PHYSICAL REVIEW B, VOLUME 65, 172501

Substitution for Cu in the electron-doped infinite-layer superconductor Sgd.agCuO,:
Ni reduces T, much faster than Zn
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We have substituted magnetic Ni and nonmagnetic Zn impurities at Cu sites, in order to probe the nature of
the superconductivity for the electron-doped infinite-layer superconduciet&nrCuG,. We found thatT
was nearly constant until 3% replacement by Zn while the superconductivity was nearly suppressed for a 2%
substitution by Ni. This behavior is very similar to that of conventional superconductors, but quite different
from typical holed-doped cuprate superconductors.
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[. INTRODUCTION ichiometry allows us to exclude the effect of the oxygen
content on the superconductivity. Despite this merit, difficul-
Magnetic and nonmagnetic impurity substitution at the Cuties in synthesizing high-quality infinite-layer superconduct-
site in highT, cuprate$? has been one of the test probes for ors has hampered the study of the Cu-substitution effect on
the mechanism of superconductivity and the symmetry of théuperconductivity?
order parameter; >3 It has also shed light on the recent strik-  Here, we report the effect of the magnetic and the non-
ing issue of a normal-state pseudodapThe most important magnetic impurities on the nature of supergonducnwty for
observation was that the nonmagnetic Zn ion suppreSsed S%.9-80.1Ct RO, whereR can be magnetic Ni or non-
at nearly the same rate as a magnetic Ni ion did for holeMadnetic Zn. We found thal. was nearly constant unt
doped cuprates such as (La, 80, 368 ~0.03 for nonmagnetic Zn substitution while the supercon-

YBaZCu307_5,3*6'9‘13 YBaZCu408,14'15 BiZSrzcaCLtog,“'S ductivity was nearly suppressed for-0.02 with —dT./dx

etc. This behavior is in strong contrast to that of conventionaF20 K/% for magnetic Ni. This |s.qur[e striking because it
superconductors, where the reductionTgfis much stronger IS opposite 1o the ge_ner_al _behawor of hole-doped cuprate
o . o . superconductors, but is similar to that of conventional super-
for magnetic impurities. This difference led to the theoretical . )4 ~tors.
formulation of an unconventional pairing mechanism and a
symmetry of the order parameter for hole-doped high-
temperature superconductdfs?’ However, the impurity ef-
fect on the superconductivity for the electron-doped high- Starting materials of L#;, SrCQ,, CuO, and ZnO
cuprates has not yet been studied in detail, to our best know[Nio) with nominal compositions were calcined at
edge. 920°-945 °C for 36 h with several intermittent grindings. A
There are two well-known electron-doped hih-cu-  pelletized precursor sandwiched between two Ti oxygen-
prates. One isl(n,Ce),CuQ, with T.~25 K; the other is getter slabs was put in a Au or Pt capsule. The capsule,
the infinite-layer superconductor (8n)CuO, with T.  together with an insulating wall and a graphite-sleeve heater,
~43 K wherelLn is La, Pr, Nd, etc. The structure of was closely packed inside a high-pressure cell made of py-
(Ln,Ce),Cu0, consists of charge reservoir blocks and GuO rophillite. Details of the sintering under high presstir@
planes as in the case of hole-doped cuprate superconductogsd determination of the charge-carrier tfpeere reported
In this case, the oxygen content is very important in deterelsewhere. The masses of the homogenous samples obtained
mining the superconducting transition temperature. The imin one batch were larger than 200 mg.
purity effect on the superconductivity for this compound has  The low-field magnetization was measured in the zero-
been studied, and for the available information on the impufield-cooled state by using a superconducting quantum inter-
rity effect, controlling the impurity and oxygen contents si- ference device magnetomet@PMSXL, Quantum Design
multaneously is quite essential. Control of the oxygen inat 10-20 Oe. The powder x-ray diffractigfRD) was mea-
(Ln,Ce),CuQ, requires rather extreme conditions, such assured using a Rigaku x-ray diffractometer. Energy dispersive
temperatures as high as 850950 °C in Ar, which is not far  spectroscopy using an electron probe microanal(ZBMA)
below the sintering temperatufé>®* Compared with and a field-emission scanning electron microsc¢pEM)
(Ln,Ce),CuQ,, the infinite-layer superconductr® has  (JSM-6330F, Jeplwas also used.
several incomparable merits. This compound contains only
the backbone structure, i.e., Cuplanes separated only by a IIl. DATA ANALYSIS AND DISCUSSION
metallic spacer layer, and does not contain a charge reservoir
block3® The absence of the charge reservoir block seems to Figure 1a) shows the x-ray powder-diffraction patterns of
help make the oxygen content stoichiometric, which wasSr, J.a,,Cu; ,Zn,0, for x=0, 0.01, and 0.03 and of
confirmed by neutron-scattering studfsThis oxygen sto-  Sr, dLay 1Cu; _«Ni,O, for x=0.01 and 0.02. The intensity of
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04k i FIG. 2. Normalized reduction rates ®f, —1/T.XdT./dx, for
Cu-site substitution in high-, cuprates are displayed in units of
N 06F maasansy s 1/%. Open symbols are for Ni substitution, and closed symbols are
< —v— Ni2%; for Zn substitution. The squares are fo,8iL,CaCyOg, the circles
08r —=—Ni1%] for (La,Sr)Cu0,, the up triangles for YBZW0;_ 5, the down
A %1 4
0L - :D: g: ?D;:_ triangles for (Nd,Ce)CuQ,, and the diamonds for $g.ay ,CuO,.
oo-o-o 0% ] All data, except that for $klag ,Cu0;, are from the references
1.2 T L L shown in the text. Note that nonmagnetic Zn hardly suppresses the
0 5 10 15 20 25 30 35 40 45 T, of an infinite-layer superconductor.
T(K) examined whether Zn was uniformly distributed within the

samples of SydlayCuy_,Zn,0, with x=0.03 and found
that the average Zn concentration was close to the nominal
value. Since the entire heating process was done inside a
sealed Au capsule under high pressure, a net loss of metallic
ions was not likely to occur.

We measured the low-field magnetization and calculated
the magnetic susceptibility, Ay (T), as shown in Fig. (b).
each pattern was normalized to the intensity of the highestor Ni substitution, botfi . and the superconducting volume
peak(101) and offset vertically for clear comparison. These fraction drastically decrease far=0.02, and the supercon-
XRD patterns show that a nearly single phase with arductivity nearly vanishegHere, theT . was determined to be
infinite-layer structure was formed. Peaks corresponding tthe onset temperatujeThe averagel . reduction rate was
Zn oxide, Ni oxide, and La oxide could not be identified —dT,/dx=20 K/%. However, for Zn substitution, the
within the resolution. The smaller peaks a#233.5° and change inT, was less than abo@ K until x~0.03 where the
37.5° were also found to exist for the unsubstitutedsuperconducting volume fraction became less than about half
Sr.gLay 1CuO, sample with nearly the same diamagnetic sig-that of the unsubstituted sample. Bex 0.03, a single phase
nal and samd; so they neither correspond to Zn oxide or was hard to obtain.

Ni oxide, nor have an effect offi;.** These smaller peaks Figure 2 shows the normalized reduction rate Tof,
were assigned to GO and LaCuQ previously. —1/T XdT./dx, for Cu-site substitution in other highg

The lattice constants ara=b=3.928(3.950 A and c cuprates in the literature and in @3rLay)CuO,
=3.433(3.410 A for insulating SrCu@ (superconducting in our study: B}SL,CaCyQg,*® (La,Sr)CuQ,>-®
Sty dlag CuQ,) 2438 The expansion of the-axis lattice  YBa,CuyO,_ 5,>8913 (Nd,Ce),CuQ,,"%>31 and
constant is known to be due to the transfer of electron carri¢Sr, 4,La, 1) CuO,. The open and filled symbols represent the
ers to the Cu@planes, and the shrinking of tleaxis lattice  cases of Ni and Zn substitution, respectively. As noted pre-
constant is simply due to the ionic size effétfThe lattice  viously, in hole-doped cuprate superconductors, tHBT,
constants from the XRD patterns in Fig.(al for  XdT./dx for nonmagnetic Zn is nearly the same as that for
Sty.elag 1CUy geNig 00> and Spglag 1Cuy g ZNg 0O, are a magnetic Ni substitution, which is in contrast to the behavior
=b=3.943 A andc=3.417 A anda=b=3.950 A andc in conventional superconductors. However, not all cuprates
=3.408A, with an error bar of about 0.001 A, respectively.are the same. For example, in the electron-doped supercon-
Note that the lattice constants ofy3ltay 1Cug gdNig o0, re-  ductor Ln,Ce),CuQ,, a magnetic impurity reducég, about
main much closer to those for superconductingthree times faster than does a nonmagnetic impurity. In this
Sry dLag ;CuG; than to those for insulating SrCyOMNe also  study, a similar behavior was also observed in

FIG. 1. (a X-ray powder-diffraction patterns for
SiholayCy _Zn0O, (x=0, 001, and 0.08 and
Sryglag 1Cu _«Ni, O, (x=0.01 and 0.0R The intensity of each pat-
tern was normalized to the intensity of tfig£01) peak and offset
vertically for clear comparison.(b) Magnetic susceptibility,
47rx(T), curves for the samples.

172501-2



BRIEF REPORTS PHYSICAL REVIEW B 65 172501

(Sfo.9,Lag 1) CuO,. In other words, impurity effect off . is absencg of the pseudogap was also observed in nuclear-
similar for two well-known n-type cuprates; that is, Ni Magnetic-resonance experimeffts.

“kills” the superconductivity faster than Zn. However, in
(Sry.9,Lag 1) CuO,, the nonmagnetic impurity kills the super-
conductivity more than ten times more slowly than do the We found that in the electron-doped infinite-layer super-
magnetic impurities, which is closer to behavior observed irconductor S§qlayCu; RO, substitution of the nonmag-
conventional superconductors. netic Zn ion in the Cu@ plane hardly suppressed,

The effects of impurities in cuprates with different super-(—dT./dx<0.5 K/% forx=0.03) while substitution of the
conducting gap symmetries have been discussed quit@agnetic Ni ion kills the superconductivity at orty~0.02
intensively'®~2” Also, phase-sensitive Josephson tunneling(—dT./dx=20 K/%). This behavior is similar to that ob-
or the existence of a half flux quantum in a tricrystal ffhg served for conventional superconductors and is also consis-
could be another test of the gap symmetry. Such approaché&nt with recent observations, such as the absence of the
require high-quality thin films, and are not feasible for PSeudogap and a stronger three-dimensional superconductiv-
infinite-layer superconductofdIn addition, the pairing sym- 'tY-
metry of (Ln,Ce),Cu0Q, still remains controversiaf

In addition to the impurity effect, quite a few other ex-
periments have indicated that ggrLay 1) CuG, is very simi- We greatly appreciate valuable discussions with D. Pa-
lar to conventional superconductors. For example, equilibvuna, K. Maki, Yunkyu Bang, N.-C. Yeh, G. V. M. Williams,
rium magnetization measurements showed that, even in thgnd M. Sigrist. For the EPMA and SEM measurements, we
zero-temperature limit, the superconductivity has a threeare thankful to Mr. Dong Sik Kim at the Department of Ma-
dimensional natur&**Another example is the recent obser- terials Science and Engineering at Pohang University of Sci-
vation of scanning tunneling spedran (Sryg,La;1)CuO,,  ence and Technology. This work is supported by the Ministry
which showed the absence of a zero-bias conductance peak Science and Technology of Korea through the Creative
(superconducting gap~13 meV) and a pseudogap. The Research Initiative Program.
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