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We have investigated effects of Zn and Ni on the Cu spin dynamics and superconductivity from the
zero-field muon spin relaxation (ZF-uSR) and magnetic susceptibility x measurements for
Laz_XSrXCul_y(Zn,Ni)v‘.04 with x=0.15-0.20, changing y up to 0.10 in fine step. In the optimally doped x
=0.15, it has been concluded that the formation of a magnetic order requires a larger amount of Ni than of Zn,
which is similar to our previous results of x=0.13. From the estimation of volume fractions of superconducting
(SC) and magnetic regions, it has been found for x=0.15 that the SC region is in rough correspondence to the
region where Cu spins fluctuate fast beyond the wSR frequency window for both Zn- and Ni-substituted
samples. According to the stripe model, it follows that, even for x=0.15, the dynamical stripe correlations of
spins and holes are pinned and localized around Zn and Ni, leading to the formation of the static stripe order
and the suppression of superconductivity. These may indicate an importance of the dynamical stripe in the
appearance of the high-7, superconductivity in the hole-doped cuprates. In the overdoped regime of x=0.18
and 0.20, on the other hand, the SC region seems to be in rough correspondence to the region where Cu spins
fluctuate fast beyond the uSR frequency window, although it appears that the Cu spin dynamics and super-

conductivity are affected by the phase separation into SC and normal-state regions.
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I. INTRODUCTION

Toward understanding of the mechanism of high-T. super-
conductivity, an approach through the substitution of impu-
rities for Cu has been one of major ways to study the Cu spin
dynamics in the high-7,. physics. In the hole-doped high-T.
cuprates, it is well known that nonmagnetic impurities such
as Zn tend to suppress the superconductivity more markedly
than magnetic impurities such as Ni,! which is an opposite
trend to the conventional superconductors.> Early NMR and
nuclear quadrupole resonance (NQR) measurements have re-
vealed that Zn acts as a strong scatterer of holes causing the
unitarity scattering, while Ni acts as a weak scatterer causing
the Born scattering.? From inelastic neutron-scattering ex-
periments focusing on the high-energy Cu spin fluctuations,
it has been reported that the so-called resonance energy does
not change through the Zn substitution, while it decreases
through the Ni substitution.* As for the low-energy Cu spin
fluctuations, on the other hand, Kimura et al.’ and Kofu et
al.® have insisted from the inelastic neutron-scattering mea-
surements in La,_,Sr,Cu;_,(Zn,Ni),O, with x=0.15 that Zn
tends to bring about the so-called in-gap state in the spin gap,
while Ni tends to reduce the spin gap itself. These results are
strongly suggestive of different effects between the Zn and
Ni substitution on the Cu spin dynamics and superconductiv-
ity, but the reason has not yet been clarified.

Formerly, we have performed zero-field (ZF) muon spin
relaxation (uSR) and magnetic susceptibility y measure-
ments in La,_,Sr,Cu,_,(Zn,Ni),0, around x=0.115 at low
temperatures down to 2 K, changing y up to 0.10 in fine
step,””'? in order to investigate impurity effects on the so-
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called spin-charge stripe order'® which may be related to the
mechanism of high-7, superconductivity.'"* For the Zn sub-
stitution, a muon spin precession corresponding to the for-
mation of a long-range magnetic order has been observed for
v(Zn)=0.0075-0.03 in x=0.10, 0.115, 0.13."! Moreover, the
further Zn substitution of y(Zn)>0.03 brings about a change
to slow depolarization of muon spins so that Gaussian-type
depolarization has been observed for y(Zn)=0.10. These re-
sults indicate that a magnetic order is stabilized by a slight
amount of Zn, while it is destroyed by a large amount of Zn,
which is understandable in terms of the pinning and destruc-
tion of the stripe order by Zn.">~!7 For the Ni substitution, on
the other hand, a muon spin precession has been observed for
y(Ni)=0.02-0.10 in x=0.13.!2 This indicates that the forma-
tion of a magnetic order requires a larger amount of Ni than
of Zn and that the magnetic order survives or, rather, it is
stabilized by a large amount of Ni. From the y measurements
on field cooling, it has been found that the Meissner volume
fraction corresponding to the superconducting (SC) volume
fraction rapidly decreases with a slight substitution of Zn and
its decrease is more marked by Zn than by Ni. In comparison
between the volume fraction of the SC state estimated from
x and that of the magnetic state from uSR, it has been found
that the SC region in a sample is in good correspondence to
the region in which Cu spins fluctuate fast beyond the uSR
frequency window (10°~10'" Hz). From the viewpoint of
impurity effects on the stripe order, these results suggest that:
(i) the dynamical stripe correlations tend to be pinned and
stabilized by both Zn and Ni so that the superconductivity is
destroyed around themselves and that (ii) Zn is more effec-
tive for the pinning of stripes so that the static stripe-ordered
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region around Zn is larger than around Ni. These may be the
reason why Zn destroys the superconductivity in the hole-
doped high-T, cuprates more markedly than Ni.!

In this paper, in order to investigate the relationship be-
tween the Cu spin dynamics and superconductivity in the
optimally doped high-7, cuprates, we have performed
ZF-uSR and y measurements in the Zn- or Ni-substituted
La,_,Sr,Cu;_,(Zn,Ni),O, with x=0.15, changing y up to
0.10 in fine step.'®!® Moreover, we have extended the mea-
surements for the Zn-substituted La,_,Sr,Cu;_,Zn, 0, up to
x=0.20, focusing on the relationship between the Cu spin
dynamics and superconductivity in the overdoped regime.

II. EXPERIMENT

Polycrystalline samples of La,_,Sr,Cu,_,(Zn,Ni),0, with
x=0.15-0.20 and y=0-0.10 were prepared by the ordinary
solid-state reaction method. Details of the procedure have
been reported in our former paper.'! For the Ni-substituted
samples, however, the sintering was done in air at 1150 °C
for 24 h to keep the homogeneity of constituents in a sample.

The ZF-uSR measurements were performed at the
RIKEN-RAL Muon Facility at the Rutherford-Appleton
Laboratory in the U.K. using a pulsed positive surface muon
beam with an incident muon momentum of 27 MeV/c. The
asymmetry parameter A(¢) at a time 7 was given by A(r)
={F(t)- aB(t)}/{F(t)+ aB(t)}, where F(t) and B(¢) are total
muon events of the forward and backward counters, which
were aligned in the beam line, respectively. « is the calibra-
tion factor reflecting the relative counting efficiencies be-
tween the forward and backward counters. The uSR time
spectrum, namely, the time evolution of A(z) was measured
at low temperatures down to 0.3 K to detect the appearance
of a magnetic order.

The x measurements were carried out down to 2 K using
a superconducting quantum interference device magnetome-
ter (Quantum Design, Model MPMS-XL5) in a magnetic
field of 10 Oe on field cooling in order to evaluate the vol-
ume fraction of the SC region in a sample.

II1. RESULTS
A. Effects of Zn and Ni substitution in x=0.15

1. ZF-puSR

Figure 1 shows the ZF-uSR time spectra in
La,_,Sr,Cu;_y(Zn,Ni),O4 with x=0.15. In order to see the y
dependence of the spectra at the lowest temperature of 0.3 K
clearly, the time spectra at 0.3 K are also shown in Fig. 2. All
the spectra in Figs. 1 and 2 are shown after subtracting the
background from the raw spectra and being normalized by
the value of the asymmetry at r=0. At high temperatures
above 15 K, all the spectra show Gaussian-type slow depo-
larization of muon spins due to the nuclear-dipole field that is
randomly distributed at the muon site. This indicates no ef-
fect of Cu spins on the uSR time spectrum. Focusing on the
spectra below 2 K, Gaussian-type depolarization is still ob-
served down to 0.3 K for y=0, indicating that Cu spins fluc-
tuate fast beyond the wSR frequency window. For the Zn
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substitution, the muon spin depolarization becomes fast with
increasing y(Zn) for y(Zn)=0.0075. Moreover, an almost
flat spectrum with the normalized asymmetry of ~1/3 is
observed above 0.4 ws for y(Zn)=0.02 and 0.03, indicating
the formation of a static magnetic state. It is noted that the
absence of a muon spin precession may be due to a short-
range magnetic order, resulting in very fast damping of the
precession, in contrast to the results around x=0.115.7-'2 For
y(Zn)>0.03, the muon spin depolarization becomes slow
and a Gaussian-type spectrum is observed, although the
muon spin depolarization is still fast at 0.3 K for y(Zn)
=0.10. This indicates that the magnetic order is destroyed by
a large amount of Zn, which is analogous to the results
around x=0.115.7"12 For the Ni substitution, on the other
hand, fast depolarization is observed for y(Ni)=0.0075.
Eventually, a muon spin precession is observed for y(Ni)
=0.10, indicating the formation of a long-range magnetic
order of Cu spins.

As for the comparison of the spectra between the Zn and
Ni substitution, the fast depolarization of muon spins starts
to be observed at y=0.0075 both in the Zn- and Ni-
substituted samples. As shown in Fig. 2, however, the muon
spin depolarization at 0.3 K is faster in the 0.75% Zn-
substituted sample than in the 0.75% Ni-substituted one.
These results indicate that the formation of the magnetic or-
der requires a larger amount of Ni than of Zn, which is
similar to our previous results of x=0.13.!> In the heavily
impurity-substituted samples, Zn tends to destroy the Cu spin
correlation, while Ni tends to stabilize the magnetic order,
which is also similar to our previous results of x=0.13.12

In order to obtain detailed information on the Cu spin
dynamics, we analyzed the time spectra shown in Figs. 1 and
2 using the following three-component function:

A() =Age™ G LA 1) + Aje ™ + Aye ™2 cos(wt + ¢b).
(3.1)

The first term represents the slowly depolarizing component
in a region where the Cu spins fluctuate fast beyond the uSR
frequency window. A, and A are the initial asymmetry and
depolarization rate of the slowly depolarizing component,
respectively. G,(A,r) is the static Kubo-Toyabe function
with a half width A describing the distribution of the nuclear-
dipole field at the muon site.”’ The second term represents
the fast depolarizing component in a region where the Cu
spin fluctuations slow down and/or where a short-range mag-
netic order of Cu spins is formed. A; and A, are the initial
asymmetry and depolarization rate of the fast depolarizing
component, respectively. The third term represents the muon
spin precession in a region where a long-range magnetic or-
der of Cu spins is formed. A, is the initial asymmetry. \,, o,
and ¢ are the damping rate, frequency, and phase of the
muon spin precession, respectively. Values of Aj, A, and A,
obtained from the analysis using Eq. (3.1) are regarded as
corresponding to volume fractions of each region depending
on the frequency of the Cu spin fluctuations.

As for y(Zn)=0.10, the spectra below 1 K cannot be well
represented using Eq. (3.1) because of the rather fast
Gaussian-type depolarization compared to that due to the
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FIG. 1. (Color online) Zero-field uSR time spectra in the early time region from 0 to 2 us of Laz_xSrXCul_).(Zn,Ni)y04 with x=0.15,
0.18, and 0.20 at various temperatures down to 0.3 K. Solid lines indicate the best-fit results using A(f)=Age ™ 'G4(A,1)+A;e™!
+Ae™N! cos(wt+ ) except for y(Zn)=0.10 in x=0.15. For y(Zn)=0.10 in x=0.15, the following equation is used: A(f)=Aye'G4(A,1)

2
+A e,

134515-3



ADACHI et al.

15 | . A =0 (15 K)H
I Laz_xerClll_y(Zn,Nl)yO4 a ’ 0 1
o 0.0075
F x = 0.15, T=03K o 0.02
| . 003 |
| Zn . 010 H

Normalized Asymmetry

Time (usec)

FIG. 2. Zero-field uSR time spectra at 0.3 K for typical y values
of La,_,Sr,Cu;_,(Zn,Ni),0, with x=0.15. The time spectrum at 15
K for y=0 is also plotted. Solid lines indicate the best-fit results
using A(f)=Age MG LA, ) +A e ™M +A,e™ cos(wt+ ¢) except for
y(Zn)=0.10. For y(Zn)=0.10, the equation A(f)=Aye™'G,(A,1)
+Aae’("")2 is used.

nuclear-dipole field. Therefore, the following function was
used:

A1) = Age ™G AA,1) + A jo @, (3.2)

The first term is the same as that in Eq. (3.1). The second
term is a simple Gaussian representing a region with larger
magnetic moments than nuclear moments being randomly
distributed.?! The time spectra are well fitted with Egs. (3.1)
and (3.2) as shown by solid lines in Figs. 1 and 2.

Figure 3 shows the temperature dependence of A normal-
ized by its value at a high temperature of 15 or 20 K for
La,_,Sr,Cu,_,(Zn,Ni),O, with x=0.15. The temperature de-
pendence of A, is often used as a probe of the magnetic
transition because it reflects the volume fraction of the non-
magnetic region.?>2* In fact, Ay=1 means that the spectrum
is represented only with the first term of Eq. (3.1) or Egq.
(3.2), indicating that all the Cu spins fluctuate fast beyond
the uSR frequency window. On the contrary, Ay~ 1/3 indi-
cates that all the Cu spins are in a short- or long-range static
magnetically ordered state. In Fig. 3, the shaded area at low
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FIG. 3. (Color online) Temperature dependence of the initial
asymmetry of the slowly depolarizing component A, normalized by
its value at a high temperature of 15 or 20 K for
La,_,Sr,Cu;_,(Zn,Ni),O4 with x=0.15. The shaded area at low
temperatures corresponds to the state in which the Cu spin fluctua-
tions slow down and/or a magnetic order is formed. Solid and dot-
ted lines are to guide the reader’s eye.

temperatures corresponds to the state in which the Cu spin
fluctuations slow down and/or a magnetic order is formed.
For the Zn substitution, A, decreases around y(Zn)
=0.01-0.03 at 2 K, while the area in which A, decreases
expands at low temperatures below 2 K, indicating that the
Cu spin correlation is developed with decreasing temperature
in the Zn-substituted samples. Focusing on the temperature
Ty, at which A, starts to decrease with decreasing tem-
perature, it increases with increasing y(Zn) and shows the
maximum around y(Zn)=0.01-0.02 and decreases above
y(Zn)=0.02, suggesting that the Cu spin correlation develops
most around y(Zn)=0.01-0.02. In fact, A is almost 1/3 be-
low ~1 K for y(Zn)=0.02 and 0.03, indicating a static mag-
netic state. For y(Zn)>0.03, the area in which A, decreases
shrinks with increasing y(Zn), but A, is below unity at low
temperatures due to the random magnetism with magnetic
moments slightly larger than nuclear moments even for
y(Zn)=0.10.
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FIG. 4. (Color online) Impurity-concentration dependence of
Txid defined as the midpoint of the change in the A, value from
unity to the averaged value of A, in the ordered state at 2 K for
La,_,Sr,Cu;_,(Zn,Ni),04 with x=0.15. The data of x=0.13 are also
plotted for comparison (Refs. 11 and 12). Solid lines are to guide
the reader’s eye.

For the Ni substitution, on the other hand, the decrease in
A, becomes marked with increasing y(Ni) at 2 K and the area
in which A, decreases expands at low temperatures below 2
K. This indicates that the Cu spin correlation is developed at
low temperatures also in the Ni-substituted samples. As for
Ty, it increases with increasing y(Ni) and shows a local
maximum around y(Ni)=0.02 and changes to decrease above
y(Ni)=0.02, which is similar to the Zn-substituted case. For
y(Ni)>0.03, however, Ty increases progressively with in-
creasing y(Ni). In fact, A, at low temperatures below 2 K is
about 1/3 for y(Ni)=0.07, indicating the formation of a
static magnetic state.

It is found in the lightly substituted samples of y=0.03
that the decrease in A, with decreasing temperature is
smaller in the Ni substitution than in the Zn substitution,
suggesting that Zn is more effective for the development of
the magnetic order than Ni. In the heavily substituted
samples of y>0.03, the Cu spin correlation tends to be de-
stroyed by Zn while it tends to be developed by Ni.

Figure 4 shows the impurity-concentration dependence of
the magnetic transition temperature T‘[{,“d defined as the mid-
point of the change in the A, value from unity to the aver-
aged value of A in the static magnetic state at 2 K (Ref. 11)
in La,_,Sr,Cu,_,(Zn,Ni),0, with x=0.15. The data of x
=0.13 are also plotted for comparison.!''? In the Zn-
substituted samples with x=0.15, 7% appears at y(Zn)
=0.0075 and shows the maximum at y(Zn)=0.02 followed
by the disappearance for y(Zn)>0.03. In the Ni-substituted
samples with x=0.15, on the other hand, T’]f,“d appears at
y(Ni)=0.02 and increases monotonically with increasing
y(Ni). The y dependence of T%' in x=0.15 is qualitatively
similar to that in x=0.13 in both cases of Zn and Ni substi-
tution.

2. Magnetic susceptibility

Figure 5 shows the temperature dependence of y on field
cooling for La,_,Sr,Cu;_,(Zn,Ni),O4 with x=0.15 and y

0.0075|

Magnetic susceptibility y (10'2 emu/cm3)

—o—
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20 L Field cooling | [ ——  0.0025]
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FIG. 5. (Color online) Temperature dependence of the magnetic
susceptibility y for Laz_xerCul_y(Zn,Ni)y04 with x=0.15 and y
=0.05 in a magnetic field of 10 Oe on field cooling.

=0.05. T. decreases with increasing y in both Zn- and Ni-
substituted samples and disappears at y(Zn)=0.03 and
v(Ni)=0.05, respectively. Moreover, it is found that the ab-
solute value of yx at 2 K, |xpk|, corresponding to the SC
volume fraction decreases markedly with increasing y in
both Zn- and Ni-substituted samples, and the decrease is
more marked in the former than in the latter. These results
suggest that the SC volume fraction decreases more mark-
edly through the Zn substitution than through the Ni substi-
tution, which is analogous to the results in x=0.13.'2

3. Volume fractions of SC and magnetic regions

We estimated volume fractions of different states of Cu
spins in one sample related to the three terms in Eq. (3.1) and
two terms in Eq. (3.2) using the best-fit values of Ay, A, A,,
and A,. Details of the estimation of the volume fractions
were described in our previous paper.'! It is noted in the
estimation that the region expressed by A, corresponding to
the region in which the Cu spin fluctuations slow down
and/or a short-range magnetic order is formed at low tem-
peratures, is called the A; region. Similarly, regions ex-
pressed by A, A,, and A, are called A,, A,, and A, regions,
respectively. Volume fractions of Ay, A, A,, and A, regions
are denoted as Vg Vap Vays and Va, respectively. Figure 6
displays the impurity-concentration dependence of VAo’ Va,
Vy,, and V, at 0.3 K for La,_,Sr,Cu,_,(Zn,Ni), O, with x
=0.15. For the Zn substitution, Va, rapidly decreases with
increasing y(Zn) and becomes almost zero at y(Zn)=0.03.
Instead, Va, increases and becomes almost 100% at y(Zn)
=0.03, indicating that the Cu spin fluctuations slow down
and/or the short-range magnetic order is formed in the whole
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FIG. 6. (Color online) Impurity-concentration dependence of
Va, (closed circles), Va, (closed squares), Va, (closed diamonds),
and V, (closed triangles) estimated from the uSR time spectra at
03 K in La,_,Sr,Cu;_,(Zn,Ni),0, with x=0.15. Impurity-
concentration dependence of V¢ (open circles) estimated from the
magnetic susceptibility at 2 K on field cooling is also plotted. V :
Volume fraction of the region where Cu spins fluctuate fast beyond
the uSR frequency window. Va,: Volume fraction of the region
where the Cu spin fluctuations slow down and/or a short-range
magnetic order is formed. V,_: Volume fraction of the region where
a long-range magnetic order is formed. V, : Volume fraction of the
region with slightly larger magnetic moments of nuclear dipoles
being randomly distributed. Vgc: Volume fraction of the supercon-
ducting region. Solid lines are to guide the reader’s eye.

area of the sample of y(Zn)=0.03. For y(Zn)=0.10, Vy, is
not zero but about 10% and almost all area of the sample is
covered with the A, region.

For the Ni substitution, on the other hand, the decrease in
Vy, is weak at y(Ni)=0.0075, while V, rapidly decreases for
y(Ni)>0.0075 and reaches zero at y(Ni)=0.05. The trend
that the formation of the magnetic order requires a larger
amount of Ni than of Zn is the same as in the case of x
=0.13.12 The A, region starts to appear at y(Ni)=0.03-0.10.
In spite of large error bars of Vag Va,» and Va, the tempera-
ture dependence of V, allows us to conclude that the A,
region is formed almost entirely in the sample of y(Ni)
=0.10.

Next, the SC volume fraction at 2 K, Vgc, was estimated
from |x,x| shown in Fig. 5. The value of Vg for each y is
normalized by its value at y=0. The impurity-concentration
dependence of Vg is plotted in Fig. 6. For the Zn substitu-
tion, Vg rapidly decreases with increasing y(Zn), changes to
slowly decrease for y(Zn)=0.02, and finally disappears for

PHYSICAL REVIEW B 78, 134515 (2008)

y(Zn) =0.03. The y dependence of Vg for the Ni substitu-
tion is analogous to the y dependence of Vgc for the
Zn substitution, although values of Vge for y(Ni)
=0.0025-0.01 are scattered around 85%. The decrease is,
however, weaker through the Ni substitution than through the
Zn substitution. In comparison between the SC and magnetic
volume fractions, the y dependence of Vg- and Va, is
roughly similar to each other in qualitative viewpoint for the
Zn substitution. For the Ni substitution, on the other hand,
the tendency of the decrease in Vgc and VA0 seems to be
similar to each other. Therefore, at the lowest temperature of
0.3 K, the A, region is in rough correspondence to the SC
region in both Zn- and Ni-substituted samples. These results
are similar to those obtained in x=0.13,'? in which the Ay
region is in rough correspondence to the SC region in both
Zn- and Ni-substituted samples.

B. Effect of Zn substitution in x=0.18 and 0.20

The ZF-uSR time spectra in La,_,Sr,Cu;_,Zn,O4 with x
=0.18 and 0.20 are shown in Fig. 1.5® Focusing on the
spectra at low temperatures, fast depolarization of muon
spins is observed at y(Zn)=0.02-0.03 for x=0.18 and 0.20,
although the depolarization is weaker than that of x=0.15
with y(Zn)=0.02-0.03. Such behaviors can also be con-
firmed by the temperature dependence of A, that 73" de-
creases with increasing x up to x=0.20.2° This indicates that
the Cu spin fluctuations slow down at low temperatures even
in the overdoped regime of La,_,Sr,Cu,_,Zn,O,, which is in
sharp contrast with the conclusion by Panagopoulos et al.>’8
that the Zn-induced slowing down disappears above the pos-
sible quantum critical point of x~0.19. The reason for the
sharp contrast is that they made wSR measurements not for
y(Zn)=0.03 but for y(Zn)=0.01, 0.02 and 0.05.

Figure 7 shows the temperature dependence of y on field
cooling for La,_,Sr,Cu;_,Zn,O4 with x=0.18 and 0.20 and
vy=0.03. T. decreases with increasing y and seems to disap-
pear just above y=0.03 for both x=0.18 and 0.20. |x,k/, on
the other hand, is found to decrease progressively with in-
creasing y for y>0.0025 and seems to be zero just above
y=0.03 in both x=0.18 and 0.20. It is found in the y depen-
dence of Vg in Fig. 8 that Vic’s of x=0.18 and 0.20 are
roughly located on the same line. That is, the magnitude of
the suppression of the SC volume fraction by the Zn substi-
tution is similar to each other in the overdoped samples of
x=0.18 and 0.20.

The Zn-concentration dependence of Vy, at 0.3 K for x
=0.15, 0.18, and 0.20 is shown in Fig. 8. VAo for x=0.18 and
0.20 was estimated from fitting the spectra using Eq. (3.1).
With increasing x, the magnitude of the decrease in VAo with
increasing y becomes small. As for the comparison between
Ve and VAo’ Vgc is smaller than VAo for x=0.18 and 0.20 and
vice versa for x=0.15, although decreases in Vg and Va,
with increasing y seem to be qualitatively similar to each
other for x=0.20 as well as for x=0.15.

IV. DISCUSSION
A. Spatial distribution of SC and magnetic regions in the
CuO, plane in the ground state

First, we discuss Zn- and Ni-concentration dependence of
the SC and magnetic volume fractions at 0.3 K in the ground
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FIG. 7. (Color online) Temperature dependence of the magnetic
susceptibility x for La,_,Sr,Cu;_,Zn,O4 with x=0.18 and 0.20 and
y=0.03 in a magnetic field of 10 Oe on field cooling.

state for La,_,Sr,Cu,_,(Zn,Ni),0, with x=0.15. Figure 9
displays schematic pictures of the spatial distribution of A,
and A; regions with different Cu spin states at 0.3 K for
typical y values in La,_ Sr,Cu,_,(Zn,Ni),0, with x=0.15,
on the assumption that the magnetic order is developed
around each Zn or Ni for lightly Zn- or Ni-substituted

L B L B
La, Sr,Cu, ,Zn O,
100 GO A ooommom oo -
Vsc  Va, T
- 80 (2K) (0.3K) | |
1S3 x=015 O @
~ r g 0.18 O ] 7
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>~ 40 .
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FIG. 8. (Color online) Zn-concentration dependence of Va,
(closed symbols) estimated from the uSR time spectra at 0.3 K in
La,_,Sr,Cu;_,Zn,0, with x=0.15, 0.18, and 0.20. Zn-concentration
dependence of Vge (open symbols) estimated from the magnetic
susceptibility at 2 K on field cooling is also plotted. Vay: Volume
fraction of the region where Cu spins fluctuate fast beyond the uSR
frequency window. Vgc: Volume fraction of the superconducting
region. Solid and dotted lines are to guide the reader’s eye.
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Laz_xerCul_y(Zn,Ni)yO4 x=0.15T=03K

A,: Fast fluctuation
y=0 (Superconducting)
Zn Ni
py ry~ 11 A
y =0.0075
<Ryin>~44 A
- i
A;: Slow fluctuation and/or incoherent order
B
y=0.03 e o
Rr e o o e e o e o
<Ryini>~22 A

La, Sr,Cu, (Zn,Ni),O; x=0.13,T=2K][12]

y=0.0025 B i

FIG. 9. (Color online) Schematic pictures of the spatial distri-
bution of different Cu spin states in the CuO, plane, corresponding
to Ay and A, at 03 K for typical y values in
La,_,Sr,Cu;_,(Zn,Ni),0, with x=0.15. Each crossing point of the
grid pattern represents the Cu site. Zn and Ni atoms are randomly
distributed in the CuO, plane. Sizes of the circles are calculated
from the ratio Vi, Va, in each y. r,;, indicates the radius of the A,
region around each Zn or Ni. (Rz, z,) and (Ry;y;) indicate mean
distances between Zn atoms and between Ni atoms, respectively.
Similar schematic pictures of x=0.13 are also shown for compari-
son (Ref. 12).

samples. This assumption has not yet been confirmed di-
rectly but it is reasonable referring to the results of scanning-
tunneling-microscopy measurements in the Zn- or Ni-
substituted Bi,Sr,CaCu,_,(Zn,Ni),Og, 52" Sizes of the
circles were calculated from the ratio V, :V, in each y. It is
noted from the calculation in each y that the size of the circle
was found to be almost independent of y. For the impurity-
free sample of y=0, the A, region covers the whole area of
the CuO, plane where the superconductivity appears.
Through the 0.75% substitution of Zn for Cu, A, regions,
namely, slowly fluctuating and/or short-range magnetically
ordered regions of Cu spins are formed with the radius r,
~23 A around each Zn in the Ag region, namely, in the fast
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fluctuating sea of Cu spins. It is found that a large part of the
CuO, plane is covered with A; regions, so that Vgc in rough
correspondence to Vy is strongly diminished. In comparison
between r, and the mean distance between Zn atoms
(Rynzy~44 A at y(Zn)=0.0075, A, regions overlap one
another mostly. With increasing y(Zn), A, regions become
dominant and the whole area of the CuO, plane is covered
with A, regions for y(Zn)=0.03, indicating that the super-
conductivity is completely suppressed. In the case of x
=0.13, once A, regions start to overlap one another, A, re-
gions corresponding to a long-range magnetically ordered
regions start to develop.!" For x=0.15, on the contrary, A,
regions are not generated in spite of the overlap between A,
regions. The reason may be due to a shorter-range magnetic
order in x=0.15 than in x=0.13.

For the Ni substitution, on the other hand, A; regions
appear through the 0.75% substitution and r,, is estimated to
be ~11 A, which is smaller than that around Zn. This indi-
cates that A; regions do not overlap one another mostly. For
y(Ni)=0.03, a large part of the CuO, plane is covered with
A, regions. These changes with increasing y for both Zn- and
Ni-substituted samples suggest that the SC region competes
with slowly fluctuating and/or short-range magnetically or-
dered regions of Cu spins.

As seen in the case of y=0.0075, the size of each A,
region is larger around Zn than around Ni, which is similar to
the case of x=0.13 shown in Fig. 9.'2 Itoh et al3' have
reported from NQR measurements in the Zn- and Ni-
substituted YBay(Cu;_,M,),Og (M=Z7n,Ni) that the size of
the wipeout region where the Cu spin correlation is devel-
oped is ~6 A around 7Zn; while in the case of Ni, it is
limited just on the Ni site. The difference between Zn and Ni
substitution is qualitatively similar to that in our present re-
sults. The quantitative difference between the NQR and our
MSR results is probably due to the difference that the time
scale of the Cu spin fluctuations observed by NQR is longer
than that by uSR. It is noted, on the other hand, that Ouazi et
al.*? have reported contrasting results on the Zn- and Ni-
substitution effects from NMR measurements in partially Zn-
and Ni-substituted YBa,Cu;0,. They have suggested that
both Zn and Ni induce a staggered paramagnetic polarization
with the typical extension £=3 cell units for Zn and £=3 for
Ni, which is inconsistent with our model and Ref. 31, al-
though the exact reason has not yet been clarified.

As for the difference between results in x=0.15 and in x
=0.13, as shown in the case of x=0.15 and y=0.0075 and the
case of x=0.13 and y=0.0025 in Fig. 9, r,, is smaller in x
=0.15 even at 0.3 K than in x=0.13 at 2 K for both Zn and
Ni substitution. This indicates that the development of the Cu
spin correlation around Zn and Ni is less in x=0.15 than in
x=0.13. The reason is discussed in Sec. IV C.

B. Effect of Ni substitution

Nakano et al.®® have insisted from y measurements in
La,_,Sr,Cu;_,Ni, O, that Ni tends to be substituted as Ni**
(the spin quantum number S=1/2) instead of Ni** for
y(Ni)=<0.01 in x=0.15. Moreover, Matsuda et al.>* and
Hiraka et al.®® have insisted from neutron-scattering experi-
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ments in La, ,Sr,Cu;_NiyO, with x=0.05-0.07 that Ni
tends to be substituted as Ni** or the substituted Ni** tends to
trap a hole and form the so-called Zhang-Rice singlet state at
low temperatures in which the hole is localized, leading to
the decrease in the effective hole concentration p. as in the
case of doped La,NiO,.3%37 In any case, Ni spins are effec-
tively regarded as S=1/2, suggesting that the Ni substitution
for Cu does not destroy the Cu spin correlation with §
=1/2. In the present results, however, the depolarization of
muon spins in the uSR time spectra becomes fast progres-
sively with increasing y(Ni) as shown in Figs. 1 and 2, indi-
cating the development of the Cu spin correlation.

On the other hand, one may claim that the decrease in p.
by the Ni substitution results in transfer into the underdoped
regime, leading to the development of the Cu spin correla-
tion. Supposed that each Ni traps a hole, for example, p.¢ of
the 2% Ni-substituted sample with x=0.15 should be in cor-
respondence to that of the Ni-free sample with x=0.13. This
is, however, inconsistent with the result that the former
shows a fast depolarization of muon spins as shown in Fig. 1
while the latter does not at 2 K.'? Therefore, it appears that
Ni does not necessarily trap one hole exactly for the opti-
mally doped x=0.15 in comparison with x=0.05-0.07.3%3%
In any case, further experiments are necessary to draw a
conclusion.

C. Relation to the spin-charge stripe order

As mentioned in Sec. I, in the case of x=0.13, it has been
concluded that non-SC regions around Zn and Ni are in cor-
respondence to regions where the dynamical stripe correla-
tions of spins and holes are pinned and localized to be a
static stripe order by Zn and Ni.!? For the Zn substitution,
estimated at 2 K shows the maximum around x=0.115 in x
=0.10-0.13."" As mentioned above, moreover, r,, is smaller
in x=0.15 even at 0.3 K than in x=0.13 at 2 K. This is also
the case for the Ni substitution. This nonmonotonic x depen-
dence of r,, eliminates the explanation that the magnetically
ordered regions around impurities become small due to
weakening of the Cu spin correlation by doped holes. Rather,
this result suggests that the dynamical stripe correlations are
pinned and localized around Zn and Ni, leading to the for-
mation of the static stripe order. This is because the dynami-
cal stripe correlations develop most around x=0.115.3% In
fact, from elastic neutron-scattering measurements in
La,_,Sr,Cu;_,(Zn,Ni),0, with x=0.15,% incommensurate
elastic magnetic peaks corresponding to the formation of the
static spin stripe order have been confirmed for y(Zn)
=0.017 and for y(Ni)=0.029.

To summarize, the present results can be understood by
the concept of the stripe pinning that the dynamical stripe
correlations are pinned and localized around Zn and Ni, so
that the static stripe order is formed and frequencies of the
Cu spin fluctuations come into the uSR frequency window
at low temperatures. The difference in size of the non-SC
and stripe-pinned region between Zn- and Ni-substituted
samples can be interpreted as described precisely in the
former paper,'? taking into account the difference in the total
energy of the superexchange energy between Cu spins and
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the transfer integral of holes between two cases: one is the
case where Zn or Ni is located at a charge (hole) stripe and
the other is the case where Zn or Ni is at a spin stripe.

D. Comparison with neutron-scattering results

Kimura et al’ and Kofu et al® have reported from
inelastic neutron-scattering experiments in La,_Sr,Cu;_,
(Zn,Ni), 0, with x=0.15 that a gap opens in the low-energy
spin excitation spectrum for the impurity-free sample of y
=0, while an in-gap state appears through the Zn substitution
so that incommensurate elastic magnetic peaks are observed
for y(Zn)=0.017. For the Ni substitution, on the other hand,
the gap energy decreases with increasing y(Ni) and incom-
mensurate elastic magnetic peaks are observed for y(Ni)
=0.029. Our present results that the formation of the mag-
netic order requires a larger amount of Zn than of Ni are
consistent with their neutron-scattering results that elastic
magnetic peaks start to be observed at y(Zn)=0.017 and
y(Ni)=0.029. On the other hand, slowing down of the Cu
spin fluctuations is observed below 2 K in the uSR time
spectra for y(Zn)=0.0075, while incommensurate elastic
magnetic peaks are unobservable down to 1.5 K in the
neutron-scattering measurements for y(Zn)~0.0075. These
suggest that the Cu spin correlation is locally developed only
around Zn or Ni and is detectable by means of uSR being
able to probe the local Cu spin correlation. This is consistent
with our proposed model shown in Fig. 9.

E. Relation between the Cu spin dynamics and
superconductivity in the overdoped regime

For the Zn-substituted samples of x=0.15, Va, and Vgc
are in rough correspondence to each other, suggesting that
the non-SC region around Zn roughly corresponds to the
region where the dynamical stripe correlations are pinned
and stabilized.!! In the overdoped regime of x=0.20, as
shown in Fig. 8, the y dependence of Va, and Vgc seems to
be similar to each other from the qualitative viewpoint. This
suggests that the superconductivity is realized in a region in
which Cu spins fluctuate fast beyond the wuSR frequency
window even in the overdoped regime. It is noted for x
=0.20 that V,, starts to decrease with increasing y(Zn) above
y(Zn)=0.01, suggesting that more than 1% Zn is required for
the pinning and stabilization of the dynamical stripe correla-
tions due to weakening of the Cu spin correlation in the
overdoped regime.

It is found that Vgc is larger than V, in each y for x
=0.15. In the overdoped regime of x=0.20, on the other
hand, Vgc is smaller than Va, in each y. One may claim that
in the overdoped regime, the development of the Cu spin
correlation tends to be weakened and temperatures lower
than 0.3 K are needed to observe the development of the Cu
spin correlation. We have performed, however, ZF-uSR
measurements for x=0.20 and y(Zn)=0.03 down to 0.02 K
and found almost no development of the Cu spin correlation
more than at 0.3 K.>>?¢ The smaller Vg than Vy, in the
overdoped regime of x=0.20 is possibly explained by the
inhomogeneity of superconductivity. Formerly, transverse-
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field uSR experiments have revealed the decrease in the SC
carrier density with increasing hole concentration in the
overdoped regime of Tl,Ba,CuOg, 53" Moreover, y mea-
surements have revealed the decrease in the SC volume frac-
tion with increasing hole concentration in the overdoped re-
gime of La,_,Sr,Cu0,.*>~% This suggests the occurrence of a
phase separation into SC and normal-state regions in the
overdoped high-T. cuprates. For x=0.20, it is considered that
a small amount of non-SC regions is formed in the CuO,
plane. In this case, due to the reduction in the SC volume
fraction in the phase-separated state, it is reasonable that Vgc
is smaller than Va, in each y for x=0.20.

To summarize, it appears that, in the overdoped regime
where the phase separation into SC and normal-state regions
takes place, the dynamical stripe correlations are pinned and
localized around Zn in the SC region, resulting in the de-
crease in Va, and Vgc. With increasing x, owing to the de-
crease in the SC volume fraction and weakening of the Cu
spin correlation, it is possible that the volume fraction of the
slowly fluctuating and/or short-range magnetically ordered
region of Cu spins decreases and finally reaches zero at the
boundary between the SC and normal-state phases in
La,_,Sr,Cu0,.2>2647

V. SUMMARY

Effects of Zn and Ni impurities on the Cu spin dynamics
and superconductivity have been investigated from the
ZF-uSR and y measurements for the optimally doped and
overdoped La,_,Sr,Cu,_,(Zn,Ni),0, with x=0.15, 0.18 and
0.20, changing y up to 0.10 in fine step. In the optimally
doped x=0.15, the ZF-uSR measurements have revealed
that, for both Zn- and Ni-substituted samples, the Cu spin
fluctuations start to exhibit slowing down at y=0.0075 with
increasing y. The depolarization of muon spins is, however,
faster in the Zn-substituted sample than in the Ni-substituted
one. These results indicate that the formation of a magnetic
order requires a larger amount of Ni than of Zn, which is
similar to our previous results for x=0.13. The y measure-
ments have revealed that the SC volume fraction strongly
decreases by a small amount of Zn and the decrease is more
marked than by a small amount of Ni, which is also similar
to our previous results for x=0.13.

From the estimation of volume fractions of the SC and
magnetic regions for x=0.15, it has been found that the size
of each region where Cu spin fluctuations exhibit slowing
down is larger around Zn than around Ni, which is similar to
the case of x=0.13. Moreover, it has been found that the
region where Cu spins fluctuate fast beyond the uSR fre-
quency window is in rough correspondence to the SC region
in both Zn- and Ni-substituted samples. According to the
concept of the stripe pinning, it follows that the dynamical
stripe correlations of spins and holes are pinned and local-
ized around Zn and Ni even for x=0.15, leading to the for-
mation of the static stripe order and the suppression of su-
perconductivity. This may indicate an importance of the
dynamical stripe in the appearance of the high-T. supercon-
ductivity in the hole-doped cuprates.
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As for the overdoped regime of x=0.18 and 0.20, Zn-
induced slowing down of the Cu spin fluctuations has also
been observed for y(Zn)=0.02—0.03, although the slowing
down has been weakened progressively with an increase in x.
This suggests the occurrence of the stripe pinning even in the
overdoped regime. In comparison between volume fractions
of SC and magnetic regions, the region where Cu spins fluc-
tuate fast beyond the uSR frequency window seems to be in
rough correspondence to the SC region even in the over-
doped regime. It appears that a pinning and stabilization of
the dynamical stripe correlations take place in the SC regions
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in the phase-separated state composed of SC and normal-
state regions in the overdoped high-T, cuprates.
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