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Muon-spin-relaxation study of the effect of nonmagnetic impurities
on the Cu-spin fluctuations in La,_,Sr,Cu;_,Zn,0, around x=0.115
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Zero-field muon-spin-relaxationSR) measurements have been carried out in order to investigate the effect
of nonmagnetic impurities on the dynamics of the Cu-spin fluctuations in the Zn-substituted
La, ,SrCu _yZn,0O, with x=0.115 and 0.13, changingfrom 0 to 0.10. A long-range-ordered state of Cu
spins, which is observed in the Zn-free sample with 0.115, disappears in the Zn-free sample with
=0.13, but appears again in the Zn-substituted samplesx#it®.13 fory=0.0075. The long-range-ordered
state disappears fgr>0.03 for both values of, so that the Cu spins are in a paramagnetic state. The present
M SR results support the suggestion that a small amount of nonmagnetic impurities produces a pinning of the
dynamical stripe correlations of spins and holes and make them statically stabilized, while a large amount of
nonmagnetic impurities destroy the stripe correlations themselves.
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I. INTRODUCTION lation between Cu spins seemed to be enhanced by the sub-
stituted Zn'! The detailed Zn dependence of the dynamics of

The stripe correlations of spins and holes were suggeste@u-spin fluctuations aroung= 3 per Cu, however, has not
by Tranquadaet al. to be important for understanding the been established yet. Thus, in order to confirm the suggestion
so-called i effect observed in La, ,Nd,SrCu0Q, by Koike et al®” and Adachiet al.® we have carried out ZF-
(LNSCO).! Based upon the stripe model, it is understood thaitSR measurements on LSCZO with=0.115 and 0.13,
the suppression of higli; superconductivity due to th¢ ~ changingy in fine steps.
effect around the hole concentratiprof 3 per Cu is caused
by the static stabilization of the dynamical stripe correla- Il. EXPERIMENT

tions. Although no clear evidence of the existence of the Polycrystalline samples of LSCZO witg=0, 0.0025,

dynamical stripe correlations has been obtained yet, the oby 545" 5075 0,01, 0.02, 0.03, 0.05, 0.07, and 0.10 were
servat_lon of the incommensurate magnetic pegks ar_oungrepared for both systems with=0.115 and 0.13 by the
(m,m) in Lay_SKCu0, (LSCO) from the neutron inelastic o jinary solid-state-reaction method. The procedure of the
scattering gxper|merﬁ§5 leads us t? argue about the dy- gample preparation is the same as that used in the transport
namical stripe qorrelatlé)?s aroumc- g per8Cu. measurementSAll of the samples were checked to be single
Recently, Koikeet al.»" and Adachiet al.” suggested that phase and their transport properties were also measured to
the dynamiCS of the dynamical Stripe correlations was af'check the qua"ty of the Samp|es before msR measure-
fected by nonmagnetic impurities such as Zn. They studieghents.
transport properties of La,SrCu;_,Zn0O, (LSCZO) by ZF-uSR measurements were carried out at the RIKEN-
changingx and also the Zn concentratign and argued that RAL Muon Facility at the Rutherford-Appleton Laboratory
a small amount of Zn tended to statically stabilize the dy-in the UK using a pulsed positive surface-muon beam. The
namical stripe correlations, while a large quantity of Zn, inasymmetry parameter at a tinhevas given byA(t) =[F(t)
contrast, destroyed them. As for the other studies on the Zn— aB(t) ]/[ F(t) + aB(t)], where F(t) and B(t) were total
substitution effect aroungh=3 per Cu in LSCZO, Hirota muon events of the forward and backward counters, which
et al. performed a neutron-scattering experiment on LSCZQOwere aligned in the beam line, respectively. Tdés a cali-
with x=0.14 andy=0.012, reporting the appearance of abration factor reflecting the relative counting efficiencies be-
quasistatic state of Cu spiRKimura et al. also reported the tween the forward and backward counters. The asymmetry at
observation of a statically ordered state of Cu spins int=0 is the initial asymmetryA,. Time evolution of A(t)
LSCZO withx=0.12 andy=0.03° Our previous zero-field (SR time spectruinwas measured dowm 2 K to detect
muon-spin-relaxationZF-uSR) measurements on LSCZO the appearance of a magnetically ordered state and slowing-
with x=0.115 andy=0.01 revealed that the magnetic corre- down behavior of the Cu-spin fluctuations.
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FIG. 2. Zn-concentration dependence of the magnetic transition
temperaturely defined at the midpoint of the temperature depen-
dence of the initial asymmetry of the slow-depolarization compo-
nent A,. Circles and squares shoWy’'s of the samples withx
=0.115 and 0.13, respectively. Solid lines are guides to the eye.
Arrows aty=0 and 0.07 mean that no sign of the appearance of the
magnetic transition was observed down to 2 K %6+ 0.13. As for
x=0.115, no sign of the appearance of the magnetic transition was
observed downa 2 K for y=0.07. The inset shows the temperature
dependence ol in the case ok=0.115 andy=0.01. TheTy is
indicated by an arrow in the inset as the midpoint of the transition
in Ag.

Normalized Asymmetry

static Kubo-Toyabe function with a half-width af describ-

ing the distribution of the nuclear-dipole field at the muon
site? With decreasing temperature, a fast depolarizing com-
ponent appears and muon-spin precession is observed at 2 K
in the Zn-free sample witkk=0.115, indicating the appear-
ance of a long-range-ordered state of Cu spins. Since the fast
decay of the muon-spin precession means large distribution
of the internal field at the muon site, the correlation length of
the observed long-range-ordered state might not be so long.

0 . In this case, the analysis using the Kubo-Toyabe function is
0 1 20 1 9 no longer valid and the multicomponent functiokye ot
R +Ae M+ Ae Ml coswt+¢) is used, as in the previous
Time (,LLSGC) study®® The first and second terms indicate the slow and fast

depolarization, respectively. The third term expresses the
FIG. 1. ZFuSR time spectra of the Zn-free and Zn-substituted myon-spin precession. Th, and A, are the initial asym-
y from 0 to 0.10 and at various temperatures down to 2 K. T'meand¢> are the frequency and phase of the muon-spin preces-

spectra in the early time region from 0 toSec are displayed.  gion respectively. Solid lines in Fig. 1 indicate the best-fit
Solid lines indicate the best-fit results usidge *'Gz(A,t) or

results.
— Aot — N\t — Aot
Age Mot Age T Age T2 COS(L+ ). The muon-spin precession in the Zn-free sample with
Il RESULTS =0.115 observedt® K becomes obvious with increasiyg

and its amplitude is the largest wt=0.01. The muon-spin

Figure 1 shows the ZSR time spectra of LSCZO with precession disappears fgr>0.03. Almost no fast depolar-
x=0.115 and 0.13 in the early time region from 0 tqu®ec ization of the muon spin is observed yat0.10, meaning
obtained at various temperatures. In the Zn-free sample witless influence of the Cu spins on the muon spins.
x=0.115, no influence of the Cu-spin fluctuations is ob- As for the ZFuSR time spectra of LSCZO wittx
served at temperatures higher than about 15 K. In such &0.13, the same functions as described above are used for
case, the time spectrum is analyzed using the simple functiotihe analysis. In contrast to the case»#0.115, no fast
Age MG(A,t), whereA, is the initial asymmetry and is  depolarization is observed dowm 2 K in theZn-free sample
the depolarization rate of the muon spin. Thg(A,t) is the  with x=0.13, indicating the absence of both the long-range
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L L I T 1 T T ' IV. DISCUSSION

Laz_xerCul_yZnyO4 ] First, we discuss the Cu-spin state in the small Zn-
K T=2K Ox=8.%5 | concentration regioy=<0.01. The pattern of the muon-spin
i - ) | precession observed in the Zn-free sample with0.115 is
- quite similar to that obtained arour=3 per Cu in LN-
1 SCO, where the static stripe order of spins and holes is
formed!* This fact means that the alignment of Cu spins
surrounding the muon in the Zn-free sample with0.115 is
1 similar to that aroungp= 3 per Cu in LNSCO. Although no
{ { n information on the alignment of holes can be obtained from
. . 0 the uSR measurements, the long-range-ordered state of Cu
spins observed in the present study is probably to be re-
0 0.02 0.04 ) 0.06 0.08 garded as the statically stabilized state of the dynamical
Zn Concentration, y stripe correlations. This result is consistent with those ob-
tained by the neutron-scattering experiments suggesting the
the muon site qbtziined at 2 K. Circles and squares S‘HQMB of ﬁ)él(s_“,tZGQ)C(\eNitor: XtE%. {nzoglrilda;e:do S(tgic;s_og_%?;;;nguwﬁﬁ IQS n
the samples withk=0.115 and 0.13, respectively. Solid lines are —0.12 andy=0 0310
guides to the eye. Arrows mean that no clear muon-spin precession ~; . N .
was observed down to 2 K fax=0.13. Forx=0.115, no clear . Accordingly, the disappearance of the muon-spin preces-
muon-spin precession was observed down to 2 Kyte10.05. sion even at the lowest temperature 20K in the Zn-free
sample withx=0.13 means that a small amount of excess
magnetically ordered state and the slowing-down behavior ofioles compared with those xt=0.115 destabilizes the static
the Cu-spin fluctuations. However, once Zn is substituted fostripe ordered state. The Cu spins are apparently dynamically
Cu, a fast depolarization appears at low temperatures. Fdluctuating with shorter periods than the typigaBR time
y=0.0075, moreover, clear muon-spin precession is obwindow (10 ®-10 ! sec). Based upon the stripe model,
served at 2 K. The amplitude of the precession is the largesherefore, the appearance of the muon-spin precession, that
aty=0.01 as in the case af=0.115. The precession pattern is, the appearance of a static long-range-ordered state of the
of the time spectrum is similar to that obtained in the Zn-freeCu spins in the samples with=0.13 andy=0.0075 and the
sample withx=0.115. The muon-spin precession is ob-rapid increase ofy with increasingy, strongly suggest that
served up toy=0.03 at 2 K. Almost no fast-depolarization a small amount of Zn leads to the static stabilization of the
behavior is observed 3t=0.10, as in the case of=0.115.  dynamical stripe correlations. This result is also supported by
The magnetic transition temperatufg of each sample the fact that the precession patternscef0.13 are similar to
can be estimated from the midpoint of the temperature dethose obtained in the samples witk-0.115 and also to that
pendence oA\, as typically shown in the inset of Fig. 2 for observed aroung=% per Cu in LNSCO**
the sample withk=0.115 andy=0.01"3 Figure 2 shows the ~ The Zn-substitution effect on the magnetically ordered
Zn-concentration dependence By in both systems withx ~ state in LSCZO was investigated by éker et al. in the
=0.115 and 0.13. In the case »f0.115, Ty slightly in-  insulating regionx<0.02. They pointed out from suscepti-
creases with increasingand shows a peak gt=0.0075. In  bility measurements that the localization of holes around the
the case ofx=0.13, on the other hand, the change of thesubstituted Zn restored the antiferromagnetic correlation be-
magnetic state is very drastic. The magnetically ordered stateveen Cu spins, resulting in the increaseTig'®. Such an
appears ay=0.0025. Ty increases with increasing and  effect may be expected to exist around 0.115 as well, but
exhibits a peak ag=0.0075, as in the case F0.115. The this effect seems not to be suitable in order to explain the
Ty decreases slowly with increasiygor y>0.0075 in both  rapid change i as a result of a 1% substitution of Zn for
systems withk=0.115 and 0.13. The dependence ofy for ~ Cu atx=0.13. This is because the drastic changd jowas
y=0.01 is similar for bothx values. No sign of the appear- not observed inx=0.115 but was observed at=0.13,
ance of the static magnetically ordered state is observethough the hole concentration of LSCZO is higher and doped
down © 2 K for y=0.07 in either system. holes are more mobile at=0.13 than ax=0.115.
The internal fieldH;,, at the muon site is estimated from A possible explanation of the rapid changeTg for y
o, asHj,= w/y, . Here,y,, is the gyromagnetic ratio of the <0.01 atx=0.13 is given in terms of the pinning effect of
muon spin ¢ ,/27=13.55 MHz/kOe). Figure 3 exhibits the Zn on the dynamical stripe correlations, as proposed by
Zn-concentration dependence df,, in both systems with Koike et al®’ and Adachiet al® That is, the substituted Zn
x=0.115 and 0.13. In the case »&0.115, H,,; increases pins a spin domain or a hole domain of the dynamical stripe
slightly with increasing/ and shows a peak gt=0.01. Inthe and makes it statically stabilized. Following this suggestion,
case 0ofx=0.13, on the other hand{;,, becomes well de- the present results foy=<0.01 in both systems withx
fined for y=0.0075 and increases with increasiyg fol- =0.115 and 0.13 can be understood as follows. Since the
lowed by a peak ay=0.015. After showing the peald;,,  period of the stripe pattern of spins and holex&t0.115 is
decreases with increasingin both systems, and no well nearly commensurate with that of the crystal latfite dy-
definedH,, is obtained fory=0.05. namical stripe correlations tend to be stabilized forming the
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FIG. 3. Zn-concentration dependence of the internal fjgat
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static stripe order, even in the Zn-free sample. The smalhetic correlation between Cu spins. The Zn-concentration de-
increase inTy as a result of a 1% Zn substitution in thke  pendence ofTy observed in the presentSR study fory
=0.115 series of samples can be explained as being due t90.01 in both systems with=0.115 and 0.13 shows a quite
slight enhancement of the static stabilization of the dynamisimilar tendency to that observed in the insulating region for
cal stripe correlations owing to the pinning force of the sub-x<0.02. Thus, the decrease T, for y>0.01 shown in Fig.
stituted Zn. When the hole concentration increases from 2 is also simply understood to be due to the spin dilution
=0.115 to 0.13, excess holes destroy the commensurabilitthrough the Zn substitution. This is evidence that the stripe
between the periods of the stripe pattern and the crystal latorrelations themselves are being destroyed by the substi-
tice, leading to the destabilization of the static stripe ordertuted Zn. Accordingly, it is concluded that the magnetic cor-
As the value ofy increases fox=0.13, the substituted Zn relation between Cu spins is weakened through the Zn sub-
tends to pin a spin or hole domain of the dynamical stripe satitution for y=0.01 and that the Cu-spin state turns into a
as to suppress the Cu-spin fluctuations, and finally forceparamagnetic state rather than a spin-glass state with increas-
them to be statically stabilized, leading to the formation ofing y.

the static stripe order and the increaseTjj.

Next, we discuss the Cu-spin state in the large Zn- V. CONCLUSION
concentration region foy=0.01. When the Zn concentration
exceeds more thay=0.01, the Zn-substitution effect dFy
changes its sign, because the muon-spin precession obser\}g
at 2 K disappears foy>0.03 and no clear decreaseAg is s
observed fory=0.07. That is,Ty decreases with increasing
y. This result also means that even a spin-glass state is n
realized. No big difference in thg dependences df and
H,,; betweenx=0.115 and 0.13 suggests that the magneti
correlation between Cu spins is mainly influenced by the
substituted Zn.

The gradual decrease iRy by a large amount of Zn is Part of this study, especially the sample preparation and
also known in the insulating region fox<0.02 in  characterization, was supported by a Grant-in-Aid for Scien-
LSCZO®|n this case, the decrease T is explained as tific Research from the Ministry of Education, Culture,
being due to the spin dilution through the Zn substitution.Sports, Science and Technology, Japan, and also by CREST
That is, the substituted Zn is regarded as destroying the ma@f Japan Science and Technology Corporation.

As a result, it is concluded from the presenSR study

3t a small concentration of nonmagnetic impurities tends to
atically stabilize the dynamical stripe correlations forming
the static long-range-ordered state, whereas a large concen-
Brfation destroys the stripe correlations themselves. The
present results strongly support the conclusion obtained from
Ctransport measurements by Koikeal®’ and Adachiet al®
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