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Contrasting Ni- and Zn-substitution effects on magnetic properties and superconductivity
in La22xSrxCuO4

T. Nakano, N. Momono, T. Nagata, M. Oda, and M. Ido
Department of Physics, Hokkaido University, Sapporo 0600810, Japan

~Received 11 March 1998!

Both Ni- and Zn-substitution effects on superconducting and magnetic properties of La22xSrxCuO4 were
studied by measuring the magnetic susceptibilityx and the electronic specific heatCel at T!Tc . In Ni-
substituted samples withx>0.14, the local nature of the spin correlation among 3d spins remains almost
unchanged even on Ni sites at low Ni concentrations, where Ni atoms are substituted as Ni31 ions. On the other
hand, in Zn-substituted samples the 3d-spin correlation is seriously disturbed on host Cu sites around each Zn
site. The depression ofTc and the residualg value atT!Tc indicate that the suppression of the superconduc-
tivity in Zn-substituted samples is much stronger than that in Ni31-substituted ones. The suppression of the
superconductivity in the Ni31-substituted samples can be understood in the context of a potential scattering of
the Cooper pairs in ad-wave superconductor. On the other hand, the strong suppression of the superconduc-
tivity in the Zn-substituted samples will occur through the local disturbance of the 3d-spin correlation on host
Cu sites around each Zn ion.@S0163-1829~98!07733-9#
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I. INTRODUCTION

In typical high-Tc cuprates such as YBa2Cu3O72d

~YBCO! and La22xSrxCuO4 ~LSCO!, partial substitution of
nonmagnetic ions such as Zn21 and Al31 for Cu leads to
stronger suppression of the superconductivity than subs
tion of nominally magnetic Ni ions, which is in sharp co
trast with the conventional superconductors.1–5 It has been
found in NMR experiments that partial substitution of Zn
Al induces localized magnetic moments on host Cu s
neighboring Zn or Al.6–8 Therefore, the induced local
magnetic moments were invoked to suggest magnetic
breaking as possible origins of the strong suppression oTc

in Zn- or Al-substituted LSCO and YBCO samples.1,3,7

However, Ishidaet al. have performed27Al NMR studies on
Al-substituted LSCO, whoseTc is suppressed to almost th
same extent as that in Zn-substituted LSCO, and found
the magnetic pair breaking due to the local magnetic m
ments induced by the substitution of nonmagnetic ions is
weak to explain the rapid suppression ofTc .8 It has been
reported for both LSCO and YBCO systems that the Zn s
stitution causes a large residual density of states atEF at T
!Tc , Nres, in addition to the rapid suppression ofTc , DTc .
The Nres vs DTc relation can be qualitatively explained o
the basis of ad-wave superconductor by assuming that no
magnetic Zn ions act as strong potential scatterers in
unitarity limit.9–13 However, theNres vs DTc relation ob-
tained for LSCO samples withx&0.18 obviously deviates
from the theoretical prediction.10

In comparison with nonmagnetic ions such as Zn21 and
Al31, nominally magnetic Ni ions lead to a moderate effe
not only on the superconductivity but also on the local m
netism at host Cu sites neighboring Ni in the YBC
system.2,12–15 It was demonstrated by NMR studies on t
YBCO system that the spin-lattice relaxation time63T1 of
PRB 580163-1829/98/58~9!/5831~8!/$15.00
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63Cu is only slightly modified even on planar Cu site
around Ni ions, whereas63T1 is largely modified on planar
Cu sites around Zn ions on account of a local disturbance
spin correlation among Cu 3d spins.12–14 Mendels et al.
measured the Curie term on Ni-substituted YBCO samp
and found that the Curie constant corresponds toS51/2
rather thanS51, though usuallyS51 is expected for Ni21

ions.15 They explained the results as follows: an isolatedd
spin in the 3d3z22r 2 orbital of Ni21, whose magnetic chan
nels to neighboring host Cu 3dx22y2 spins are very weak
will contribute to the Curie term corresponding toS51/2,
while a spin in the Ni 3dx22y2 orbital can couple antiferro-
magnetically to neighboring Cu 3dx22y2 spins; that is, the
magnetic channel between 3dx22y2 spins survives at Ni sites
The survival of the magnetic channels will preserve the lo
nature of the 3dx22y2-spin correlation on host Cu site
around Ni sites. Recently the superconductivity of cupra
was found to be of ad-wave type, and antiferromagneti
interaction within the CuO2 plane has received more atte
tion than ever as a candidate for the origin of t
superconductivity.10,16–20Therefore, the preservation of th
local nature of the 3dx22y2-spin correlation has become o
interest to explain the milder pair-breaking effect of Ni th
that of Zn in the YBCO system.15 It has also been reporte
for the LSCO system that the superconductivity is less s
pressed in Ni-substituted samples than in Zn-substitu
ones.1,3,5 To understand the reason why the substitution
fects on the superconductivity are rather different betwe
nominally magnetic Ni and nonmagnetic Zn, we shou
clarify their substitution effects on the magnetic properties
the LSCO system as well as the YBCO system. Howev
the Ni-substitution effect on magnetic properties has
been systematically studied for the LSCO system yet.

In the present study, we investigate both Ni- and Z
substitution effects on magnetic properties and supercon
tivity of LSCO by measuring the magnetic susceptibilityx
and the electronic specific heatCel at T!Tc . It was found in
5831 © 1998 The American Physical Society
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Ni-substituted LSCO withx*0.14 that the spin correlation
among 3dx22y2 spins remains unchanged even on Ni si
below the critical Ni concentrationy0 , where Ni atoms are
substituted as trivalent Ni31 ions. On the other hand, in Zn
substituted samples the 3dx22y2-spin correlation is seriously
disturbed on host Cu sites around each Zn site because
magnetic channels between 3dx22y2 spins are disrupted a
nonmagnetic Zn ions. It was also found that the depress
of Tc and the residual density of states atEF at T!Tc are
much smaller in Ni31-substituted samples than in Zn
substituted ones. We discuss the difference between Ni-
Zn-substitution effects on the superconductivity in terms
the local disturbance of the 3dx22y2-spin correlation.

II. EXPERIMENTS

A master batch of high-purity La22xSrxCu12yM yO4 (M
5Ni, Zn) samples was prepared using La2O3, SrCO3, CuO,
NiO, and ZnO powders of high purity~99.99–99.999 %! at
1050–1150 °C in an oxygen atmosphere with one interm
ate grinding, followed by annealing in an oxygen atmosph
at 600 °C for 24 h. Each sample was fully characterized
x-ray diffraction and confirmed to be single phase.

Magnetic susceptibility was measured by using a Qu
tum Design SQUID magnetometer. The magnetic susce
bility in the normal state was measured under a magn
field of 10 kOe in aT-range below;600 K in both courses
of heating and cooling. There was no degradation of sam
due to oxygen deficiency, at least in theT-range examined
Measurements of the superconducting diamagnetism w
carried out under a field of 15 Oe. The specific-heat capa
was measured by a conventional adiabatic heat pulse me
within a T2 range from 4 K2 to 50 K2. Details of the mea-
surements have been reported elsewhere.9,10

III. RESULTS AND DISCUSSION

A. Substitution effect on the magnetic susceptibility

In Figs. 1 and 2, the magnetic susceptibilityx is shown
for the normal state of La22xSrxCu12yM yO4 (M5Ni, Zn)
with x50.2. Thex2T curve of La22xSrxCu12yM yO4 exhib-
its a broad peak at temperatureTmax as well as that of

FIG. 1. Magnetic susceptibilityx of La22xSrxCu12yZnyO4 with
x50.2. The solid lines represent fitting curves.
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La22xSrxCuO4 ~LSCO!.21–29 In Zn-substituted samples, th
position of the broad peak weakly depends on Zn concen
tion y though the broad peak is obscured by the appeara
of the Curie term at Zn concentrations of more than 1%.
the other hand, in Ni-substituted samples the position of
broad peak of thex2T curve largely shifts to higher tem
peratures with increase in Ni concentrationy at y,0.03, and
the shift tends to be saturated aty*0.03 ~Fig. 2!. Further-
more, in Ni-substituted samples withy,0.03, no evident
Curie term was observed at low temperatures though Ni i
are nominally magnetic.

In our previous study, the magnetic susceptibility of Z
substituted LSCO samples was analyzed by assuming th
contains aT-dependent spin component,xs(T), and aT-
independent one,x0, in addition to the Curie componen
C/T, i.e.,

x5xs~T!1x01C/T, ~1!

where componentxs(T) is characterized by a broad peak
Tmax.

22 Both the characteristic temperature,Tmax, and the
size of xs(T) largely depend on the Sr concentratio
namely, the hole concentrationp within the CuO2 plane, but
the normalizedxs(T) vs T curve, xs(T/Tmax)/x

s(Tmax) vs
T/Tmax, follows a universal curve,F, which is the same uni-
versal curve as that identified for LSCO samples, regard
of p.22,30Universal curveF can be understood in terms of a
S51/2 square-lattice Heisenberg antiferromagnet at h
temperatures (T*0.7Tmax).

22,24,30 In the present study, we
fitted the data of Ni-substituted samples to Eq.~1! using the
same universal curveF. As seen in Fig. 2, thex2T curves
of Ni-substituted samples can be reproduced very well.

In Figs. 3 and 4, the Curie constant and temperatureTmax
determined in the above analyses are shown
La22xSrxCu12yNiyO4 (0.14&x&0.22) as a function ofy. As
seen in Fig. 3, it was confirmed that there exists no additio
Curie term in Ni-substituted samples up to a certain val
y0 , while the Curie term appears aty.y0 . The details of the
Curie term will be mentioned later. It should be noticed
Fig. 4 thatTmax rapidly increases with increasingy up to the
valuey0 , while the increase ofTmax tends to be saturated a

FIG. 2. Magnetic susceptibilityx of La22xSrxCu12yNiyO4 with
x50.2. The solid lines represent fitting curves.
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y.y0 . The characteristic Ni-concentrationy0 increases with
increasingx ~the inset of Fig. 4!. SinceTmax was found to
increase with a decrease in the hole concentrationp(5x) in
unsubstituted LSCO samples~Fig. 5!,22,24–29the increase of
Tmax with Ni concentration suggests that the substitution
Ni for Cu may reduce the hole concentrationp. A possible
origin of the hole reduction is that Ni atoms will be subs
tuted as trivalent Ni31 ions, because the substitution of
Ni31 ion for a Cu21 consumes a hole within the CuO2 plane.
Such a possibility has already been pointed out by Bhatet al.
on the basis of differentTc2x curves between Ni-free an
Ni-substituted LSCO systems.31 If Ni atoms are substituted
as trivalent ions in La22xSrxCu12yNiyO4, the hole concen-
tration p should be given byp5x2y, instead ofp5x. In
fact, whenTmax of La1.8Sr0.2Cu12yNiyO4 (y,y0) is plotted
as a function ofp50.22y, it agrees very well with the data
of Ni-free La22xSrxCuO4 samples withx50.22y, as seen in
Fig. 5. The good agreement supports the possibility that
Ni atoms will be substituted as trivalent Ni31 ions at y
&y0 . In this context, the saturation ofTmax at y.y0 means
that p will be fixed at p5x2y0 ; i.e., some Ni ions,y0 ,
become trivalent while the rest of them,y2y0 , are divalent.

FIG. 3. Dependence of the Curie constant ony for
La22xSrxCu12yNiyO4.

FIG. 4. Dependence ofTmax on y for La22xSrxCu12yNiyO4. The
inset shows the region where Ni is substituted as Ni31.
f

ll

Studies of the electronic specific heatCel on nonsupercon-
ducting La22xSrxCu12yM yO4 (M5Ni, Zn! samples also
support the possibility that Ni will be substituted as Ni31 at
y,y0 . In the inset of Fig. 5, the coefficient of theT-linear
term of Cel , gN , is shown for nonsuperconductin
La22xSrxCu12yM yO4 (M5Ni, Zn! as a function ofx. The
gN value is evidently smaller in Ni-substituted samples th
in Zn-substituted ones, as has already reported by H
et al.32 Here, to take into account the hole consumption
fect of Ni31, we replot thegN value of La22xSrxCu12yNiyO4
againstp5x2y0 regarding the horizontal axisx asp in the
inset of Fig. 5. In this plot, the gN values of
La22xSrxCu12yNiyO4 (p5x2y0) are in agreement with
those of La22xSrxCu12yZnyO4 (p5x), as expected.

Now we refocus on the result showing that the Ni subs
tution induces no additional Curie term i
La22xSrxCu12yNiyO4 (y,y0) samples. Figure 6 shows th
x2T curve for La22xSrxCu12yNiyO4 (y,y0), whose hole
concentrationp was kept at 0.16 regardless ofy, that is,x
was always chosen to holdp([x2y)50.16 for any given
y(,y0). In Fig. 6, the reduced temperatureT/Tmax is used to
correct a small difference ofp among different samples,Dp,
which was inadvertently introduced; the prese
Dp('60.002) corresponds to the shift of610 K in Tmax.
Each set of data is shifted as a whole, at most, by;5% along
the vertical axis in order to remove the offset value ofx,
which was due to accidental errors characteristic of the
paratus. It should be noticed in Fig. 6 that thex2T curves
for La22xSrxCu12yNiyO4 (y,y0) agree well with that for
the Ni-free sample over a wide temperature range with
any correction of the Curie term; that is, no Curie term a
pears in Ni-substituted samples withy,y0 . This indicates
that there exist no isolated spins on Ni sites

FIG. 5. Tmax of La22xSrxCuO4 ~s! and of La1.8Sr0.2Cu12yNiyO4

~d!. Tmax’s of La22xSrxCuO4 and La1.8Sr0.2Cu12yNiyO4 are plotted
as a function ofx and 0.22y, respectively. The inset shows thex
dependence of thegN value for La22xSrxCu12yM yO4: M5Zn ~h!
and M5Ni ~n!. In the inset, thegN value for M5Ni ~the closed
triangle m! is also plotted as a functionp5x2y0 : y0’s are 0.02
and 0.03 forx50.16 and 0.2 samples, respectively.
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La22xSrxCu12yNiyO4 (y,y0) samples and the local natur
of spin correlation among 3dx22y2 spins is not seriously
changed on Cu sites around Ni. Such a Ni31-substitution
effect on the 3dx22y2-spin correlation is in sharp contrast
the Zn-substitution effect; in Zn-substituted samples
3d-spin correlation is seriously disturbed on Cu site arou
each Zn because the magnetic channel among 3dx22y2 spins
is disrupted at nonmagnetic Zn sites, and a resultant C
term appears.3,6–8,21–23

It is noteworthy that the absence of the Curie term
La22xSrxCu12yNiyO4 (y,y0) samples can not be unde
stood in terms of divalent Ni21 ions. The reason is as fol
lows. There are two different possible 3d configurations for
divalent Ni21 ions in the present case: magnetic configu
tion dx22y2

1d3z22r 2
1 and nonmagnetic onedx22y2

0d3z22r 2
2

~or dx22y2
2d3z22r 2

0). In the magnetic configuration, a spin
the Ni d3z22r2 orbital will be almost isolated because th
magnetic channels between the Nid3z22r 2 spin and neigh-
boring host Cu 3dx22y2 spins are very weak. Thus,d3z22r 2

spins would cause a Curie term, as reported by Mend
et al. for YBa2Cu32yNiyO72d .15 On the other hand, the non
magnetic configuration of Ni21 is essentially the same as th
of nonmagnetic Zn21 or Al31 in that there exists no spin in
the 3dx22y2 orbital. In the nonmagnetic configuration, th
3dx22y2-spin correlation is seriously disturbed on Cu sit
around each Ni21 ion because the magnetic channel amo
3dx22y2 spins is disrupted at the nonmagnetic Ni21 sites.
Thus the Curie term would appear, as observed in Zn-
Al-substituted LSCO samples.3,6–8,21–23Therefore, it is diffi-
cult from the point of view of divalent Ni21 ions to explain
the absence of the Curie term in La22xSrxCu12yNiyO4 (y
,y0).

To explain the experimental result in which no addition
Curie term appears in La22xSrxCu12yNiyO4 (y,y0), it is
reasonable to assume that Ni atoms will be substituted
trivalent Ni31 and they will take the low spin stateS51/2
with configuration dx22y2

1d3z22r 2
0. In this configuration,

since Ni 3dx22y2 spins are expected to magnetically intera
with neighboring host Cu 3dx22y2 spins, no isolated spin wil
remain on Ni31 sites and the 3dx22y2-spin correlation will
not be disturbed even on neighboring host Cu sites.

FIG. 6. Temperature dependence ofx for La22xSrxCu12yNiyO4

(y,y0), whose hole concentrationp is kept constant (p50.16).
The horizontal axis is normalized byTmax for each sample.
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present experimental results are exactly this case, as m
tioned above. Unfortunately this configuration of Ni31, i.e.,
dx22y2

1d3z22r 2
0 might be objected to for the LSCO syste

because the Cu 3dx22y2 orbital is higher in energy than th
3d3z22r 2 one owing to the Jahn-Teller effect. However,
was reported in experiments of polarization-dependent x-r
absorption spectroscopy on films and on single crystals
LSCO that the level difference between 3dx22y2 and
3d3z22r 2 orbitals becomes smaller asp(5x) is increased at
p*0.14; i.e., the probability of hole occupancy for the C
3d3z22r 2 orbital increases withp relative to that for the
3dx22y2.33,34 Khomski and Neimark also showed theore
cally that the crystal field at Cu sites upheaves the 3d3z22r 2

level relative to the 3dx22y2 level as the average number o
holes at O sites within the Cu-O plane is increased.35 Prob-
ably, in the overdoped region of La22xSrxCu12yNiyO4, the
3dx22y2 level of Ni31 will be so lowered as to cross th
3d3z22r 2 level with an assist of the energy gain in the ma
netic interaction between the Ni 3dx22y2 spin and neighbor-
ing host Cu 3dx22y2-ones.

B. Substitution effect on the superconductivity

As mentioned in Sec. III A, the Ni substitution reduc
the hole concentrationp within the CuO2 plane in
La22xSrxCu12yNiyO4 (y,y0) samples because Ni is subs
tuted as Ni31. Since the superconducting properties of t
present system largely depend onp, the Ni-substitution effect
on the superconductivity was examined under a cons
hole concentration in the present study; that is,x was
changed to holdp([x2y)5constant for a giveny(,y0) in
preparation of La22xSrxCu12yNiyO4 samples.

In Fig. 7, the superconducting critical temperatureTc of
La22xSrxCu12yM yO4 (M5Ni, Zn! with p50.16 and 0.22 is
plotted as a function ofy. The temperatureTc is defined here
as the temperature at which the diamagnetism due to
superconductivity is half of the low-temperature satura

FIG. 7. Dependence of Tc on y for the
La22xSrxCu12yM yO4: M5Zn ~open symbol! and M5Ni ~closed
symbol!. The hole concentrationp is kept constant:p50.16
~circles! and 0.22~squares!.
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PRB 58 5835CONTRASTING Ni- AND Zn-SUBSTITUTION EFFECTS . . .
value.10 The decrease ofTc is slower in Ni-substituted
samples than in Zn-substituted ones, as reported by Ta
con et al. and Xiaoet al.1,3

In Fig. 8, typical results of the specific heat atT,Tc are
shown for La22xSrxCu12yM yO4 (M5Ni, Zn! with p
50.16 and 0.22 withC/T versus T2 plot. The low-
temperature specific heat of unsubstituted LSCO samples
to the sum of an electronicT2 term and a phononT3 term at
T!Tc .9,10 The quadratic behavior of the electronic speci
heatCel is peculiar to superconductors with line nodes in t
gap structure, such asd-wave and extremely anisotropics-
wave superconductors.9,10,36,37On the other hand, as show
in Fig. 8, the low-temperature specific heatC of Ni-
substituted samples fits to the following equation:

C5Cel1Cph, ~2!

whereCel5gT1bTn with exponentn, which increases from
2 (y50) to ;2.7 (y50.01) upon increasingy. The phonon
term Cph determined in the previous work was used in t
present fitting.9,10 The good fit indicates that the electron
T2 term observed for unsubstituted LSCO samples chan
into gT1bTn (2,n,3) in Ni-substituted samples. On th
other hand, the electronicT2 term changes intogT1bT3 in
Zn-substituted samples, as previously reported.10 In Fig. 9,
the g value atT!Tc obtained in above fitting is shown fo
La22xSrxCu12yM yO4 (M5Ni, Zn! with p50.16, 0.2, and
0.22 as a function ofy. The residualg value atT!Tc , i.e.,
the residual density of states atEF , Nres, is obviously recov-
ered from zero as Ni or Zn atoms are substituted for Cu9,10

The recovery of theg value is much weaker in Ni-substitute
samples than in Zn-substituted ones.

It should be remembered here that Ni atoms are sub
tuted as trivalent Ni31 ions in La22xSrxCu12yNiyO4 (y
,y0) and no Curie term appears~Sec. III A!. This means
that Ni31 ions will act as charged impurities, and cause p
tential scattering of the Cooper pairs. This feature of
Ni31 substitution offers a good opportunity to confir

FIG. 8. Specific heat of the La22xSrxCu12yM yO4 (M5Zn or
Ni! in a C/T vs T2 plot: ~a! for p50.16 and~b! for p50.22. The
solid lines represent the results of fitting the data to Eq.~2! in the
text.
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whether the order parameter of the present superconduct
of a d-wave type or of an extremely anisotropics-wave one.
This is because ind-wave superconductors the potential sc
tering of the Cooper pairs suppresses the energy gapD(k)
around the nodes in thek space, and causes a residual dens
of states atT!Tc , Nres.

9,10,37–44On the other hand, in ex
tremely anisotropics-wave superconductors the potenti
scattering enhances the energy gapD(k) at the nodes, and
causes noNres.

40,41 Therefore, the present experimental r
sult indicating that Nres becomes finite in
La22xSrxCu12yNiyO4 (y,y0) shows that the present supe
conductor is of ad-wave type.

Now we refocus on different Zn- and Ni-substitution e
fects on the superconductivity. As mentioned above, the
pression ofTc and the recovery of the residualg value at
T!Tc is much weaker in Ni-substituted samples than in Z
substituted ones~Figs. 7 and 9!. This means that the pair
breaking effect of the Ni31 substitution is rather moderate i
comparison with that of the Zn substitution. The moder
pair-breaking effect of Ni31 is consistent with a characteris
tic T dependence ofCel of La22xSrxCu12yNiyO4 at T!Tc ;
i.e., the T dependence ofCel changes fromaT2 to gT
1bTn with 2<n,3 as Ni atoms are substituted for Cu
La22xSrxCuO4, as mentioned above~Fig. 8!. Such a change
can be understood in terms of a moderate potential scatte
of Cooper pairs ind-wave superconductors.39 On the other
hand, the change ofCel from aT2 to gT1bT3, observed for
the Zn substitution, is characteristic of the pair-breaking
the unitarity limit.10,37

As mentioned in Sec. III A, the spin correlation amon
3dx22y2 spins is seriously disturbed on Cu sites neighbor
Zn in Zn-substituted samples, while the disturbance is
significant around Ni in Ni31-substituted ones. The magne
tism within the CuO2 plane has been suggested as one of
most plausible origins for thed-wave superconductivity of
cuprates.10,16–20,45–52In that case, the serious disturbance
3dx22y2-spin correlation around each Zn ion will be qui
unfavorable to the superconductivity; i.e., the supercond
tivity will be seriously suppressed over the magnetically d
turbed region around each Zn ion. In fact, such a local s
pression of the superconductivity around each Zn ion can
demonstrated by analyzing the Zn dependence of the resi

FIG. 9. Dependence of the residualg value on y for
La22xSrxCu12yM yO4: M5Zn ~h! andM5Ni ~d!. The hole con-
centrationp is kept constant (p50.16, 0.2, and 0.22!.



vi
Z

ns
rm
is
al
el,

is
ra

e
Th

s:
-

gt
-

th

tic

f

rel-
-

lly-

epti-
i-
-

on

gh
n-

tion
es
bsent

sed
in

of
r-
irs
n-

lcu-
The

tiv
Z

e
,

eg

5836 PRB 58T. NAKANO, N. MOMONO, T. NAGATA, M. ODA, AND M. IDO
g value atT!Tc , i.e.,Nreson the basis of a following simple
model. It is assumed in this model that the superconducti
is completely suppressed within a circle centered at each
atom with diameterj0 on each CuO2 plane, but little affected
outside the circles. The suppressed regionp(j0/2)2 contrib-
utes tog, i.e.,Nres. In the present study, to make calculatio
simple we assumed a sharp boundary between the no
and superconducting regions although the real boundary
course rather sluggish. This simplified model schematic
shown in Fig. 10 is identical with the ‘‘swiss cheese’’ mod
which was introduced by Nachumiet al. to explain the re-
duction of the superconducting carrier density inmSR ex-
periments on Zn-substituted LSCO and YBCO samples.53

The result ofNres calculated using the present model
shown in Fig. 11, where Zn atoms are assumed to be
domly distributed over the CuO2 planes. The calculatedNres
increases linearly withy at low y concentrations while it
tends to be saturated at highy concentrations because th
neighboring normal regions begin to overlap each other.
experimental results of theg value atT!Tc are also shown
in Fig. 11. Since unsubstituted LSCO samples withx&0.15
exhibit a small residualg value,g0 , at T!Tc , we subtract
g0 from the observedg value of Zn-substituted sample
g051 and 0.5 mJ/mole K2 for x50.1 and 0.14 samples, re
spectively. As seen in Fig. 11, theg values forx50.1, 0.14,
0.16, and 0.18 fit very well to the results ofNres calculated
for j0546, 39, 36.5, and 34.5 Å, respectively.

If j0 is relevant to the superconducting correlation len
js}(2D0)21, j0 should increase withx because the super
conducting energy gap 2D0 was found to decrease withx at
least atx>0.14 in the present system.10,54 However, in the
present experimental results this is not the case;j0 mono-
tonically decreases with increasingx betweenx50.10 and
0.18~the inset in Fig. 11!. This implies thatj0 is not inherent
in the superconductivity. It should be noted here that
characteristic lengthj0539 Å for samples withx50.14 is

FIG. 10. Schematic diagram for the model: the superconduc
ity is completely suppressed within a circle centered at each
with a diameterj0 on each CuO2 plane. Only the Cu sites ar
represented. The closed and open circles are Cu and Zn ions
spectively. The normal states are recovered over the shaded r
with the diameterj0 .
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comparable to the antiferromagnetic correlation lengthjAF

(;35 Å) at low temperatures, which is reported in inelas
neutron scattering experiments on La22xSrxCuO4 (x
50.14).55 Furthermore, thejAF has a trend similar to that o
j0 with x, namely, it decreases with increasingx.56 There-
fore, j0 can be considered as the characteristic length
evant tojAF rather thanjs . This means that the supercon
ductivity will be seriously suppressed over a magnetica
disturbed region (;jAF) around each Zn ion.

IV. SUMMARY

In the present study, we measured the magnetic susc
bility and the electronic specific heat on Zn- and N
substituted La22xSrxCuO4 samples. It was found that Ni at
oms are substituted as trivalent Ni31 ions below a critical Ni
concentration,y0 , in an x range abovex;0.14. The substi-
tution of Ni31 for Cu causes a prominent hole-consumpti
effect, leading to an increase ofTmax and a reduction of the
gN value. The Ni31 substitution causes no Curie term thou
Ni31 is nominally magnetic, indicating that magnetic cha
nels among 3dx22y2 spins survive even at Ni31 sites. On the
other hand, in Zn-substituted samples, the spin correla
among 3dx22y2 spins is seriously disturbed on host Cu sit
around each Zn ion because the magnetic channels are a
at nonmagnetic Zn ions.

It was confirmed that the superconductivity is suppres
much more strongly in Zn-substituted samples than
Ni31-substituted ones; the depression ofTc and the residual
density of states atT!Tc is much larger in Zn-substituted
samples than in Ni31-substituted ones. The suppression
superconductivity in Ni31-substituted samples can be unde
stood in the context of a potential scattering of Cooper pa
in a d-wave superconductor. On the other hand, in the Z

FIG. 11. Dependence of the residualg value on y for the
La22xSrxCu12yZnyO4: x50.1 ~n!, 0.14 ~s!, 0.16 ~h!, and 0.18
~L!. The solid lines represent the residual density of states ca
lated on the basis of the model schematically shown in Fig. 10.
inset shows thex dependence ofj0 .
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substituted samples the superconductivity is seriously s
pressed through disturbance of the 3dx22y2-spin correlation
on host Cu sites around each Zn ion. This implies that
3dx22y2-spin correlation within the CuO2 plane will play a
crucial role in causing superconductivity.
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