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Ni-substitution effects on the superconductivity and Cu-spin correlation have been investigated in
La,_,Sr,Cu;_yNi,O4 from the electrical resistivity and muon spin relaxation measurements, taking into
account the hole trapping by Ni recently suggested. It has been found that the Ni substitution suppresses
the superconductivity, induces the localization of holes, and develops the Cu-spin correlation to the same degree
as the Zn substitution. These suggest that Ni with a trapped hole tends to give rise to potential scattering of
holes in the CuO,; plane to the same degree as Zn, being discussed in relation to the so-called dynamical stripe

correlations of spins and holes.

DOLI: 10.1103/PhysRevB.83.144521

I. INTRODUCTION

Study of impurity effects has been one of major ways
for elucidating the mechanism of superconductivity. In con-
ventional s-wave superconductors, the suppression of the
superconductivity by magnetic impurities is more marked
than by nonmagnetic impurities.'! In the hole-doped high-
T. cuprates, it is well known that the superconductiv-
ity is suppressed by the nonmagnetic impurity Zn more
markedly than by the magnetic impurity Ni.”> Both nuclear
magnetic/quadrupole resonance (NMR/NQR) experiments in
La_,Sr,Cu;_yZn,04 (LSCZO) and La,_,Sr,Cu;_,Ni,O4
(LSCNO)** and scanning tunneling microscope (STM) exper-
iments in BizerCaCug,y(Zn,Ni)yOgJﬂgs’6 have revealed that
the phase shift due to potential scattering by Zn is larger than
by Ni. As to the Cu-spin state, it has been found from muon
spin relaxation (uSR) experiments in LSCZO and LSCNO
that the Cu-spin correlation tends to be developed by Zn
more effectively than by Ni.”"!” These results suggest that
Ni-substitution effects on the electronic and Cu-spin states are
weaker than Zn-substitution effects.

Recently, it has been suggested from neutron scattering,
magnetic susceptibility,'* x-ray absorption fine structure
(XAFS),'* 1SR measurements, and a theoretical work
using the exact diagonalization calculation'® that a hole is
bound around a Ni** ion in the CuO, plane, leading to the
decrease of the effective hole concentration. Moreover, our
specific heat, electrical resistivity, and magnetic susceptibility
in La,_,Sr,Cu;_,Ni, O4 have revealed that the strongly bound
state of holes around Ni** accompanied by the magnetically
ordered state emerges at low temperatures in the underdoped
regime and that it gradually changes to the Kondo state
between Ni’*t spins and holes above the effective hole
concentration p.g, defined as x — y, taking into account the
hole trapping by Ni, = 0.13.'7!® Therefore, Ni-substitution
effects on the electronic and Cu-spin states in the high-T,
cuprates have to be reconsidered taking into account the hole
trapping by Ni.
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In this paper, in order to investigate Ni-substitution effects
on the electronic and Cu-spin states on the basis of the hole
trapping by Ni, we have performed electrical resistivity and
1SR measurements in LSCNO. Moreover, we have compared
the present results with previous results on Zn-substitution
effects in LSCZO.

II. EXPERIMENTAL

Polycrystalline samples of LSCNO with x = 0.08-0.18
and y = 0-0.05 were prepared by the ordinary solid-state
reaction method. The details are described in our previous
papers.”!? All of the samples were checked by the powder
x-ray diffraction measurements to be of the single phase.
The electrical-resistivity measurements were carried out using
the four-probe method to investigate the electronic state.
Zero-field (ZF) uSR measurements were performed at the
Paul Scherrer Institute (PSI) in Switzerland using a continuous
muon beam and at the RIKEN-RAL Muon Facility at the
Rutherford-Appleton Laboratory in the UK using a pulsed
muon beam. The asymmetry parameter A(z) at a time ¢
was given by A(t) = {F(¢t) — aB(t)}/{F(t) + aB(t)}, where
F(t) and B(t) are total muon events of the forward and
backward counters, respectively. The « is a calibration factor
reflecting relative counting efficiencies between the forward
and backward counters. The 1SR time spectrum, namely, the
time evolution of A(¢), was measured down to 2 K to monitor
the evolution of the Cu-spin correlation.

III. RESULTS

Typical results of the temperature dependence of the
electrical resistivity p, divided by p at 250 K, pn(T), for
LSCNO with peg = 0.08 and y = 0-0.03, per = 0.10 and
y = 0-0.03, and per = 0.13 and y = 0-0.05 are shown in
Fig. 1, as well as those for LSCZO with x = 0.10 and
y = 0-0.03. For Ni-free samples with y = 0, pn(7') exhibits a
local minimum around 50-60 K due to the localization of holes
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FIG. 1. (Color online) Temperature dependence of the electrical resistivity p divided by p at 250 K, pon(T), for typical values of y in
La;_,Sr,Cu;_,Ni,O4 with (a) pey = 0.08, (b) per = 0.10, and (c) pesr = 0.13. For comparison, the temperature dependence of pn(T) for

La,_,Sr,Cu;_,Zn,04 with x = 0.10 is shown in (d) (Ref. 8).

at low temperatures and then drops due to the superconducting
(SC) transition with per = 0.08 and 0.10, while a metallic
on(T) is observed down to the SC transition temperature
T, with pes = 0.13. Here we define Tjo. as the temperature
where the local minimum is observed and 7. at the midpoint
of the SC transition in the pn(7T') vs T plot. For Ni-substituted
samples, T decreases with increasing y and disappears around
y = 0.01-0.02 for pesr = 0.08 and 0.10 and at y = 0.05 for
peti = 0.13. The Tj, tends to increase with increasing y for
Pese = 0.08 and 0.10, while Tj, is observed only in y =
0.05 for per = 0.13. As for the Zn-substituted samples with
x = 0.10, T; decreases with increasing y and disappears for
y > 0.01, which is almost the same as in the Ni-substituted
samples with p.r = 0.10. Moreover, Tj, tends to increase
with increasing y in the Zn-substituted samples with x = 0.10,
which is also similar to that in the Ni-substituted samples with
Dett = 0.10.

Figures 2(a)-2(c) show the ZF-uSR time spectra for
LSCNO with per =0.08 and y = 0-0.02, per =0.10and y =
0-0.03, and pesr = 0.13 and y = 0-0.05 at 2 K, respectively.
For comparison, the ZF-uSR time spectra for LSCZO with
x =0.10 and y = 0-0.03 at 2 K are also shown in Fig. 2(d).?
The inset in Fig. 2(b) shows the ZF-uSR time spectrum for
the Ni-free sample with p.y = 0.10 at 20 K. This shows
Gaussian-like slow depolarization, originated from the nuclear
dipole field randomly distributed at the muon site. This means
no effects of Cu spins coming into the uSR time (frequency)
window. Almost the same spectrum has been obtained at 20 K
in every sample. At 2 K, for Ni-free samples with peg =
0.08 and 0.10, fast depolarization of muon spins is observed,
indicating the slowing down of the Cu-spin fluctuations, while
almost no fast depolarization of muon spins is observed for the
Ni-free sample with peg = 0.13. For Ni-substituted samples, a
muon-spin precession due to the emergence of a magnetically
ordered state of Cu spins is observed with p.g = 0.08 and
0.10. For peg = 0.13, only fast depolarization of muon spins
is observed at y = 0.02-0.05 and no precession is observed.
As for the Zn-substituted samples with x = 0.10, a muon spin
precession is observed, which is similar to the Ni-substituted
samples with peg = 0.10.

In order to investigate details of the Cu-spin state, the
1SR time spectra were analyzed using the following three-
component function:

A(r) = Apge ™' G 2(A 1) + Are ™" + Are ' cos(wt + ).
)

The first term represents the slowly depolarizing component
in a region where Cu spins fluctuate fast beyond the uSR
frequency range (10°~10'"" Hz). The Ay and X are the initial
asymmetry and depolarization rate of the slowly depolarizing
component, respectively. The Gz(A,t) is the static Kubo-
Toyabe function dependent on A describing the half width of
the distribution of the nuclear dipole field at the muon site.'
The second term represents the fast depolarizing component
in a region where Cu-spin fluctuations slow down and/or
a short-range magnetic order is formed. The 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 order is formed. The A, is the initial
asymmetry. The A,, w, and ¢ are the damping rate, frequency,
and phase of the muon-spin precession, respectively. Here,
A(?) is the normalized asymmetry and Ag, A, and A, are
normalized values, thatis, Ag + A; + A, = 1. The time spectra
are well fitted with Eq. (1), as shown by the solid lines in Fig. 2.

The temperature dependence of Ay is often used to monitor
the magnetic transition, because it reflects the volume fraction
of a nonmagnetic region.’?> At Ay = 1, the uSR time
spectrum is represented only with the first term of Eq. (1),
indicating that all the Cu spins fluctuate fast beyond the
uSR frequency window. On the contrary, the saturation of
Ap around 1/3 means that all the Cu spins are in a short-
or long-range magnetically ordered state. Typical results of
the temperature dependence of Ay for LSCNO with peg =
0.08 are shown in Fig. 3. For the Ni-free sample with y =
0, Ay decreases with decreasing temperature below 4 K in
correspondence to the emergence of a fast depolarization of
muon spins shown in Fig. 2, indicating that the decrease of Ay
monitors the development of the Cu-spin correlation. For the
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FIG. 2. (Color online) Zero-field #SR time spectra in an early-
time region from O to 1 us at 2 K for La,_, Sr,Cu;_,Ni, O, with (a)
Pett = 0.08, (b) pesr = 0.10, and (c) pegr = 0.13. The inset in (b) shows
the zero-field uSR time spectrum at 20 K for La,_,Sr,Cu;_,Ni, O,
with pey = 0.10 and y = 0. For comparison, zero-field SR time
spectra for La,_,Sr,Cu;_,Zn,O4 with x = 0.10 are also shown in
(d) (Ref. 8). Solid lines indicate the best-fit results using the analysis
function: A(f) = Age ™' Gz(A,t) + Aje ™ + Are ™' cos(wt + ¢).

Ni-substituted sample with y = 0.01, both the saturation of A
and the muon-spin precession shown in Fig. 2 are observed at
2 K, indicating that the saturation of Ay at low temperatures
monitors the emergence of a magnetically ordered state.
Accordingly, we define the magnetic transition temperature
Tx at the midpoint of the change in the normalized Ay from
unity to the saturated value of Ay at 2 K in the magnetically
ordered state.®

Figure 4 shows dependencies of T, Ti,, Tn, and the
internal magnetic field at the muon site, Hjy, at 2 K on the
Ni concentration y for LSCNO with pey = 0.08, 0.10, and
0.13. The Hjy is defined as Hj, = w/y, where y, is the
gyromagnetic ratio of muon spin (y /27 = 13.55 MHz/kOe).
For comparison, data for LSCZO with x = 0.08, 0.10, and
0.13 are also shown.® As for the superconductivity, it is found
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FIG. 3. Temperature dependence of the initial asymmetry of the
slowly depolarizing component Ay normalized by its value at 20 K
in La,_Sr,Cu;_yNi, O, with p.s = 0.08 and y =0, 0.01. Solid lines
are to guide the reader’s eye.

that 7. decreases with increasing y and disappears around
y = 0.01-0.02 for LSCNO with pefr = 0.08 and 0.10. To our
surprise, the dependencies of 7, on y for LSCNO with peg =
0.08 and 0.10 are almost identical to those for LSCZO with
x = 0.08 and 0.10, respectively. For LSCNO with peg = 0.13,
T. disappears at y = 0.05, while it does at y = 0.02 for LSCZO
with x = 0.13.

As for the electronic state in the normal state, it is
found that Tj,. increases with increasing y for LSCNO with
Pett = 0.08 and 0.10. Dependencies of Tj,. on y for LSCNO
with pegr = 0.08 and 0.10 are in rough agreement with those
for LSCZO with x = 0.08 and 0.10, respectively. For LSCNO
with pegr = 0.13, Tj,. is observed only for y = 0.05, while Tj,.
tends to increase with increasing y for LSCZO with x = 0.13.

As for the Cu-spin correlation, it is found that both Ty
and Hj, are developed through only 0.5% Ni substitution for
LSCNO with peg = 0.08. For LSCNO with peg = 0.10, both
Tn and Hiy tend to show the maximum at y = 0.01-0.03. To
our surprise, values of Hj, for LSCNO with p.s = 0.10 are
almost identical to those for LSCZO with x = 0.10. Moreover,
the y dependence of Ty for LSCNO with pegr = 0.10 is similar
to that for LSCZO with x = 0.10. For LSCNO with peg =
0.13, neither Ty nor H;, are observed above 2 K, while both
Tn and Hipe show the maximum at y = 0.0075-0.02 and then
decrease with increasing y and disappear above y = 0.05 for
LSCZO with x = 0.13.

IV. DISCUSSION

A. Similarity between Ni- and Zn-substitution effects
in per = 0.08 and 0.10

It has been found from p measurements for LSCNO with
Pett = 0.08 and 0.10 that 7. decreases and Tj,. increases
with increasing y. Compared with Zn-substituted samples,
dependencies of T, on y for LSCNO with peg = 0.08 and
0.10 are almost identical to those for LSCZO with x = 0.08
and 0.10, respectively. Moreover, dependencies of Tj,. on y
for LSCNO with per = 0.08 and 0.10 are in rough agreement
with those for LSCZO with x = 0.08 and 0.10, respectively.
These results suggest that the Ni substitution suppresses the
superconductivity and induces the localization of holes in
Pett = 0.08 and 0.10 to the same degree as the Zn substitution in
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FIG. 4. (Color online) Dependencies of the superconducting transition temperature T, the hole-localization temperature 7., the magnetic
transition temperature Ty, and the internal magnetic field H;, at 2 K on the Ni concentration y for La,_,Sr,Cu,_,Ni,O4 with p.s; = 0.08,
0.10, and 0.13 are shown by red circles. For comparison, data for La,_,Sr,Cu;_,Zn,04 with x = 0.08, 0.10, and 0.13 are also shown by open

diamonds (Ref. 8).

x = 0.08 and 0.10. These are in sharp contrast to reported
impurity effects in conventional BCS superconductors and
high-T, cuprates.! ™% Here, it is noted that although the
intergrain coupling in polycrystalline samples may affect the
value of p to some extent, the systematic changes in 7j,. on
y suggest that the present results reflect the intrinsic nature
of the electronic transport in the CuO, plane. As for the
Cu-spin correlation, the ©SR measurements for LSCNO with
Peit = 0.08 have revealed that both Ty and Hj,, are developed
through only 0.5% Ni substitution. For p.i = 0.10, both Ty
and Hj, are also developed through only 0.5% Ni substitution
and show the maximum at y = 0.01-0.03. Compared with
Zn-substituted samples, values of Hi, for LSCNO with pegr =
0.10 are almost identical to those for LSCZO with x = 0.10.
Moreover, the y dependence of Ty for LSCNO with peg =
0.10 is similar to that for LSCZO with x = 0.10. These
results suggest that a small amount of Ni develops the Cu-spin
correlation in per = 0.10 to the same degree as a small
amount of Zn in x = 0.10. These are also in sharp contrast to

previous reports of impurity effects on the Cu-spin correlation
in high-T;, cuprates.®!? Accordingly, taking into consideration
the hole-trapping effect by Ni, it has been clarified that the Ni
substitution suppresses the superconductivity and develops the
localization of holes and the Cu-spin correlation to the same
degree as the Zn substitution.

Here we discuss the quantitative similarity between impu-
rity effects of magnetic Ni and nonmagnetic Zn. Supposing the
hole trapping by Ni, the effective valence of Ni with a trapped
hole is close to being trivalent, leading to the enhancement
of the potential scattering of holes by Ni with a trapped hole.
Moreover, the effective value of the spin quantum number S
of Ni with a trapped hole is regarded as 1/2, which is the same
as that of Cu?* spins, indicating the magnetic scattering by Ni
being weakened. In d-wave superconductors, it is known that
the phase shift due to the potential scattering suppresses the
superconductivity.”>> In the underdoped high-T, cuprates,
the localization of holes may break the coherency between
Cooper pairs owing to the small SC carrier density. The

144521-4



SIMILARITY BETWEEN Ni AND Zn IMPURITY EFFECTS ...

localization of holes also develops the Cu-spin correlation.
Therefore, one possible reason for the quantitative similarity
between Ni and Zn impurity effects is that the strong potential
scattering by Ni owing to the pseudotrivalent state of Ni
suppresses the superconductivity and develops the localization
of holes and Cu-spin correlation to the same degree as that by
Zn which has a closed shell of 3d orbitals.

Another possible reason for the quantitative similarity
between Ni and Zn impurity effects is due to the development
of stripe correlations of spins and holes around Ni and Zn.
Former pSR experiments in LSCZO have revealed that a
small amount of Zn tends to stabilize the Cu-spin correlation
around Zn, suggesting the development of stripe correlations
of spins and holes around Zn.”®!” Recent neutron scattering
measurements have revealed that a static charge stripe order is
induced through only 1% Zn substitution in LSCZO with x =
0.12.%° The p measurements for LSCZO have also suggested
that the upturn of p at low temperatures is not due to simple
localization of holes but due to the emergence of a static
charge stripe order.>” The present results have revealed that
a small amount of Ni develops the localization of holes and
the Cu-spin correlation to the same degree as a small amount
of Zn. Therefore, it is likely that a small amount of Ni
develops the stripe correlations of spins and holes to the same
degree as a small amount of Zn, leading to the suppression
of the superconductivity, the localization of holes, and the
development of the Cu-spin correlations.

What is the origin of the stabilization of the dynamical
stripe correlations induced by Ni? It has been found from neu-
tron scattering measurements in La,_Sr,Cu;_,M,04 (M =
Ga, Zn) that Ga’* tends to stabilize the dynamical stripe
correlations to the same degree as Zn>*.>° Based on the hole
trapping by Ni, the effective valence of Ni with a trapped hole
is close to being trivalent, which is the same as that of Ga’t.
Therefore, it is possible that the quasitrivalent state of Ni owing
to the hole trapping stabilizes the dynamical stripe correlations
to the same degree as Zn.

B. Discrepancy between Ni- and Zn-substitution
effects with pes = 0.13

It has been found from p measurements for LSCNO with
perr = 0.13 that 7, decreases with increasing y and disappears
at y = 0.05 and that Tj,. is observed only in y = 0.05.
Compared with Zn-substituted samples, both the decrease of 7.,
and the increase of T, induced by Ni in peg = 0.13 are weaker
than those induced by Zn. These results suggest that both the
suppression of the superconductivity and the localization of
holes induced by Ni in pg = 0.13 are weaker than those by Zn
in x = 0.13. As for the Cu-spin correlation, the £SR measure-
ments have revealed that fast depolarization of muon spins is
observed at 2 K for Ni-substituted samples with peg = 0.13,1
while no fast depolarization of muon spins is observed at 2 K
for Ni-free samples with x > 0.13,%1928 suggesting that the Ni
substitution develops the Cu-spin correlation in peg = 0.13.
Compared with Zn-substituted samples, neither 7Ty nor Hiy
are observed above 2 K for Ni-substituted samples with peg =
0.13, while both Ty and H;, are developed for Zn-substituted
samples with x = 0.13, suggesting that the development of the
Cu-spin correlation induced by Ni in peg = 0.13 is weaker
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than that induced by Zn in x = 0.13. Taking into consideration
the stripe correlations of spins and holes, it appears that the
Ni substitution develops the dynamical stripe correlations in
Ppesr = 0.13, but the development of the dynamical stripe
correlations induced by Ni in peg = 0.13 is weaker than that
induced by Zn in x = 0.13. It has been found from specific-heat
and p measurements for LSCNO with p.g > 0.13 that the
electronic specific heat divided by temperature is enhanced on
account of the Kondo effect due to Ni spins.!”>!® In this case,
the excess magnetic moment of Ni>* spins (S = 1) is perfectly
screened only at the ground state, meaning that the actual
hole concentration in pes = 0.13 tends to be larger than peg
except for the ground state. It has been suggested from uSR
measurements for LSCZO that the impurity-induced stabiliza-
tion of the dynamical stripe correlations tends to be weakened
gradually with increasing hole concentration in the overdoped
regime.”® Accordingly, it appears that the stabilization of the
dynamical stripe correlations is weakened in peg = 0.13 due to
the weakening of the binding of holes around Ni, leading to the
weakening of both the suppression of the superconductivity,
the localization of holes, and the stabilization of the Cu-spin
correlation induced by Ni with peg = 0.13.

V. SUMMARY

Based on the hole trapping by Ni, we have investi-
gated Ni-substitution effects on the superconductivity and
Cu-spin correlation from o and uSR measurements in
Lay_,Sr,Cu;_yNiyO4. For per = 0.08 and 0.10, it has been
found that the Ni substitution suppresses the superconductivity
and induces the localization of holes to the same degree
as the Zn substitution for x = 0.08 and 0.10, respectively.
Moreover, the Ni substitution develops the Cu-spin correlation
for pes = 0.10 to the same degree as the Zn substitution
for x = 0.10. These suggest that Ni with a trapped hole
tends to give rise to potential scattering of holes in the CuO,
plane to the same degree as Zn, which may be related to
the development of dynamical stripe correlations of spins and
holes. By contrast, for peir = 0.13 where a Kondo effect due to
Ni spins is observed in the specific-heat measurements, both
the suppression of the superconductivity, the localization of
holes, and the development of the Cu-spin correlation induced
by Ni are weaker than those by Zn in x = 0.13. This may be
due to the actual hole concentration being larger than pes in
the Ni-substituted sample owing to the weak binding of holes
by Ni in the Kondo state.
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