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Anomalous muon-spin relaxation in the Zn-substituted YBa2Cu3À2yZn2yO7Àd
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Muon-spin relaxation (mSR) measurements were carried out in the partially Zn-substituted Y-123 system,
YBa2Cu322yZn2yO72d , 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 CuO2 plane p;1/8, as observed in the case of the Zn-substituted
Bi2Sr2Ca12xYx(Cu12yZny)2O81d with p;1/8. This indicates slowing down of the Cu-spin fluctuations atp
;1/8. It appears that a small amount of Zn ions are effective for the enhancement of the magnetic correlation
between Cu spins atp;1/8. It has been concluded that the 1/8 effect exists in the Y-123 system and is
common to all high-Tc cuprates.
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I. INTRODUCTION

The so-called 1/8 problem, namely, the anomalous s
pression of superconductivity atp ~the hole concentration pe
Cu in the CuO2 plane! ;1/8 in the La-214 system of high-Tc

cuprates is a long-standing one.1,2 However, the stripe mode
proposed by Tranquadaet al.3 is a plausible one, which ca
explain the 1/8 effect. It has been proposed that the st
order of spins and/or holes observed in the La-214 sys
with p;1/8 from the elastic neutron-scatterin
experiments3–5 is due to pinning of the dynamical stripe co
relations of spins and holes, which are guessed to exist f
the observation of incommensurate peaks neark5(p,p) in
the inelastic neutron-scattering experiments.6–9 That is, the
suppression of superconductivity has been interpreted as
ing due to the static stabilization of the dynamical stri
correlations. In the La-214 system, the tetragonal lo
temperature structure~space groupP42 /ncm) is regarded as
the pinning centers. A small amount of Zn ions substitu
for Cu are also regarded as the pinning centers.10–12

Supposing the dynamical stripe correlations are charac
istic of the CuO2 plane, the 1/8 effect seems not to b
peculiar to the La-214 system but common to all high-Tc
cuprates with the CuO2 plane when adequate pinnin
centers are introduced into a sample. In fact, the incomm
surate peaks aroundk5(p,p), which are associated
with those of the La-214 system, have been obser
in the inelastic neutron-scattering measurements of
Bi-2212 and Y-123 systems also.13–16 Moreover, in Zn-
substituted (y50.025) Bi2Sr2Ca12xYx(Cu12yZny)2O81d ,
PRB 620163-1829/2000/62~10!/6761~5!/$15.00
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we have found the 1/8 effect, namely, the anomalous s
pression of superconductivity atp;1/8 ~Ref. 17! and also
found anomalous slowing down of the Cu-spin fluctuatio
at p;1/8 from the muon-spin-relaxation (mSR)
measurements.18–21 According to the stripe model, these e
perimental results have been interpreted as being due to
pinning effect of substituted Zn ions on the dynamical str
correlations, though the dynamical correlations have
been pinned so completely as to be statically stabilized.

As for the Y-123 system of YBa2Cu3O72d , it is well
known that the superconducting transition temperatureTc ex-
hibits the so-called 60-K plateau in theTc vs oxygen content
72d plot.22–25 The 60-K plateau ofTc was explained as
being due to ordering of oxygen vacancies in the CuO12d

chain.25,26 That is to say, it was understood that oxygen v
cancies in the CuO12d chain were in order for sample
around 72d56.6 and that the ordering made the samp
more conductive and enhancedTc , leading to the appearanc
of the plateau ofTc around 72d56.6. However, Tallon
et al.27 have pointed out from the thermoelectric powe
NMR, and specific heat measurements that the 60-K plat
is related to the 1/8 effect. Moreover, we have found fro
the transport measurements of Y12xCaxBa2Cu3O72d (x50
and 0.2) that the 60-K plateau is not correlated with 72d but
is correlated withp and proposed that the 60-K plateau
interpreted as being due to the suppression of supercon
tivity at p;1/8, namely, the 1/8 effect rather than the ord
ing of oxygen vacancies in the CuO12d chain.28 A similar
result has also been reported by Tallonet al.29

In this paper, we have carried out the zero-field~ZF!
6761 ©2000 The American Physical Society
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mSR measurements in the partially Zn-substitutedy
50.025) and non-Zn-substituted (y50) samples of
YBa2Cu322yZn2yO72d with various values of 72d, in order
to investigate the Cu-spin state aroundp51/8 and confirm
the existence of the 1/8 effect in the Y-123 system. Here,
is introduced into a sample to pin the possible dynam
stripe correlations of spins and holes. As Zn is known to
mainly substituted for Cu in the CuO2 plane, y in
YBa2Cu322yZn2yO72d is regarded as the Zn concentratio
in the CuO2 plane.30

II. EXPERIMENT

Sintered samples of YBa2Cu322yZn2yO72d with y50
and 0.025 were prepared by the conventional solid-state
action method. Raw materials of Y2O3, BaCO3, CuO, and
ZnO powders were mixed and prefired at 900 °C for 12 h
air. The prefired materials were mixed, pelletized, and s
tered in air at 930 °C for 24 h, following by furnace coolin
This sintering process was repeated. Post-annealing was
formed in O2 at 500°C for 24 h. In this stage, fully oxidize
samples with small values ofd were prepared. The oxyge
content was changed by subsequent annealing and que
ing. That is, the fully oxidized samples were again heated
air at 900 °C for 12 h and cooled down to a temperatureTq ,
at a rate of 200 °C/h and kept atTq for 12 h, following by
quenching into liquid nitrogen. All products were charact
ized by powder x-ray diffraction to be of the single phas
The oxygen content was determined by iodometric titrati
Thep value was estimated from the value of the thermoel
tric power at 290 K,S290 K, using the universal relation be
tweenp in the CuO2 plane andS290 K, which is empirically
known to hold good in most of the high-Tc cuprates includ-
ing the Y-123 phase.27,28,31 The electrical resistivity was
measured by the dc four-point probe method to determ
Tc .

ZF-mSR measurements were carried out at Muon Scie
Laboratory, Institute of Materials Structure Science, Hi
Energy Accelerator Research Organization~KEK-MSL! in
Japan. A spin-polarized pulsed surface-muon beam wit
momentum of 27 MeV/c was used. A4He gas-flow-type
cryostat was used for the measurements at tempera
above 2 K. The asymmetry parameter is defined asA(t)
5@F(t)2aB(t)#/@F(t)1aB(t)#, whereF(t) and B(t) are
muon events counted by forward and backward counters
time t, respectively.a is a calibration factor reflecting th
relative counting efficiencies of the forward and backwa
counters.

III. RESULTS AND DISCUSSION

Figure 1 displays typical ZF-mSR time spectra of the
non-Zn-substituted (y50) and Zn-substituted (y50.025)
samples of YBa2Cu322yZn2yO72d with 72d56.75 (p
.1/8), 6.6526.67 (p;1/8), and 6.4126.56 (p,1/8) at
various temperatures. The time spectra at high temperat
are of the Gaussian type for every sample. This means
muon spins are depolarized mainly by randomly distribu
nuclear dipole fields. For 72d56.75 (p.1/8), it is found
that the time spectrum does not change even at low temp
tures in both of the non-Zn-substituted and Zn-substitu
n
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samples. For 72d56.6526.67 (p;1/8), on the other hand
it is found that the time spectrum of the Zn-substitut
sample changes from the Gaussian type to the expone
type with decreasing temperature at low temperatures be
;5 K, while the time spectrum of the non-Zn-substitut
sample does not change even at low temperatures.
is similar to the case of the Zn-substituted samp
of Bi2Sr2Ca12xYx(Cu12yZny)2O81d with p;1/8,18–21 and
suggests that the Cu-spin fluctuations slow down at l
temperatures also in the Zn-substituted sample
YBa2Cu322yZn2yO72d with p;1/8. For 72d56.4126.47
(p,1/8), it is found that the time spectrum changes to
exponential type at low temperatures in both of the non-Z
substituted and Zn-substituted samples. This is interprete
being due to static or nearly static Cu spins in the so-ca
spin-glass-like phase, which appears at low temperature
the strongly underdoped region, as formerly reported in
Y-123 system.32,33Similar results have also been obtained
p,1/8 in the Bi-2212 system.20,21 What is remarkable in
Fig. 1 is that the time spectrum of the Zn-substituted sam
with 72d56.56 at 2 K is not soexponential as that of the
Zn-substituted sample with 72d56.65 (p;1/8) at 2 K.

FIG. 1. ZF-mSR time spectra of the non-Zn-substitutedy
50) and Zn-substituted (y50.025! samples of
YBa2Cu322yZn2yO72d with 72d56.75 (p.1/8), 6.6526.67 (p
;1/8), and 6.4126.56 (p,1/8) at various temperatures. Soli
lines are the best fit ofA1e2l1tGz(D,t) or A1e2l1t1A2e2l2t to the
time spectra.
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This suggests that the Cu-spin fluctuations exhibit slowi
down behavior singularly atp;1/8 in the Zn-substituted
samples.

The Gaussian-type behavior of the time spectrum is fit
using a single-component functionA1e2l1tGz(D,t), where
A1 andl1 are the initial asymmetry att50 and the depolar-
ization rate of muon spins, respectively.Gz(D,t) is the static
Kubo-Toyabe function with a field-distribution width o
D/gm at the muon sites, wheregm is the gyromagnetic ratio
of the muon spin (2p313.554 MHz/kG!. As for the
exponential-type behavior of the time spectrum, the ti
spectrum of the Zn-substituted sample with 72d56.65 at 2
K cannot be analyzed using a simple exponential functi
Therefore, a two-exponential-component function,A1e2l1t

1A2e2l2t, is used for the analysis. Here,A1 and A2 are
initial asymmetries att50 andl1 andl2 are depolarization
rates of the fast- and slow-depolarization components,
spectively. This analysis means that two kinds of muon s
are taken into account.

It is known that muons injected into a sample of a high-Tc
cuprate sit adjacent to oxygen ions.34 From the previous
mSR studies, there are expected to be roughly two kind
muon sites in the Y-123 system; one is adjacent to the
plane and apical oxygen ions surrounding Cu in the Cu2
plane, and the other is adjacent to the oxygen ions in
CuO12d chain.35,36 Muons sitting adjacent to the in-plan
and apical oxygen ions feel strong internal fields from the
spins in the CuO2 plane, and muons sitting adjacent to t
oxygen ions in the CuO12d chain that are far away from th
Cu spins in the CuO2 plane feel weaker internal fields, be
cause the internal fields at the muon sites are dominate
the rapidly decaying dipolar fields of the Cu spins in t
CuO2 plane. Because of this difference in the internal fie
the depolarization of the muon spins near the in-plane
apical oxygen ions surrounding Cu in the CuO2 plane is
expected to be faster than that of the muon spins near
oxygen ions in the CuO12d chain. Accordingly, the ratio of
A1 :A2 is taken as6/(72d):(12d)/(72d) on the assump-
tion that a muon sits adjacent to each oxygen ion equa
Solid lines in Fig. 1 show the best fit results. It appears t
the two-component analysis is reasonable.36 This kind of
two-component analysis also proved successful in the pr
ousmSR study on the Zn-substituted Bi-2212 system.18–21

Figure 2 shows the dependences on the oxygen con
72d of Tc and the muon-spin depolarization ratel1 at 2 and
3 K. Tc is defined as the midpoint of the superconduct
transition curve in the resistivity vsT plot. It is clearly found
that the depolarization rate shows a local maximum aro
72d56.65, namely,p;1/8, in the Zn-substituted sample
with y50.025. This local maximum indicates drastic slo
ing down of the Cu-spin fluctuations in the Zn-substitut
samples withp;1/8. This is the same anomaly as observ
at p;1/8 in the Zn-substituted samples
Bi2Sr2Ca12xYx(Cu12yZny)2O81d with y50.025.19–21 The
local maximum ofl1 at p;1/8 is roughly in correspondenc
to the local suppression of superconductivity, as seen in
2. In the non-Zn-substituted samples, no enhancement ol1
is observed atp;1/8. Therefore, it is found that both Zn
substitution andp;1/8 are essential for the slowing down
the Cu-spin fluctuations. These results are analogous to
1/8 effect in the La-214 system and very similar to the 1
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effect in the Bi-2212 system. Therefore, it is concluded t
the same 1/8 effect exists in the Y-123 system as well.

Figure 3 shows the temperature dependence of the m
spin depolarization ratel1 of all of the measured samples
The depolarization rate of the non-Zn-substituted samp
with 72d>6.56 shows a very weak temperature depende
above 2 K. The Zn-substituted samples with 72d>6.73 also
shows a similar weak temperature dependence. These re
indicate that the static and dynamical properties of Cu sp
do not change in the case of 72d>6.73, even in the Zn-
substituted samples. The depolarization rates of the non
substituted sample with 72d56.41 and the Zn-substitute
sample with 72d56.47 in the strongly underdoped regio
increase with decreasing temperature at low temperatures
low 3–5 K, which is due to static or nearly static Cu-spins
the spin-glass-like phase, as mentioned before. It is fo
that the depolarization rate of the Zn-substituted sample w
72d56.65 (p;1/8) increases with decreasing temperatu
at low temperatures below 3–5 K. In the Zn-substitut
Bi2Sr2Ca12xYx(Cu12yZny)2O81d with y50.025 and p
;1/8, the similar increase of the depolarization rate w
decreasing temperature was observed below about 10 K19

Previously, we have suggested the existence of the
effect in the non-Zn-substituted Y-123 system.28 So, the
muon-spin depolarization was expected to be enhanced
in the non-Zn-substituted sample withp;1/8, but no
anomaly has been observed for the sample by the pre
mSR measurements. The time window ofmSR is typically
1026– 10211 sec. That is to say, when the characteristic tim
of the Cu-spin fluctuations is much longer than;1026 sec,
muons feel almost static fields of the Cu spins in their li
time. When the time is much shorter than;10211 sec, on the

FIG. 2. Dependences on the oxygen content 72d of Tc and the
zero-field muon-spin depolarization ratel1 at 2 and 3 K for~a! the
non-Zn-substituted (y50) and ~b! the Zn-substituted (y50.025)
samples of YBa2Cu322yZn2yO72d . Tc is defined as the midpoint o
the superconducting transition curve in the resistivity vsT plot.
Lines are guides to the eye.
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other hand, muons feel almost zero averaged field due to
Cu spins, leading to no depolarization due to the Cu sp
Considering that the superconductivity is suppressed in
non-Zn-substituted samples withp;1/8, the Cu-spin fluc-
tuations are expected to slow down to some extent. Th
fore, we suppose that the slowing down has not been
tected by themSR measurements because their character
time remains shorter than;10211 sec.

Accordingly, it appears that a small amount of Zn ions a
effective for the enhancement of the magnetic correlat
between Cu spins atp;1/8 as in the case of the Bi-221
system.17–21 On the other hand, we suppose that a la
amount of Zn ions destroy the magnetic correlation betw
Cu spins and hence the Cu-spin fluctuations remain fas
the formermSR measurements on the heavily Zn-substitu
samples of the Y-123 system, in fact, no slowing down
havior atp;1/8 was reported.33 These results are consiste
with the stripe model. That is, a small amount of Zn ions
regarded as operating to pin the dynamical stripe corr
tions, leading to the slowing down of the Cu-spin fluctu
tions.

In the Zn-substituted Y-123 system withp;1/8, three-
dimensional long-range ordering of the Cu spins, as obse

FIG. 3. Temperature dependence of the zero-field muon-
depolarization ratel1 for ~a! the non-Zn-substituted (y50) and~b!
the Zn-substituted (y50.025) samples of YBa2Cu322yZn2yO72d .
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in the La-214 system,37 has not been observed at tempe
tures above 2 K. The same was found for the Zn-substitu
Bi-2212 system withp;1/8.18–21 This may mean that a co
herent long-range-ordered state of the Cu spins is hard t
stabilized in the Zn-substituted Y-123 and Bi-2212 system
because the pinning force of one Zn ion is much more sh
range and weaker than that of the tetragonal low-tempera
structure in the La-214 system or because Zn ions pinn
the stripes within a plane are not correlated from plane
plane so that there is no correlation of the stripes plane
plane. In order to study the state of the Cu spins in det
furthermSR measurements in longitudinal magnetic fields
lower temperatures will be necessary.

IV. SUMMARY

mSR measurements were carried out in the partially Z
substituted (y50.025) and non-Zn-substituted (y50)
samples of YBa2Cu322yZn2yO72d . Anomalous enhance
ment of the muon-spin depolarization rate has been foun
low temperatures in the Zn-substituted samples withp;1/8,
as previously observed in Zn-substituted samples
Bi2Sr2Ca12xYx(Cu12yZny)2O81d with y50.025 and p
;1/8. This indicates that the Cu-spin fluctuations slow do
into the mSR time window at low temperatures. It appea
that a small amount of Zn ions are effective for the enhan
ment of the magnetic correlation between Cu spins ap
;1/8. On the analogy with the 1/8 effect in the La-214 a
Bi-2212 systems, there is a possibility that a kind of dynam
cal order of holes and/or spins, such as the so-called st
order, exists also in the Y-123 system and that it tends to
pinned by Zn atp;1/8, leading to the anomalous enhanc
ment of the muon-spin depolarization rate and the supp
sion of superconductivity atp;1/8. It is concluded that the
1/8 effect probably exists in the Y-123 system and is co
mon to all high-Tc cuprates.

To be more conclusive, further experiments, such as
rect observation of the possible order of spins and/or ho
by means of electron diffraction and neutron diffraction, a
necessary in the Zn-substituted YBa2Cu322yZn2yO72d with
p;1/8.
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