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Muon-spin relaxation £SR) measurements were carried out in the partially Zn-substituted Y-123 system,
YBa,Cus_,,Zn,,O;_ 5, to investigate the so-called 1/8 effect. The muon-spin depolarization rate has been
found to be anomalously enhanced at low temperatures in the Zn-substituted samples around the hole concen-
tration per Cu in the Cu® plane p~1/8, as observed in the case of the Zn-substituted
Bi,SrCay _Y4(Cuy_yZny),0g, s With p~1/8. This indicates slowing down of the Cu-spin fluctuationg at
~1/8. It appears that a small amount of Zn ions are effective for the enhancement of the magnetic correlation
between Cu spins gh~1/8. It has been concluded that the 1/8 effect exists in the Y-123 system and is
common to all hight, cuprates.

I. INTRODUCTION we have found the 1/8 effect, namely, the anomalous sup-
pression of superconductivity g@t~1/8 (Ref. 17 and also
The so-called 1/8 problem, namely, the anomalous supfound anomalous slowing down of the Cu-spin fluctuations
pression of superconductivity ptithe hole concentration per at p~1/8 from the muon-spin-relaxation uSR)
Cu in the CuQ plane ~1/8 in the La-214 system of high;  measurement$~2! According to the stripe model, these ex-
cuprates is a long-standing oh&However, the stripe model perimental results have been interpreted as being due to the
proposed by Tranquadet al® is a plausible one, which can pinning effect of substituted Zn ions on the dynamical stripe
explain the 1/8 effect. It has been proposed that the staticorrelations, though the dynamical correlations have not
order of spins and/or holes observed in the La-214 systerbeen pinned so completely as to be statically stabilized.
with  p~1/8 from the elastic neutron-scattering As for the Y-123 system of YB&Lu;O;_;, it is well
experiment$is due to pinning of the dynamical stripe cor- known that the superconducting transition temperafirex-
relations of spins and holes, which are guessed to exist frorhibits the so-called 60-K plateau in tie vs oxygen content
the observation of incommensurate peaks nea(w,7) in ~ 7— & plot??>~2° The 60-K plateau ofT, was explained as
the inelastic neutron-scattering experimeéhtsThat is, the  being due to ordering of oxygen vacancies in the CuO
suppression of superconductivity has been interpreted as behain?®>2® That is to say, it was understood that oxygen va-
ing due to the static stabilization of the dynamical stripecancies in the CuQ ;s chain were in order for samples
correlations. In the La-214 system, the tetragonal low-around 7 §=6.6 and that the ordering made the samples
temperature structurspace grouf?4,/ncm) is regarded as  more conductive and enhancgg, leading to the appearance
the pinning centers. A small amount of Zn ions substitutecof the plateau ofT, around 7 §=6.6. However, Tallon
for Cu are also regarded as the pinning cent&r¥: et al?’ have pointed out from the thermoelectric power,
Supposing the dynamical stripe correlations are characteNMR, and specific heat measurements that the 60-K plateau
istic of the CuQ plane, the 1/8 effect seems not to beis related to the 1/8 effect. Moreover, we have found from
peculiar to the La-214 system but common to all high- the transport measurements of ¥CaBaCu;O; 5 (x=0
cuprates with the Cu plane when adequate pinning and 0.2) that the 60-K plateau is not correlated with & but
centers are introduced into a sample. In fact, the incommeris correlated withp and proposed that the 60-K plateau is
surate peaks arounk=(m,7), which are associated interpreted as being due to the suppression of superconduc-
with those of the La-214 system, have been observetivity at p~1/8, namely, the 1/8 effect rather than the order-
in the inelastic neutron-scattering measurements of théng of oxygen vacancies in the CyOs chain?® A similar
Bi-2212 and Y-123 systems al$®.'® Moreover, in Zn-  result has also been reported by Talketral°
substituted y=0.025) BpSKLCay Y, (Cuy_yZn,),04, 5, In this paper, we have carried out the zero-fi¢kF)
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uSR measurements in the partially Zn-substitutegd (
=0.025) and non-Zn-substitutedy€0) samples of
YBa,ClUs - 5yZNny, Oy 5 With various values of 7 &, in order

to investigate the Cu-spin state aroupe1/8 and confirm
the existence of the 1/8 effect in the Y-123 system. Here, Zn
is introduced into a sample to pin the possible dynamical
stripe correlations of spins and holes. As Zn is known to be
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YB a2CU3_2yZn2yO7_5

mainly substituted for Cu in the CuyOplane, y in
YBa,Cu 5y ZNn,,O;_ 5 is regarded as the Zn concentration
in the CuQ plane®

Il. EXPERIMENT

Sintered samples of YB&U; ,,Zn, O; 5 with y=0

and 0.025 were prepared by the conventional solid-state re

action method. Raw materials of,®5;, BaCQ;, CuO, and

ZnO powders were mixed and prefired at 900 °C for 12 h in
air. The prefired materials were mixed, pelletized, and sin- -

tered in air at 930 °C for 24 h, following by furnace cooling.

This sintering process was repeated. Post-annealing was pet

formed in Q at 500°C for 24 h. In this stage, fully oxidized
samples with small values aof were prepared. The oxygen

content was changed by subsequent annealing and quenck
ing. That is, the fully oxidized samples were again heated in

air at 900 °C for 12 h and cooled down to a temperailye
at a rate of 200 °C/h and kept @, for 12 h, following by
guenching into liquid nitrogen. All products were character-
ized by powder x-ray diffraction to be of the single phase.
The oxygen content was determined by iodometric titration

Thep value was estimated from the value of the thermoelec-

tric power at 290 K Syqg k, USing the universal relation be-
tweenp in the CuQ plane andS,qg , Which is empirically
known to hold good in most of the highs cuprates includ-
ing the Y-123 phas&’?®3! The electrical resistivity was

lized Asymmetry
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FIG. 1. ZF-uSR time spectra of the non-Zn-substituteg (
=0) and Zn-substituted  y=0.025 samples of

measured by the dc four-point probe method to determin&BaCls_2,Zn,O;_; with 7-6=6.75 (p>1/8), 6.65-6.67 (p

T..
ZF-u SR measurements were carried out at Muon Scienc
Laboratory, Institute of Materials Structure Science, High
Energy Accelerator Research Organizatit!EK-MSL) in
Japan. A spin-polarized pulsed surface-muon beam with
momentum of 27 MeW was used. A*He gas-flow-type

~1/8), and 6.4%+6.56 (p<<1/8) at various temperatures. Solid
lines are the best fit ok;e *1'G,(A,t) or Aje™ 1"+ Aje 2 to the
time spectra.

aamples. For 7 §=6.65-6.67 (p~1/8), on the other hand,
it is found that the time spectrum of the Zn-substituted

cryostat was used for the measurements at temperatureample changes from the Gaussian type to the exponential

above 2 K. The asymmetry parameter is definedAéy
=[F(t)—aB(t)J/[F(t) + aB(t)], whereF(t) andB(t) are
muon events counted by forward and backward counters at
time t, respectively.« is a calibration factor reflecting the

type with decreasing temperature at low temperatures below
~5 K, while the time spectrum of the non-Zn-substituted

gample does not change even at low temperatures. This
is similar to the case of the Zn-substituted samples

relative counting efficiencies of the forward and backwardof Bi,Sr,Cay_,Y(Cuy_yZn,),0g. 5 With p~1/8%-** and

counters.

Ill. RESULTS AND DISCUSSION

Figure 1 displays typical ZR«SR time spectra of the
non-Zn-substituted Y=0) and Zn-substituted y= 0.025)
samples of YBgCu; 5,Zn, O; 5 with 7—6=6.75 (p
>1/8), 6.65-6.67 (p~1/8), and 6.416.56 (p<1/8) at

suggests that the Cu-spin fluctuations slow down at low
temperatures also in the Zn-substituted sample of
YBa,CUs 5y ZNny Oy 5 with p~1/8. For 7— 6=6.41-6.47
(p<1/8), it is found that the time spectrum changes to the
exponential type at low temperatures in both of the non-Zn-
substituted and Zn-substituted samples. This is interpreted as
being due to static or nearly static Cu spins in the so-called
spin-glass-like phase, which appears at low temperatures in

various temperatures. The time spectra at high temperaturdise strongly underdoped region, as formerly reported in the
are of the Gaussian type for every sample. This means that-123 systen?>>3Similar results have also been obtained at
muon spins are depolarized mainly by randomly distributedp<<1/8 in the Bi-2212 systerf’>! What is remarkable in

nuclear dipole fields. For 7 §=6.75 (p>1/8), it is found
that the time spectrum does not change even at low temper

Fig. 1 is that the time spectrum of the Zn-substituted sample
aith 7—6=6.56 @ 2 K is not soexponential as that of the

tures in both of the non-Zn-substituted and Zn-substitute&n-substituted sample with 76=6.65 (p~1/8) at 2 K.
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This suggests that the Cu-spin fluctuations exhibit slowing-
down behavior singularly ap~1/8 in the Zn-substituted
samples.

The Gaussian-type behavior of the time spectrum is fitted
using a single-component functiohe *1'G,(A,t), where
A, and\; are the initial asymmetry dt=0 and the depolar-
ization rate of muon spins, respectivey,(A,t) is the static
Kubo-Toyabe function with a field-distribution width of
A/vy, at the muon sites, wherg, is the gyromagnetic ratio

T. (K)

100 [

ANOMALOUS MUON-SPIN RELAXATION IN THE Zn-. ..

YB aQCU3_2yZH2yO7_ S

6763

W
]

1100 |

50

y = 0.025

of the muon spin (ZXx13.554 MHz/kG. As for the
exponential-type behavior of the time spectrum, the time
spectrum of the Zn-substituted sample with 3=6.65 at 2
K cannot be analyzed using a simple exponential function.
Therefore, a two-exponential-component functidne '

+A,e M2 is used for the analysis. Herd, and A, are
initial asymmetries at=0 and\; and\, are depolarization
rates of the fast- and slow-depolarization components, re-
spectively. This analysis means that two kinds of muon sites

A\
A

R\ 7

Mh-B

- (a) 0 F )

are taken into account. .
It is known that muons injected into a sample of a high- 6.4
cuprate sit adjacent to oxygen iotfsFrom the previous
1SR studies, there are expected to be roughly two kinds of
muon sites in the Y-123 system; one is adjacent to the in- FIG. 2. Dependences on the oxygen contents7of T, and the
plane and apical oxygen ions surrounding Cu in the £uO zero-field muon-spin depolarization rate at 2 and 3 K for(a) the
plane, and the other is adjacent to the oxygen ions in theon-Zn-substitutedy=0) and (b) the Zn-substituted y(=0.025)
CuO,_ 5 chain®3® Muons sitting adjacent to the in-plane samples of YBgCu;_,,Zn,,O; ;. T is defined as the midpoint of
and apical oxygen ions feel strong internal fields from the Cuhe superconducting transition curve in the resistivity vplot.
spins in the Cu@ plane, and muons sitting adjacent to the Lines are guides to the eye.
oxygen ions in the CuQ s chain that are far away from the
Cu spins in the Cu@plane feel weaker internal fields, be- effect in the Bi-2212 system. Therefore, it is concluded that
cause the internal fields at the muon sites are dominated e same 1/8 effect exists in the Y-123 system as well.
the rapidly decaying dipolar fields of the Cu spins in the Figure 3 shows the temperature dependence of the muon-
CuG, plane. Because of this difference in the internal field,spin depolarization rat&, of all of the measured samples.
the depolarization of the muon spins near the in-plane andhe depolarization rate of the non-Zn-substituted samples
apical oxygen ions surrounding Cu in the Gu@lane is with 7— 6=6.56 shows a very weak temperature dependence
expected to be faster than that of the muon spins near th&bove 2 K. The Zn-substituted samples with =6.73 also
oxygen ions in the CuQ ; chain. Accordingly, the ratio of shows a similar weak temperature dependence. These results
AL:A, is taken ass/(7— 8):(1— 6)/(7— &) on the assump- indicate that the static and dynamical properties of Cu spins
tion that a muon sits adjacent to each oxygen ion equallydo not change in the case of-©%=6.73, even in the Zn-
Solid lines in Fig. 1 show the best fit results. It appears thasubstituted samples. The depolarization rates of the non-Zn-
the two-component analysis is reasonaBl&his kind of  substituted sample with 75=6.41 and the Zn-substituted
two-component analysis also proved successful in the prevsample with 7 6=6.47 in the strongly underdoped region
ous SR study on the Zn-substituted Bi-2212 systént! increase with decreasing temperature at low temperatures be-
Figure 2 shows the dependences on the oxygen contetaw 3—-5 K, which is due to static or nearly static Cu-spins in
7— 6 of T, and the muon-spin depolarization rateat 2 and  the spin-glass-like phase, as mentioned before. It is found
3 K. T, is defined as the midpoint of the superconductingthat the depolarization rate of the Zn-substituted sample with
transition curve in the resistivity VE plot. It is clearly found 7—6=6.65 (p~1/8) increases with decreasing temperature
that the depolarization rate shows a local maximum arounet low temperatures below 3-5 K. In the Zn-substituted
7—6=6.65, namelyp~1/8, in the Zn-substituted samples Bi,S,Ca _,Y,(Cu_yZn ),0g, 5 with y=0.025 and p
with y=0.025. This local maximum indicates drastic slow- ~1/8, the similar increase of the depolarization rate with
ing down of the Cu-spin fluctuations in the Zn-substituteddecreasing temperature was observed below about 0 K.
samples withp~ 1/8. This is the same anomaly as observed Previously, we have suggested the existence of the 1/8
at p~1/8 in the Zn-substituted samples of effect in the non-Zn-substituted Y-123 systénSo, the
Bi,SrCay Y, (Cuy—yZny),0g, 5 With y=0.0251"2! The ~ muon-spin depolarization was expected to be enhanced also
local maximum of\, at p~1/8 is roughly in correspondence in the non-Zn-substituted sample with~1/8, but no
to the local suppression of superconductivity, as seen in Figghomaly has been observed for the sample by the present
2. In the non-Zn-substituted samples, no enhancement of wSR measurements. The time window @8R is typically
is observed ap~1/8. Therefore, it is found that both Zn- 10 °-10 *!sec. That is to say, when the characteristic time
substitution angp~ 1/8 are essential for the slowing down of of the Cu-spin fluctuations is much longer thari0~° sec,
the Cu-spin fluctuations. These results are analogous to thBuons feel almost static fields of the Cu spins in their life-
1/8 effect in the La-214 system and very similar to the 1/8time. When the time is much shorter thari0~ * sec, on the

6.6 6.8

Depolarization Rate A; ( usec_1 )

6.6 6.8 6.4

Oxygen Content 7-6 Oxygen Content 7-8
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4 ———— . in the La-214 syster, has not been observed at tempera-
@ Y BaCuz 3Zny07.5 1 tures above 2 K. The same was found for the Zn-substituted
3L I8 y=0 ] Bi-2212 system wittp~1/88-21 This may mean that a co-
—~ I ] herent long-range-ordered state of the Cu spins is hard to be
o oL QI 1 stabilized in the Zn-substituted Y-123 and Bi-2212 systems,
§ O 7-5 =667 ] because the pinning force of one Zn ion is much more short-
= O7é=67]] range and weaker than that of the tetragonal low-temperature
= 1r o 7] structure in the La-214 system or because Zn ions pinning
< ] the stripes within a plane are not correlated from plane to
{'—é O ar s @ o plane so that there is no correlation of the stripes plane to
o > — . plane. In order to study the state of the Cu spins in detalil,
_5 ) YBaCus 52y 075 | further uSR measurements in longitudinal magnetic fields at
*ﬁ - 0025 lower temperatures will be necessary.
N y =0 ]
—g N 0 76=647]] IV. SUMMARY
o lr ¥ r-o=exsl] . . .
a 85z eR| #SR measurements were carried out in the partially Zn-
0 + 7-6 =673 ] substituted ¥=0.025) and non-Zn-substitutedy+£0)
@ 03z 2R| samples of YBaCUs_2,Zn,,O;- ;. Anomalous enhance-
4,0 ] ment of the muon-spin depolarization rate has been found at
Ot $ & & . & O8 A low temperatures in the Zn-substituted samples withl/8,
1 2 5 10 20 as previously observed in Zn-substituted samples of
Terrmrature( K ) BiZSrZCal,XYX(Cul,yZny)ZOBJr5 with y=0.025 and P

~1/8. This indicates that the Cu-spin fluctuations slow down

FIG. 3. Temperature dependence of the zero-field muon-spimto the ©SR time window at low temperatures. It appears

depolarization rata ; for (a) the non-Zn-substitutedy&0) and(b)  that a small amount of Zn ions are effective for the enhance-
the Zn-substitutedy(=0.025) samples of YB&LU; 5, 2N, O;_ 5. ment of the magnetic correlation between Cu spingat

~1/8. On the analogy with the 1/8 effect in the La-214 and

other hand, muons feel almost zero averaged field due to the.” : oo : .
Cu spins, leading to no depolarization due to the Cu spinzﬁ 2212 systems, there is a possibility that a kind of dynami

Considering that the superconductivity is suppressed in th%al order of holes and/or spins, such as the so-called stripe
) ; . rder, exists also in the Y-123 system and that it tends to be
non-Zn-substituted samples with~1/8, the Cu-spin fluc- y

tuati ted to slow d i tent. Th inned by Zn atp~1/8, leading to the anomalous enhance-
uations are expected to slow down 1o SOme extent. TNereqqq; o the muon-spin depolarization rate and the suppres-
fore, we suppose that the slowing down has not been de-

tected by theu SR measurements because their characterist%;%ne?;ei?%%%%nb?; C;xg}[/s aﬁ:; QSYI_E%CS;SCJ;(:IEEJ 3 all; t?gm_

: : —11
t'mi remézl_msl shtorter thaﬁtﬁot Sec'" tof Zn mon to all highT cuprates.
ccordingly, it appears that a small amount of Zn 1ons aré 1, e e conclusive, further experiments, such as di-

effective for the enhancement of the magnetic correlaﬂoqect observation of the possible order of spins and/or holes

between Cu spins gi~1/8 as in the case of the Bi-2212 '\ ang of electron diffraction and neutron diffraction, are

systemt’~?1 On the other hand, we suppose that a larg : : :
. i . ecessary in the Zn-substituted Y®ak_,,2Zn,,0;_ s with
amount of Zn ions destroy the magnetic correlation between "o y =iy Ei-e

Cu spins and hence the Cu-spin fluctuations remain fast. |
the formeru SR measurements on the heavily Zn-substituted
samples of the Y-123 system, in fact, no slowing down be-
havior atp~ 1/8 was reported These results are consistent ~ We would like to thank Professor K. Nishiyama for his
with the stripe model. That is, a small amount of Zn ions aretechnical support in theeSR measurements at KEK-MSL.
regarded as operating to pin the dynamical stripe correlafhis work was supported by a Grant-in-Aid for Scientific
tions, leading to the slowing down of the Cu-spin fluctua-Research from the Ministry of Education, Science, Sports
tions. and Culture, Japan and also by CREST of the Japan Science
In the Zn-substituted Y-123 system with~1/8, three- and Technology Corporation. One of the auth@fsA.) was

dimensional long-range ordering of the Cu spins, as observesupported by the Japan Society for the Promotion of Science.
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