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Zero-field(ZF) and longitudinal-fieldLF) muon spin relaxationg SR) measurements have been carried out
in the overdoped single crystals of £3Sr,Cu,_,Zn,O, with x=0.21, y=0 and 0.01. In the case of the
Zn-substituted crystal witlk=0.21 andy=0.01 in which the highF, superconductivity is almost suppressed,
the ZF- and LFxSR measurements have revealed the existence of a static ordered state of Cu spins at low
temperatures below 2 K. No clear coherent precession of the muon spin has been observed down to 20 mK.
Slowing down of the Cu-spin fluctuations has also been observed in the non-Zn-substituted crystal with
=0.21 andy=0 at low temperatures below about 0.8 K in ZF, indicating that the observed magnetic anomaly
is an intrinsic property ak=0.21. TheseuSR results suggest a strong possibility of the existence of a
spin/charge ordered state>at 0.21 in the overdoped region.

The so-called stripe model of spins and hbidswas  successfully grew a homogeneous single crystal with
originally suggested to explain a magnetically ordered state=0.21 andy=0.01, exhibiting no bulk superconductivity at
observed in LaNiO,4, s and Lg_,SrNiO,. In these nick-  low temperatures at least above 2 K. They confirmed that
elates, static stripe order of Ni spins and doped holes appeaksilk superconductivity appeared again as the Sr-doping level
at various values of the hole concentratipas 3, 3, andz  shifted to the lighter or heavier side from=0.21 in the
per Ni. Following this result, the static stripe order of spinszn_supstituted single crystals wig=0.01. This fact means
anld holes was suggested inyLgNdy ,Sto1CUO, aroundp  that the suppression of superconductivity in the Zn-
=5 per Cu by the neutron-scattering expenm‘émnean- substituted single crystal occurs singularlyxat 0.21. Tak-
while, dynamical stripe correlations of spins and holes have,q in account that the static stabilization of the stripe cor-

been found to exist in a wide rangefrom the underdoped ; ; : :
Lo 5 relations of spins and holes in the high-cuprates seemed to
to the overdoped region in La,SKCUG, (LSCO),” and tend compete with the superconductivity aroupe- 3 per Cu in

to be statically stabilized arourm= 3 per Cu, which is well 8.9.15-17 : ) i
oun s e -l efect - Thereore, o anal- [SCO' ey e s e Gy s orele,
ogy with the case of the nickelates, a sort of stripe order of ted 7 P the 7 bstituted sinal P tal '»{Ixo o1
Cu spins and doped holes is expected to be stabilized in th €d 2n In the zn-substituted single crystal w e

hat is to say, a stripe ordered state of spins and holes has

overdoped region of LSCO. _ . .
Actually, Kakinumaet al. reported anomalous behavior been expected in the present single crystals of LSCZO with

of the transport phenomena with a little suppression of th&=0.21. Kawamatat al. also succeeded in growing a non-
supeconductivity in Zn-substituted polycrystalline samplegZn-substituted single crystal witk=0.21 andy=0 which

of La,_,SKCu, —,Zn,0, (LSCZO) aroundx=0.22, suggest- showed bulk superconductivity with a little suppressed su-
ing a possibility of the existence of an ordered state of spingerconducting transition temperatufig, (T is about 25 K.

and holes in the overdoped regitit*Moreover, Kawamata This result suggested that the anomaly observed in LSCZO
et al* recently developed the sample quality of LSCZO andaroundx=0.21 is an intrinsic property of the La-214 system
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in the overdoped region. Therefore, we have carried out the

muon spin relaxationgSR) measurements in order to inves-  FIG. 2. Temperature dependences of the initial asymmetry of
tigate the Cu-spin state in La,SrCu;_yZnO, with X  the slow depolarizing componemg) and the depolarization rates
=0.21,y=0 and 0.01. of the fast {;) and slow {) depolarizing components in the

Single-crystal-growth procedures and transport propertiegn-substituted y=0.01) and non-Zn-substitutedy€0) single
of the grown single crystals of La,Sr,Cu_,Zn,0O, with  crystals of La_,SrCu; -, Zn,O, with x=0.21. The initial asymme-
x=0.21,y=0 and 0.01 are reported in a separate pé‘ber. tries are normalized by the data obtained at 40 K. Two-component
Zero-field (ZF) and longitudinal-field(LF) SR measure- analysis using the function of,e”*1'+Aqe o' is applied at low
ments were carried out at the RIKEN-RAL Muon Facility temperatures where the fast depolarizing component appears.
(RIKEN-RAL) at the Rutherford-Appleton Laboratory in the
UK and at the Meson Science Laboratory at the Institute ofurrival of muons in the sample, while the rest one third of the
Materials Structure Science in the High Energy Acceleratoasymmetry depolarize slowly afterwards. The time spectrum
Research OrganizatidiKEK-MSL) in Japan. A pulsed posi- has not changed at low temperatures between 0.3 K and 20
tive surface-muon beam with a momentum of 27 MeV/c wasnK and clear coherent precession of the muon §pin,
used in both facilities. Forward and backward counters weravhich is similar to that observed in LSCO aroupe § per
located on the upstream and downstream sides in the bea@u, has not been observed even at 20 mK.
direction which was parallel to the initial muon-spin and LF ~ The time spectra at high temperatures abb\K are ana-
directions. The asymmetry parameté(t), was defined as lyzed usingAge o'G,(A,t), where\ is the depolarization
A(t)=[F(t) — aB(t) ]/[F(t) + aB(t)], whereF(t) andB(t) rate andA, is the initial asymmetry. The term @,(A,t) is
were total muon events counted by the forward and backthe Kubo-Toyabe functidfi which represents the effect of
ward counters at a timig respectively. Ther is a calibration  nuclear-dipole fields distributed at the muon site with a dis-
factor reflecting the relative counting efficiencies of the for-tribution width of A. After the fast depolarizing component
ward and backward counters. The initial asymmetry was deappears below 3.5 K, the analysis usfag(A,t) is no longer
fined asA(0). Thetime evolution of the asymmetry param- effective, so that we puh =0 makingGz(A,t)=1. Conse-
eter (the xSR time spectrumwas measured in ZF and LF. quently, the two-exponential function @;e *1'+Aje ot
The single crystals were aligned as the Guflanes were was used to describe simply the time spectra below 3.5 K,
perpendicular to the initial muon-spin polarization. Low- whereA; and\; are the initial asymmetry and depolariza-
temperature measurements usingHe-*He dilution refrig-  tion rate of the fast depolarizing component, respectively.
erator fran 1 K down to 20 mK were carried out at KEK- Accordingly, Ay and\ are regarded as the initial asymme-
MSL and high-temperature measurements above 0.3 K wertgy and the depolarization rate of the slow depolarizing one,
carried out at RIKEN-RAL. respectively.

Figure 1 shows the ZSR time spectra of the Zn- Results of the analysis are summarized in Fig. 2. Ape
substituted single crystal obtained at various temperaturedecreases suddenly arau K with decreasing temperature
down to 0.3 K. The time spectrum shows a Gaussian typéor the Zn-substituted crystal, which correlates with the in-
depolarization behavior above 5 K, indicating that only staticcrease of\;. The \, is enhanced with decreasing tempera-
nuclear-dipole fields exist at the muon site. The depolarizature and exhibits divergence at 2 K. These are typical char-
tion behavior deviates from the Gaussian-type at low temacteristics of the case where a static magnetically ordered
peratures below 3.5 K, indicating the appearance of a fasitate of Cu spins appears in the La-214 systems as observed
depolarizing component. At low temperatures below 2 K, thein the previouswSR studie$:®
asymmetry of the muon spin polarization decreases quickly The LF has been applied to investigate whether the Cu-
by nearly two thirds within a time range of Otsec after the spin state is dynamic or static at 0.3 K. Figure 3 shows the
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FIG. 4. Zero-fielduSR time spectra of the non-Zn-substituted
FIG. 3. Variation with the longitudinal field of theSR time  single crystal of La_,Sr,Cu_,Zn,O, with x=0.21 andy=0 at
spectra of the Zn-substituted single crystal of Li&rCu, —,Zn, 0, various temperatures. Fast deplarization behavior of the muon spin
with x=0.21 andy=0.01 at 0.3 K. Solid lines are the best fit results appears at low temperatures below 0.8 K, which is due to slowing
using the two-exponential function @fe '+ Aye Mo, down of the Cu-spin fluctuations as well as in the Zn-substituted
single crystal withk=0.21 andy=0.01. Solid lines below 0.8 K are

variation with LF of the time spectrum of the Zn-substitutedthe best fit results using the two-exponential functionage™:"
single crystal at low temperatures. The fast depolarizingt#o€ "

component is recovered with increasing LF and almosigayssian-type depolarization behavior. This means that the
quenched by the application of LF of 1 kG. In addition, itis cy spins are still dynamically fluctuating at higher frequen-
found that the time spectrum in LF is nearly flat. These re(ijes outside the.SR time window(typically from 107 to
sults mean that the observed fast depolarization of the muong=11 seg, while the Cu-spin fluctuations slow down in the
spin is caused by a static internal field and that the Cu-spiZn-substituted single crystal in the same temperature region.
fluctuations are almost suppressed at 0.3 K. Therefore, it i$he time spectrum changes at low temperatures below 0.8 K
concluded that a static magnetically ordered state of Cu spinsnd exhibits an exponential-type deplarization behavior, in-
appears in the Zn-substituted single crystal at low temperadicating the slowing down of the Cu-spin fluctuations.
tures. The magnetic transition temperature is determined The time spectra are analyzed in the same way as those of
from the results shown in Fig. 2 to be about 2 K. The ab-the Zn-substituted single crystal. The temperature depen-
sence of the coherent precession of the muon spin is correlence of each parameter is summarized in Fig. 2. The initial
sponding to a disordered arrangement of the Cu spins like asymmetry of the slow componemd,,, starts to decrease
spin-glass state. below 0.8 K with decreasing temperature and simultaneously
It has been reported by Kawamagtal* that the resis- the fast depolarizing component starts to appear. The depo-
tivity of the present Zn-substituted single crystal with larization rate of the slow componenty, seems to exhibit a
=0.21 is metallic at high temperatures above about 80 K, busmall peak around 0.8 K.
exhibits upturn below about 80 K in every direction of the  The tendency of the temperature dependence of each pa-
crystal axes, showing an insulating behavior. In addition, naoameter of the non-Zn-substituted single crystal is the same
Meissner effect has been confirmed at temperatures abovea? that observed in the Zn-substituted one. The difference is
K. These results suggest that doped holes are mobile at higinly the temperature at which the slowing down of the Cu-
temperatures above about 80 K but tend to be localized apin fluctuations starts to be observabled$R. This differ-
lower temperatures. Since a static magnetically ordered statce can be reasonably explained by the model that the dy-
of Cu spins appears at low temperatures Wweb K in the  namical stripe correlations of spins and holes are pinned by
same single crystal, it is suggested that the ground state dfie substituted Zn and stabilized being accompanied by the
this Zn-substituted single crystal is a sort of coexisting stateuppression of the Cu-spin fluctuatiots**'6As a result, it
of statically ordered Cu spins and localized holes. Thereforeis concluded that the slowing-down behavior of the Cu-spin
a plausible explanation of the observed disordered state cdlctuations is not due to the Zn-substitution effect but to the
be that a stripe ordered state of spins and holes exists in thetrinsic behavior atx=0.21 in LSCO. That is to say, the
overdoped region of LSCZO as suggested from the transpoQu-spin correlation is enhancedt0.21 and the Zn sub-
measurements by Kawamaed al'* At the moment, it is stitution leads to a static order of Cu spins.
hard to discuss the detailed structure of this ordered state of |n summary, ZF- and LRtSR measurements have been
spins and holes from the presepSR study. MoreuSR  carried out in the single crystals of $a,SrCu_,Zn,0,
measurements of the single crystals arowndd.21 are be- with x=0.21, y=0 and 0.01. Fast depolarization of the
ing planned. muon spin has been observed at low temperatures below 3.5
In order to study the Zn-substitution effect, ZFSR mea- K in the Zn-substituted crystal and below 0.8 K in the non-
surements have also been applied to the non-Zn-substituteth-substituted one. This means that slowing down of the
single crystal of La_,Sr,Cu; ,Zn,0O, with x=0.21 andy Cu-spin fluctuations appears at low temperatures in both
=0 in which bulk superconductivity is a little suppresséd. single crystals and that the slowing down of the Cu-spin
Figure 4 shows the ZEkSR time spectra obtained at various fluctuations is an intrinsic behavior of LSCO wi+=0.21.
temperatures down to 0.3 K. The time spectrum does noA static magnetically ordered state of Cu spins has been
change so much at high temperatures above 2 K, exhibiting eonfirmed at low temperatures belo2 K in the Zn-
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transport measuremeritsa coexisting state of statically or- at KEK-MSL for the useful discussion and helpful technical
dered Cu spins and localized holes is expected to exist belogupport. A part of this study, especially the crystal growth
2 K in the Zn-substituted single crystal. A plausible expla-and characterization, was supported by a Grant-in-Aid for
nation of this coexisting state is suggested to be that a strip8cientific Research from the Ministry of Education, Science,
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