSION
ity data on underdoped YBCH:'® The residual resistivities
p¢ suggested by these fits are20% higher than the residual . ,
resistivitiesp, which follow from the power-law fits. Param- W€ now turn to the defect-inducel; suppression. An

eterA increases with decreasing doping, and its value agregeXPlanation based on lifetime broadening effects, widely in-
surprisingly well with the temperatur above which the voked in transition-metal superconductors, can be ruled out,

p-vsT curves display aT-linear dependence. It is worth 2 iSsué which lies beyond the scope of this paper. We con-
mentioning that the sani dependence was found to fit the sider the depairing mechanism which was found to provide a

resistivity data onA15 superconductors in the extremely qualitative description of radiation-inducéd shifts in vari-
wide range off 2° ous HTS's?° The issue whether the in-plane oxygen defects

gare nonmagnetic or magnetic has yet to be resolved. We have
p(T) curves display an upturn at low temperatures and follPrésented above some arguments in support of the nonmag-
low a variable-range-hoppingVRH) temperature depen- netic nature.o_f.these defects.. Some_ evidence also comes from
dencep=p. exp(—To/T)". The fit to the data shown in Fig. the susceptibility datéfor a discussion, see Ref).90n the

2, curve 3, givep, =613 1 cm, To=179 K, andy=0.233 other hand, screening the positive charge of the O vacancy
which is very close to Mott's)=1/4 for VRH in 3D systems. '€quires expelling the holes from the region surrounding the
The signs of localization at loW appear when the residual defect, which could lead to the formation of a magnetic mo-

resistivity exceeds-0.6 m() cm. However, the temperature ment on neighboring Cu atoms. Although these_ seem un-
ikely to behave as free moments due to a strong interaction,

dependence gf at high temperatures remains the same as ir# ) > .
a low-residual-resistivity state even if strong localization O completeness, we consider both nonmagnetic and “mag-
vacancies, giving alternatives in square brackets.

takes place at oW (compare, e.g., curves 3 and 2 in Fig. 2 Netic”. : ng a _ )
In a picture of propagating quasiparticles, this could only be Tc In APS's [L%W s] with nonmagnetidmagneti¢ de-
understood if at high temperaturkes > 1 in the entire range [€CtS IS given by

A. Pair breaking

If superconductivity is suppressed by the irradiation, th

of defect concentrations; herejs the mean free path. If so, T 1 1 1
localization at lowT should be viewed as arising due to In —COZX{lﬂ —+—)—¢(—)], 1)
diminishing inelastic scattering. Te 2 4wl 2

The Hall coefficient data for TY-38 are shown in Fig. 3. wherey is the digamma functiony is a measure of the order
The sample was first irradiated with 40-keV electrons aanarameter anisotropy, an‘ﬂco is the critical temperature in
then with 80-keV electrons. The former energy is below thethe defect-free material. In APS’s with nonmagnetic defects
threshold for in-plane O displacement, while the latter is[|SW’s with magnetic defecisthe pair-breaking lifetimer
above!! It is seen that there is an increase in the Hall coefcorresponds to the impurity potential scattering lifetime
ficient after each irradiation, suggesting a possible change ifspin-flip scattering lifetimery/2]. Both scattering lifetimes
carrier concentratiop. The increase iRy after 40-keV ir-  can be expressed in terms of the concentration of defects and
radiation correlates with the overall increase in the resistivitycorresponding scattering potentials. For instance, in the Born

slope (see curve 1 and curve 2 in Fig).2A reduction of  approximation the well-known expressions ‘e
carrier concentration could be due to the disordering, or pos-

sibly some loss, of oxygen in the basal plaie“chains”), 1/rp=27rN(0)ndV2, (29
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1/7s=2mwN(0)nyJ?S(S+1)/4, (2b) 100
90 175

whereV andJ are the potential and exchange parts of the
impurity potential, respectively$ is the impurity spin, and
ngy is the concentration of impurities. =1, T, drops to
zero at a critical scattering rate 7}(=1.76T,
[1/74,=0.88T].

Let us assume first that the in-plane oxygen defects are
nonmagnetic. The data presented here and in our previous
work!! as well as in Ref. 20 indicate that, is completely
suppressed at a finite and fairly low concentration of defects,
indicating thaty is close to 1. This also suggests that the
pairing symmetry is not an ASW; otherwisg, , after initial
reduction, would saturate at a nonzero val@n we sety=1 0T A ro——
and consided-wave pairing. None of the impurity scattering 0 s 100 180200 250 300
parameters are known, however, and the determination of Pofct— poo/cg (K)
exact in-plane defect concentrations is also compieot N o
only in irradiation, but also in substitution experiments ~ FIG. 4. Critical temperature of YB&usOg . with in-plane
Therefore, the only way to make a comparison with theOxygen defects vs the normalized rgs@ual resistivity
theory is to use the defect-induced resistivity as a measure ¢f/¢~Pod @) =1/2m\ 7, . The data fox~0.9 thin films were ob-
the contribution of all the defects retained in a sample up td2ined in our previous workRef. 11. Also shown are the data on a
T, measurements and to use the transport impurity lifetime 20-keV electron-iradiated YBCO single cryste), 2.5-Mev

) . . e . electron-irradiated Bi-2212 (®) and Bi-2201 (W), and
Timp INStead of quasiparticle lifetimer,. Then the pair- _ .
breaking rate can be expressed in termsgof YBa,Cu;_,Zn,0g 63(z=0, 0.03, 0.06, and 0.0%ingle crystalg*),

inferred from Refs. 9, 12, and 16, respectively. Solid lines are the
best fits to the pair-breaking theory, corresponding to either a DW
Uimp= powpl4, 3 superconductorpwith nonmggneticyimpuritigéq. (1)g+Eq. (4) at
wherew, is the plasma frequency, which, in general, may be}~0-092 or an ISW superconductor with magnetic defeffs).
renormalized due to strong-coupling effedSince we want (D +EQ. (5 atA=0.3 and=0.18|. The dotted line is the predic-
to analyze thel, suppression in YBCO samples with differ- tion of conventional pair-breaking theory forcaz,yz-vyave super-
ent carrier concentrations, in irradiated ,8,CaCyOg conductor _atwp=1.1 eV (A\=0.3). The dashed curve is the best fit
(2212 and Bi,SKL,CuO; (2201 single crystalé and in Zn- :\c: ASW glt? the same nodal structupe=1/4 [Fehrenbacher and
doped YBCO single crystal$;'” this would require knowl- orman(Ref. 5
edge ofw, or carrier concentrations in all of these materials.
While there have been a number of measurementsoh o _
YBCO and other HTS's, determination ef, from the opti- ~ deficient Zn-doped YBCO, the(T) are also linear at
cal data is not straightforward, and the reported values graddE>T*.*° Therefore, we suggest the use of the slopes taken
ally reduce in the course of time. Yet another problem is hown this high-T region, despite their higher uncertainty in the
to make an accurate comparison of the resistivity data o®-deficient samples than in the optimally doped ones. At
samples with different microstructures and quality such asigh temperatures, the data were fittegh{d@) = pg+ aT and
single crystals and thin films. We have shown earlier that o, was constrained so as to be close to the value which
convenient representation of impurity scattering is providedollows from the power-law fit in th& <T* region. The data
by the quantitypy/a, where « is the slope of thel-linear  on irradiated fully oxygenated film&display a short plateau
resistivity, since the major sources of errors in determinatiorin T at low irradiation doses, apparently due to a superpo-
of 7mp cancel in this ratid? In the T-linear resistivity region, ~ sition of the effects of chain and plane defects. For these
the transport scattering rate isrlf,+27\T, where\ is the  data, the value ofyy/a, was taken as that which corresponds
electron-boson transport coupling constant. Hencdo the end of this plateau and above whithstarts to de-
1Unmp=2m\py/a. Since we want to relate the changeTip  crease. The typical values @hyag are 33 and 40 K in
with the defect-induced change in scattering, the parameter=0.9 and 0.7 samples, respectively.
of interest is(py/a—pod o), Where pyy and «y are, respec- In Figs. 4 and 5 we have plotted, in the irradiated
tively, the residual resistivity andl-linear resistivity slopes YBCO films with different oxygen contents as a function of
in the nonirradiatedor unsubstitutedsample. Correspond- (py/a—pofag) and also included the data on irradiated
ingly, T, should be taken as its critical temperature.YBa,Cu;O44 Bi-2212, and Bi-2201 single crystals extracted
Throughout this paper, we will use the midpoint of resistivefrom Refs. 7 and 12, and on YBau;_,Zn,Og, 4 (x=0.93
transitions to define th&, . and 0.63 extracted from Refs. 17 and 16. Being presented in
The determination ofr from the resistivity data'**?on  this way, T, suppression data in the irradiated HTS'’s are
irradiated samples of optimally doped YBCO, Bi-2212, andalike (curves are parallgl This suggests that, suppression
Bi-2201 with T-linear resistivities is straightforwardi, is by in-plane radiation defects has a universal character which
the extrapolation of a linear fit t6=0. Note that generallg  isindependent of carrier concentration and,J independent
is not constant, but increases somewhat with the concentraf the number of Cu@planes in the unit cell, and whether
tion of in-plane defects. In oxygen-deficient YBCO, @) the HTS is in the form of a film or single crystal. It is also
curves are known to become linearTat T* .1318|n oxygen-  independent of whether the in-plane defects are oxygen va-

. K
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00— optical plasma frequency,=1.1 eV. Similarly, if we use
’ O vac. the bare change ip, corresponding to the vertical shift of
Zn ] p(T) curves in Figs. 1 and 2 and E@®) for the pair-breaking
f_,:‘ ] rate, the fits suggest the renormalized plasma frequency to be
Pr i w;=0.61 and 0.39 eV ix=0.9 and 0.7 samples, respec-

tively. These plasma frequencies imply a mass enhancement
m*/m, correspondingly~7 and~10 if we use the carrier
concentration which follows from the bond valence sifhs,
1 respectively,p=0.17 and 0.1 holes per CyQplane for
] x=0.9 and 0.7 samples. It is worth mentioning tinatt/m
increases roughly asf/For a comparison, the optical data
suggestsv,=1.1-1.4 eV forx=0.9 andw,=0.75-0.9 eV
[ © for x=0.725% S either the HTS's can withstand a consid-
0 T 100 1m0 200 20 a0 30 erab_ly stronger impu_rity scattering than that allowed by con-
o - pogfog (K) ventional palr—br_eaklng _theory fqﬂ-wave sgperconductors
Po% ™ Poo®o or the actual pair-breaking rate in HTS's is a factor of 3
smaller than the transport impurity scattering rafehe pos-
_ ; o sible sources of this reduction are strong-coupling effects
V1-yPBaCL0; ; vs the normalized residual resistivity. The oo scattering anisotropy. If scatteringgis an?sotgropic,

data were inferred from Ref. 1(X), Ref. 16(+), Ref. 28(#), and . S
Ref. 29(<). The error bar shown applies only for this particular f[he 1/rp in Eq. (1) should be multiplied by (% g,), whereg,

data point. The solid line is the best fit by pair-breaking theory for'S the scattering anisotrofa)and —1=<g;<1. While, in gen-

the thin-film samples with in-plane oxygen defetsame curve as  €ral, One expectiy,| <1, the fit to the data would requig
in Fig. 4). to be 0.67 ifA=0.3 (or wp,=1.1 eV) were used. The strong-

coupling correction should also be small since we use the

experimentalalready renormalizedplasma frequency The
cancies as in our low-energy electron irradiations or botlestimates presented in Ref. 11 indicate that the scattering off
oxygen and copper vacancies as in high-energy irradiatiom-plane oxygen defects should involsgp, andd channels,

T. (K)

FIG. 5. Critical temperature of YB&u;_ ,Zn,0; s and

experiments:*2 and so a combination of modest scattering anisotropy and
It is important to note thal ;. suppression per in-plane O strong coupling could be a plausible resolution.
vacancy 6T.=(T,—T¢)/N, in YBCO increases with de- Let us consider next the possibility that in-plane oxygen

creasing carrier concentration from about 280 K per defect ivacancies are magnetic. Then, if pairing symmetrydis
the unit cell inx=0.9 sample¥ to ~350 K inx=0.7 and wave, an admixture of spin-flip scattering to the potential
~650 K in x=0.6 samples. In Zn-doped samples,scattering would only increase the pair-breaking rate
0T=(T—T¢)/z also increases from-400 to ~700 K 1/7=1/7,+ 2/75 and thus cannot explain the observed differ-
with x decreasing from 0.93 to 0.687SincesT,xN(0)V?>  ence between the transport scattering rate and the pair-
according to Eqg1) and(2), the increase idT, implies that  breaking rate required to fit the data. If the symmetnsis
V should also increase with decreasing carrier concentrationyave, only the spin-flip events are pair breaking. For the
which seems reasonable because screening the charge of depurity scattering we can write 44,,=1/7,+ 1/7; and ex-
fects becomes less effective. The estimate¥ efere given  press 1f in terms of the resistivity characteristics

in Refs. 11, 20, and 23. Also, as follows from the data in Ref.

12, the 8T, due to in-plane defects in a single-layered Bi- B

2201(T.o~10 K) is roughly 1.6 times less than in bilayered Urs=27N\(po/ a— pool @) 13’ )
Bi-2212 (T,~90 K). This is consistent with the pair-

breaking mechanism becauseé(0) in a single-layered hereg=r./r, . Fitting the data by Eq1)+Eq. (5) rests,
HTS’s should be a factor of 2 smaller than in a bilayeredof course, in the same dependences asdforave pairing_
one. Note that the above data contradict the claim made iffhe only difference is that the fitting parameter is now
Ref. 20 thatT, suppression in different HTS's can be de- g\/(1+ ), which correspondingly was found to be 0.046. If
scribed using the same paramelg0)V for different mate-  \=0.3, theng is 0.18. For theS=1/2 impurities the latter
rials. However, we find that all the data can indeed be Scaledajue requires that thexchange part of the |mpur|ty poten-
on the universal curv@ ./ Tco-vs-normalized scattering rate tja| J be of the same strength as the potential partnde-

7ol Timp- _The fits which are discussed below suggestpendent of carrier concentration. This condition is not impos-

Tor =3.07T o(27\). _ _ sible, but quite unusual, because in conventional
The experimental data were fitted by Ed) with superconductors with magnetic impurities thés from 3 to
Vr = 1r =20\ (pola— pogl o) @ 10 times smaller thav.”?>?” The estimates of in opti-
Tp= UTimp= 2N (po/ a— pool @), mally doped YBCO givel=0.13 eV cell?® While this value

as shown in Fig. 4. The only fitting parameterNswhich is typical for conventional superconductors with magnetic
was found to be 0.092) for all the HTS samples analyzed. impurities?’ the criterion of applicability of the pair-
This value is a factor of 3 smaller than the usually acceptedreaking theoryn J%/E-<T,,, is not satisfied. Moreoves,
value A=0.3, which, in optimally doped YBCO, was esti- should further increase with decreasigince the observed
mated from the absence of resistivity saturation at highdT. increases, while the Fermi energy decreases. There-
temperatureé€ and which follows from the observed and  fore, it seems unlikely thal, suppression is governed by
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spin-flip scattering because, at the required exchange inteFermi-liquid description the applicability of which to cuprate
actions, the magnetic moments of in-plane O vacancies, ifnetal oxides has not yet been proven. Recently, Emery and
they exist, should strongly interact, leading to the formationKivelsor® (EK) proposed a completely different explanation
of a spin-glass-like state abo¥g, and reduction of the spin- of T, suppression which is not based on a picture of propa-
flip scattering. Analysis of such situation, however, lies out-gating quasiparticles and does not rely on any specific nature
side the scope of this paper. _ o of defects, pairing mechanism, or symmetry. EK suggested
The data onT. suppression by Zn impuritie§~ig. 5  that in superconductors with low superfluid densitpad

seem to support the suggestion that in-plane O defects afgeta|s”) such as underdoped HTS'E, is controlled by the

nonmagnetic. For Zn impurities, the f_ormati_on of localized onset of a long-range phase order rather than by the mean-
magnetic momentspresumably on neighboring Cu atoms (o4 pairing temperature. They showed that phase fluctua-

\r’é?grgﬁggrsr?ﬁgrg%agxg%?r iﬂfﬁﬁﬁ%ﬁ%ﬁﬁ% égatr;% tions reduceT . of a “bad metal” with respect to the classi-
induced moment was found to be fairly smé#0.2ug p,er cal phase ordering temperafurg™ according to
Zn) and thus can hardly be responsible for the strdng max;T \ —

suppression. As seen in Fig. 5, the slopeTpfvs 1/7,, for In(T5™/Te)=(pr.lpolIn(e/ Te), (©)
Zn-doped YBCO withx=0.93 is only slightly higher than \yneres is the energy scale of pairing interactiops, is the
for in-plane oxygen defects. This small difference could pos- | istivity af=T Ao i h°
sibly be due to a small additional contribution of magnetic'°'™Ma -state re:’5|st|\_/|ty al='c, andpg IS SOME C aracter-
pair breaking. The localized moment was found to increaséstc quanturr12 resistivity which for HTS’s was estimated
up to ~0.8ug per Zn atom inx=0.63 sample&® which as~(3/8)hc/e“~1.1 m cm, wherec is thec-direction lat-
could explain why the slope of vs 1/, for Zn-doped i€ constant. . .

YBCO (x=0.63) is roughly a factor of 2 higher than that for [N order to compare the experimental data with the EK
in-plane oxygen defects. Note, however, that if the oxygeriodel, it is more convenient to rewrite E@) as

content in the Zn-doped crystaids not perfectly constant, T o= o (T UL-D) 7

but could slightly decrease with then the observed, sup- c=&(Ty7e) ' @)

pression by Zn would not be much different from what wewherer is the ratio of the sheet resistance per Gyane,
observe for irradiated YBCO. S __Rp, atT=T, to the characteristic sheet resistaiggwhich
Another example of the system in which magnetic pairseparates superconductifi§,<Rq) and nonsuperconduct-
breaking is believed to play a major roleTq suppression is - ing (R;=R,,) regime. The value dR, has recently attracted
Y, PrBa,C0s .,.** Strictly speaking, Pr impurities are mych interest. According to a number of data on various
not in-plane defects because they are located between thgo-dimensional superconducto¥s S this critical resistance
CuG, planes. However, it was found that Pr-localizetl 4 s close to, or somewhat higher than, the universal value
states hybridize with the CuQralence band, leading to the h/4e2=6.45 K). Our data on irradiated YBCOXxE0.9)
filling, or localization, of holes in the planes. It was sug- fiims suggest thaf . drops to zero apy/a~300 K. Since the
gested that this hybridization generates the exchange interagpical « in the irradiated samples is in the range from 1.2 to
tion responsible for pair breaking. The effective magneticq 4 uQ cm/K, the critical residual resistivity is~400
moment was found to be-2.5ugz per Pr atom, consistent € cm, corresponding tR-~6.9 K. The same value was
with a Pfl+ valence Statés It is clear however that #T a|so found in Zn_doped YBCOX(: 063) Single Crysta}é
substitution for ¥* should also induce a strong potential and in irradiated Bi-2201 single crystdl.The critical re-
scattering and thus pair breaking if the pairing symmetty is  sijqual resistivity in the underdoped YBCO thin films with
wave. This scattering and pair breaking are presumably negn-plane O defects is highér-1 mQ cm atx~0.7, and~1.2
ligible for other rare-earth substitutions which are known tomo cm atx~0.6), suggesting that thR, is somewhat ma-
be in the R®" state. Using the resistivity data on terial dependent. The difference Rq in different HTS
Y; ,Pr,BaCuOs ., ceramicd® and single crystal$] we samples can be due to the existence of macroscopic regions
plotted T, as a function of the normalized residual resistivity, associated with structural defects or inhomogeneities which
as shown in Fig. 5. The solid curve represents the best fit ofip not contribute to conduction and screening of charge fluc-
our data on YBCO films with in-plane O defects by the wations and thus lead to an apparent increasegn while
pair-breaking theoryEq. (1)+Eq. (4)]. Obviously, the data the theory assumes a microscopically uniform “bad metal.”
on Pr-doped YBCO fall on the same curve similarly to the |n Fig. 6 we presented, in YBCO with in-plane defects
da.ta on Zn-doped YBCO. It iS pOSSib|e that, despite the d|f'as a function ORD extrapo|ated toT:Tc_ To Compare the
ferent nature of the defects and despite the large difference ifata with Eq.(7), some of the parameters, or at least the
the impurity magnetic moments in these two systems, thgariation range, have to be fixed. EK estimaléff* as 100—
scattering potentials combine in such a way as to provide thg2s K for x=0.9 and suggested to set-1200 K, which is
same value of3, but such a coincidence should be regardedhe strength of exchange interaction in insulating parent
as unlikely. Thgrefore, it is natural to suggest that in aI_I thecompounds. It seems better to Ry, because this is the only
examples considered aboVeg suppression is caused by im- parameter which can be measured. While the fits are quite
purity potential scattering becausedsivave pairing symme-  insensitive to the variation dRq within ~20%, for definite-
try. ness, we seR,=6.9 kK for the 90-K superconducting
YBCO sample, a factor of 3 smaller value than that sug-
gested by EK. As can be seen in Fig. 6, the data on Zn-doped
While the pair-breaking mechanism can account for thesingle crystals can be perfectly fitted by E@). Fitting puts
defect-inducedT, suppression in HTS'’s, it is based on a thee in the range from 280 to 340 K and givé§'?=99 and

B. Phase fluctuations
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—T ultimately responsible for the superconducting pairing. An-

o thiswork,x-07 7] other conclusion which can be drawn from the data and fits
& this work, x~0.6 . . . . .. . . .

O thiswork, x-06 | presented in Fig. 6 is that there is no vivid qualitative differ-
¥ Ovec,ref 11 - ence between th&.-vs-p, dependences following from the

X Zn,ref. 17,16 1 . . . . .
% Zn x=0.63, ref, 16 pair-breaking and the phase fluctuation mechanisms. Quali-

] tatively different in only the asymptotic behavior B—0,
which is the most difficult region for a study because of the
superconducting transition broadening and localization on-
set. We suggest, however, that the issue can be resolved by
studying T, suppression in the overdoped HTS'’s. Indegd,

3 ] suppression due to pair breaking should not be much differ-
] ent in overdoped HTS’s from what was considered in Sec.
———— T I A, while a finite RY, increasing with overdoping should be
observed if phase fluctuations are the prime mechanism.

T (K)

R, (ko)

FIG. 6. Critical temperature of YB&uU;Og ., , With different in-
plane defects vs the sheet resistance per£hi@he extrapolated to
T=T,. The different curves are the fits to phase fluctuation theory,
as described in the text; solid and dotted curves correspond to
Ro=6.9 K); the dashed curve correspondsRg=35 K. We have studied the influence of oxygen defdetscan-

cies in CuG, planes on the critical temperatuife, resistiv-

ity, and Hall coefficient in YBaCu;Og,  thin films with T
83 K for the crystals withx=0.93 and 0.63, respectively. ranging from 93 to 30 KX=0.9-0.5). We have found that
The data on irradiated fully oxygenated thin fifthsvere  in-plane O defects have no influence on the features in resis-
obtained on different thin-film samples, and the data pointsivity and R, which are associated with a spin-gap opening
therefore are more scatter&tiThe margins of fitting param- in underdoped cuprates. We have presented the analysis of
eters are correspondingly broader. For instanc&st6.9  T_ suppression in YBCO with in-plane O defects and in Zn-
kQ, thee is 170 K andT =104 K; forRy=9.4 K, thee  and Pr-doped YBCO as well as in electron-irradiated Bi-
is 280 K andT =110 K. If & is ~1200 K, thenRq should 2201 and Bi-2212 high, superconductors in terms of con-
be increased to-19 ki). Note that a very good fit to the data yentional pair-breaking theory. For all these HTS materials,
on irradiated films can be achieved with the same set ofye nave shown that the observ@d suppression is consis-
parameters ?nsax . Zn—dpped crystds.g., Ro=6.9 K, tent with pair breaking by potential scatterersdiswave su-
=335 K, T,™=99 K) if we assume that the phase- o .,nqctors, with the provision that the pair-breaking scat-
fluctuation-inducedT . suppression starts WOikIng in these tering rate be 3 times less than the transport impurity
Sampl.es. only wh(.erRD. exceeds some VaIUEDN.l'S K). scattering rate following from the transport data. Anisotropic
oo o St 0 guave paing can be nied ou. We have aiso presrted
R*, would imply that those films are slightly' overdoped and some arguments anq est!mate§ which indicate that the (_:iefect-
th?arefore are initially in the regime whef, is determined mduced.TC SUppresston 15 unhke!y to be.due to Iocallzed_
by the mean-field pairing temperatuf®, which presum- magnet.|c momen.ts,. but only deFalled s,tudles of the magnetic
ably is weakly sensitive to disorder. Increasing disordergg?\?:r;ﬁss izgﬂaedl?/sgnhgsfeegé c')n dg-rlr—wi:stcrzt[]eglotrgglettﬁtlay r:Zi-r—

brings them down to the region whefd®*<TMF and only . ) o
then doesT start to decrease. THE, data on the irradiated breaking-based explanationdf suppression is by no means

underdoped thin films can also be well described by (2. unigue and tha\_t the data can equally well be described by the
though theirRy, is higher than in Zn-doped single crystals Phase fluctuation theory proposed recently by Emery and
with the sameT, and thus fitting requires high&;, . As an Kl\_/elson. These two mechamsms can possibly pe d.|st|n-
example, in Fig. 6 we presented a curve corresponding tguished by Stuqy'ng the defect-induc@d suppression in
Ro=35 k2, T§®~63 K, ande~280 K, which fits reason- overdoped HTS's.
ably the data on botk=0.7 and 0.6 samples. The decrease
in T® agrees with the linear dependence gf** on p,
suggested by ER?
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