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Substitution ofM =Zn or Ni impurities in 1:2:3(Cag s.a0 ¢ (Bay 3d-ag 69 (Cu;—,M,)30, depressed g™
with almost equal effectiveness, i.e,9 and —7 K/%, respectively.(In YBCO, Zn is three times more
effective in depressing, than Ni) In these impurity-containing materials, the dependence of thermopower on
T./Te®™ departs substantially from the universal behavior observed in other cuprates. There is no definite trend
in the resistivity of these ceramic materials with impurity concentratio@ur results suggest pair breaking or
weakening of the interaction at constant carrier density whinincreased[S0163-182@06)08341-5

Among the many ions that can be substituted to COﬂtrOlsingle parametey —y, (x), that determinesT,, transport
T, of cuprates, Zn and Ni are quite interesting. Substitutingoroperties and carrier density,(, is the oxygen content at
primarily for planar copper in YBCG;® these impurities  the metal-insulator M transition?*3In particular, all mate-
may introduce carrier scattering or intervene with their pair-rials with a givenT,, also have the same TEP. Our results can
ing. However, Zn—which is a nonmagnetic ion—is three toreadily be interpreted within a single band picture modified
four times more effective than Ni in depressifig,*’~%i.e.,  to consider the existence of additional low-mobility states
dT./dz=—(12 to 13 K/% and —(3 to 4 K/%, respec- nearE in addition to planar Cu@ band state¥*2y—y,,
tively, wherez is the metal impurity concentration per Cu was thought to be a macroscopic parameter representative of
atom. This is accompanied by a difference in magnetic bethe doping level. We have extended our studies to materials
havior, observed by NMR and dc moment measurenfehts.  in which the total La concentration has been changed as well
NMR studies suggest thatinlike Ni, the Zn ion strongly as materials in which La has been replaced by Nd and found
depresses the spin correlations of Cu ions which are adjacetiie same doping parameter as befGribloreover, we inves-
to an impurity*’ The big difference inT, depression that tigated the behavior of . under pressur® and have shown
both ions induce in 1:2:3 YBCO, as well as the simultaneoushat the dependence dfT./dP on the doping level can be
depression ofT; and local spin correlations were taken asdescribed by the same two parameters, iEL> and
strong evidence for the spin—fluctuation mechanism iny—yMI _14 To sum up: In the underdoped region Changing
cuprateé.0 In order to examine the generality of these resultsy changes the doping level throughy, (x) even when hold-
in other 1:2:3 materials, we substituted Zn and Ni impuritiesing the amount of oxygen constant, but does not influence
in 1:2:3 Ca-La-Ba-CuO. We found that, compared withthe interaction or pair breaking. This follows from the obser-
YBCO, the depression of by both substitutions is almost vation that materials with the same TEP also have the same
the samei.e., dT./dz=—-9 and—7 K/%, respectively. By T_.
tuning the oxygen content to optimal doping we found for  Having established the doping behaviorTf and trans-
each impurity concentration the maximé, attainable by port in this system, we now turn to examine effects due to Zn
doping, denoted>*. We show that these figurése., —9  and Ni impurities believed to substitute directly into the
and— 7 K/%) actually correspond to depressionTgf®*. We  CuO, planes. We hoped by these substitutions to control
also found that the thermoelectric pow@EP) departs sub- T, (including T'®) without changing the doping level, and
stantially from the universal behavior observed in many cuthereby investigate other effects due to pair breaking or the
prates, when taken as function Bf/T{%*, and that the re- interaction. That Zn does not change the carrier density has
sistivity does not show a definite increase with impurity been suggested by Allowt all® for YBCO and actually
concentration. shown through TEP measurement by Willianes all®

Recently, we investigated the newly-discovered 1:2:3for 1:2:4 materials. To this end, we prepared the
family of materials (CasLa;_,)(Ba; 75-xLag25x)CuzsOy  x=0.4 member of the CalLaBaCuO family, i.e.,
(CaLaBaCuQ.!! Being tetragonal in a wide range of com- (Cagsage(Bay sdaged(Cu;—,M,)30, with M=2Zn or
positions, this system allows one to perform systematic inNi. The actual impurity site in this material is not known.
vestigations void of structural phase transitions and of longRegular XRD is unable to distinguish the copper from the
range oxygen order. Moreover, charge compensation on thenpurity. Going along with the observations that in YBCO
Y and Ba sitedfirst and second brackets, respectiyelgl- and 1:2:4 Zn and Ni go both to the planes, we tentatively
lows investigation at constant electron concentration byassume that in CaLaBaCuO both impurities go mostly into
keeping the oxygen content constant. We observed big the CuG, planes as well, or at least, that the fraction which
changes inT., resistivity p and TEP S suggesting that goes into the planes is constant, independerz. of
doping—i.e., change in mobile carrier density—occurs de- Preparation of the Zn- and Ni-substituted CaLaBaCuO by
spite holding the average electron concentration contant.the conventional solid reaction route followed the same pro-
We also found that in the underdoped region there exists aedure as in the nonsubstituted matetidf We used zZnO
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FIG. 1. Dependence of. near optimal doping on nominal im- FIG. 2. T as function of oxygen contentfor various impurity
purity concentratiorz in Zn- and Ni-substituted CaLaBaCuO. concentrations. Notice strong depressionT8f for both Zn and

Ni. Curves are guides for the eye.
and NiO(both >99%) as starting materials. Our long expo-
sure XRD measurements showed no traces of impurity phasés the TEP does not change much at optimal dogimext
for the highest impurity concentrations used in this work.paragraph we conclude that this depression Bf'®* with
The results reported here correspond mostly to sintering ampurity concentration is due to pair breaking or interaction
955°C for 60 h in flowing Q. We observed slight depen- weakening in accordance with previous observations in other
dence of T on preparatiorie.g., temperature and duration materials:®~*® Notice thatdT./dz in reduced samplegat
of firing and sintering This dependence shows up as a sys<onstanty) is larger thandTi®/dz. Recall that a large
tematic vertical shiftia few degregsof the entire curve of dT./dzis observed also in reduced YBCOrhis seems to
T, vs oxygen content. This has no effect on the conclusionsuggest that impurity effectge., pair breaking or interaction
of this work. In order to minimize scatter in our data, we weakening also depend on the amount of oxygen or state of
have presented in each figure results corresponding mostly tipping.
a single batch which are reproducible, even though among The results of room-temperature TERy§x as function
figures we have used different batches. We estimatiedm  of oxygen conteny are presented in Fig. 3, mostly for un-
the nominal impurity concentration. The 10 °C/h cooling derdoped materials. Notice that at a givethe TEP is con-
rate provides materials close to optimal doping, wherestant independent of impurity concentratiofor both Ni and
T.=To®. Further oxygenation occurred upon annealing un-Zn impurities.(In the case of Ni, this impurity independence
der oxygen pressure of 10 atm at 420 °C. By regular anneabf TEP holds also for slight overdopingdrhis strongly sug-
ing we changed the oxygen content in the same way as igests that the carrier concentration remains essentially con-
pure CaLaBaCu@®! In particular, we were able to tune the stant when these impurities are added. In other words the
oxygen level near optimal doping. The Zn and Ni ions posediecrease T that accompanies the addition of these impu-
no problem for the accurate determination of oxygen contentities is not related to carrier density effects. This has been
y by titration!* as the final oxidation state in solutionis2  already shown in 1:2:4 materidfsand was also suggested in
in both cases. Our measurementsyofiear optimal doping YBCO.® Thus the decrease ifi, is associated either with
(Yopy Suggest that a fraction of the Ni ions enter the materiapair breaking or interaction weakenfdgr both. Both kinds
in the +3 state, since in this caggy, increases slightly with  of effects have been observed in underdoped 1:2:4
z. The resistivity and particularly susceptibility transitions materials'®
remain narrow as in the pure matetial*and the resistivities There exists a universal TEP curve that descri®ggy as
remain low implying low resistivity of grain boundaries and a function of T./T¢'® and makes the determination of the
good oxygen homogeneity. state of doping of a given material quite eaSyn particular,
The dependence of . on impurity concentratiorz is  based solely on the measurementlgfand room tempera-
shown in Fig. 1. BotiT¥ (resistive onsetand T (ac suscep- ture TEP, one can determiid® of a given material even if
tibility, not shown depend linearly oz up toz=0.1. Nota-  T{'"®is experimentally inaccessible. Many cuprates including
bly, the difference indT./dz for both substitutions is the purex=0.4 CalLaBaCuO follow this universal curve.
~30%. In YBCO, the difference imlT./dz of Zn and Ni  However, when Ni and Zn are introduced, one observes
materials exceeds 300%. strong departure from the universal TEP curve as is shown in
The T, data in Fig. 1 correspond approximately . the inset of Fig. 3. In other words, a given value of
The value of T{®™ was obtained by measurinig, vs oxygen T./T¢® does not correspond any more to a specific value of
contenty for various samples with a given compositian the room-temperature TEP. Therefore, measuremerii.of
(Fig. 2. In this way, the dependence &f'® on impurity —and Sy is insufficient to determinel¢®. Apparently,
concentration is determined unambiguoudlgven in Zn  T./T7"®is no more a good measure of the state of doping in
samples, wherd{"®* is only nearly attained due to insuffi- impurity-substituted materials. This can be seen also by in-
cient oxygen, it is determined quite accurately as Théy) spection of Fig. 2, where botfiy'® and T, are shown to
curve saturate.This is important from an experimental decrease witte, but not in the same proportions. For in-
viewpoint because, as we show below, in the presence aftance, in the Ni 8% material,, goes b 0 K aty=7.1. Thus
impurities T¢'® cannot be determined from measurements oflT./T"'®=0 while the doping level is close to the optimal
T. and TEP. The depression 6f'®is clearly seen in Fig. 2. value.
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FIG. 3. Dependence of thermopower on amount of oxygen. No-

tice that carrier density is independent of impurity concentration.
Inset: The universal plot of TEP VE./Tg™ (open squares denote
the unsubstituted = 0.4 material. Zn- and Ni-substituted materials
depart substantially from this plot. Symbols as in Fig. 2.

FIG. 4. Dependence of room-temperature and residual resistiv-
ities at optimal doping on impurity concentration in ceramic
CalLaBaCuO.

Pstronger depression than ZhHowever, even though it is

We believe that the departure from the universal TE . . " o
curve (plotted againsiT,/T™) will occur whenever there plau5|ble.that thesg impurities occupy 'the same site in all
c ¢ cuprates(in YBCO it is the planar Cu sije the possibility

ZX'St i)aw bre::ll(lj(mg or mterac.tlcar_] V\{gake?l?hg. In ?Ct’tsuf\:‘hthat Zn and Ni occupy other sites cannot be ruled out at this
eparture could serve as an indication of these eMects. Na;q;: 1+ would therefore be important to identify the exact

gce,' hovt\)/ever, thgttg|s still [:'[)oshS|bIe to determén?_tthtg statfe'o ite location and occupancy of these ions in 1:2:3
oping because it does not change upon substitution of iMx~_) 5-~'\5 and 1:2:4 materials.

purities. Another observatiofFig. 2) is that the onset of supercon-
In Fig. 4 we have plotted the room-temperature res'St'V'tyductivity (whereT,—0 K)gon the underdoped side Eequires

gzi%" and restljdutal r?5|s:|\é|t)pp of Eeramlcé_CsLsBa_lCu_O, an increasing number of carriers when impurities are added.
oth measured at optimal doping where &) behavior is This observation can be interpreted assuming interaction

linear. The resistivities are slightly higher than in the pure . . ; o
o : eakening(i.e., decrease oV on impurity substitution.
CalLaBaCuO. Within the scatter of availablg, data v Ing(i ) upon impurity substitut

: I SinceV decreases witlz, the DOSN, at the superconduc-
(i.50./° for N'.SUbSt'tUt'on'iZO% for Z'r)' we ob;erve no tivity onset must increase provided that at the onset the prod-
definite trend in the dependence of resistivityzwhich was

. .~ uct NgV remains constant, i.e., that there exists a minimal
unexp_ecteq. Meas_urem_ents on single Cry.StaIS or _thm fIImﬁneraction parameter required for superconductivity to show
might illuminate this point. Away from optimal doping the u
p(T) curve becomes slightly concave?p/dT?<0) or con-
vex (d%p/dT?>0) for underdoping Y<Yop) Or overdoping W

(Y>VYop, respectively. Still further away on the underdoped

Efr?a(\llligr,(lg\rlhg:gc ;[Rgio?c(j:r‘l]'easbcz)\e/!(iptﬁesc?r?;Ié:tocr)]g:lftc;rrlcl:l:)en- This behavior differs markedly from both classical supercon-
9 9 p P ductors and from YBCO. It suggests that the magnetic nature

ductivity) was o_bserved_ in the_Zn-substltuted materials but IS the impurity is not the only factor that determines the
almost absent in the Ni-substituted ones.

! . . ._pairing even if the magnetic moment resides in the GuO
de;rr;isqgﬂoorﬂ'r ezl;ltzcr)]f ;:'j Imvioiak lccz)n:;; ecrgi;ggggg)er\iﬂﬁ; Inplanes. Other factors such as the chains or amount of oxygen
for T is ancorder of magnitudé .smaIIer than the corr,e-may also control the pairing or pair breaking. Another effect

C

. ; . . . of impurities in the Cu lanes is substantial departure
sponding difference in YBCO. This difference in YBCO, from pthe universal Tgpp curve Sheox Vs T /T“E)ax)
K [ c .

which stands against expectati(_)n of classical SUper.(:O.ndUCt%raLaBaCuO appears to be a rather interesting system allow-
:ir:;o%,ﬂ\]/v ?{Z ;a_lf,:,a;\,zs s;itirrci):g z\s”sduer:%e f?k:aetl ?ﬁ%ge:gn'gfaer??ﬁg one to completely separate effects due to carrier density
netic and Ni is a stroﬂ mg netic iéﬁ%ln fact. it tUrms outg and the interaction or pair breaking. This is achieved by a

g mag : variety of chemical substitutions. For instance, under isoelec-

that Zn induces a sizable local moment in YBQRef. 1) ; o . .
Lo tronic conditions(that is, keeping the oxygen content con-
and other cupraté¥. Our observation in CaLaBaCuO shows tan). changing the Ca concentration changes the doping

that such a difference is not generic to 1:2:3 materials, bu ovell2.13 leaving at the same time the interaction essentially

rather that the response to impurities is sensitive to the Speﬁ'nchanged On the other hand, changing the impurity con-

glrlejcesreodf ::T]eai?satggaiKr?.gllévazarlnonuunr:]t())‘];rogfygﬁginzngdngi g];centration changes the pair breaking or interaction without
» doping ’ ’ affecting carrier density.

In fact, in 1:2:4 materials containing two ordered chains the
situation changes again. There the differencd indepres- We would like to thank M. Weger and D. Mattis for
sion between Zn and Ni is also small but Ni makes a 20%helpful comments. We also thank G.M. Reisner for the XRD

In summary, we have shown that Zn and Ni impurities,
hich are believed to substitute into the Cu@lanes of
CalLaBaCuO, depresE. ™ almost with equal effectiveness.
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